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1. Introduction

)

The development of encephalitis presents a dilemma to the clinician as during the early
stages, when treatment would be most effective, the symptoms can be nonspecific with a
broad differential. Imaging tests (e.g. magnetic resonance imaging and computed axial
tomography scan), blood and urine tests as well as lumbar puncture are used to isolate and
identify viruses, and together with careful and continuous neurological assessment provide
data that may be suggestive of viral encephalitis. In the case of post-infectious or
autoimmune encephalitis, a more intense investigation is needed to generate an accurate
diagnosis. In addition to imaging tests and electroencephalography, blood and
cerebrospinal fluid (CSF) need to be analyzed for evidence of inflammation and the presence
of antibodies against cellular antigens. In recent years clinicians and investigators have
pursued biomarkers that can aid in the diagnosis as well as prognosis and monitoring of
patients with encephalitis. These biomarkers are increasingly important in the recognition
and treatment of inflammatory and autoimmune central nervous system (CNS) disorders.
This chapter will review the current literature of emerging biomarkers in the different types
of encephalitis.
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2. Infectious encephalitis
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2.1 HIV encephalitis
HIV encephalitis (HIVE) is characterized by the presence of microglial nodules,
multinucleated giants cells, glial activation and neuronal loss (Budka 1991). About 25% of
immunosuppressed patients infected with HIV develop neurological deficits ranging from
cognitive impairments, motor abnormalities, behavioral symptoms to HIV-associated
dementia (HAD) (Dore et al 1999; Nath & Sacktor 2006). In HIVE macrophages/microglia
are productively infected with HIV and are hypothesized to play a pivotal role in the
neurodegenerative process leading to HAD (Ellis et al 2007; Navia et al 1986). The need to
diagnose the pathogenic process of HIVE and HAD led to the pursuit for plasma and CSF
biomarkers that might provide insight into pathogenesis and also facilitate the diagnosis
and disease staging in addition to clinical signs and symptoms.
Historically, HIV-1 RNA load was measured in the brain and CSF of HIV-infected patients
to verify whether it could be a marker of HIV-induced neuropathology (Achim et al 1994;
Cinque et al 1998). Cinque et al. examined HIV-infected patients with neurological
symptoms for the presence of HIV-1 p24 antigen by immunohistochemistry as well as CSF
HIV-1 RNA by quantitative polymerase chain reaction (PCR). Their results showed that CSF
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HIV-1 RNA copy numbers were significantly higher in patients with HIV encephalitis than
in patients without encephalitis. From this study they concluded that CSF HIV-1 RNA levels
were associated with HIVE and the associated neuropathology (Cinque et al 1998).
Although there were studies that did not show significant difference in CSF levels of HIV-1
RNA between patients with or without HIVE (Bossi et al 1998) many studies in non-human
primates infected with simian immunodeficiency virus (SIV) confirmed a correlation
between SIV viral load and encephalitis (Bissel et al 2008; Bonneh-Barkay et al 2008; Zink et
al 1999; Zink et al 2005).
Because macrophages are the predominant immune cell and the predominant infected cell
in the brains of patients with HIVE, it was assumed that immune activation-associated
factors in the CSF could serve as a surrogate biomarker for the disease. One of those factors
is neopterin, an intermediate of pteridine metabolism, that is produced by activated
macrophages in response to cytokines (Anderson et al 2002; Williams & Hickey 2002) that
was also found to predict systemic disease progression (Fuchs et al 1989b) . Several studies
showed that neopterin was elevated in the CSF of HIV-infected patients, particularly
patients with HAD (Brew et al 1990; Fuchs et al 1989a; Sonnerborg et al 1989). However
Wiley et al. did not find a strong correlation between CSF neopterin and severity of
encephalitis in autopsied patients with HIVE (Wiley et al 1992). A recent study by Hagberg
at al. showed that in untreated HIV-infected patients CSF neopterin concentrations were
almost always elevated and increased progressively as immunosuppression worsens and
blood CD4 cell counts fell. Patients with HAD exhibit particularly high CSF neopterin
concentrations, above those of patients without neurological disease suggesting that this
might be a useful CNS disease marker (Hagberg et al 2010).
Additional factors that suggest immune activation are of course cytokines and chemokines.
Previous studies showed that some HIV patients exhibited elevated CSF levels of
interleukin-1β (IL-1β) and interleukin-6 (IL-6) but no tumor necrosis factor-α (TNF) or
interleukin-2 (IL-2) were detected (Gallo et al 1989). In contrast other studies reported high
levels of CSF TNF in HIV-1 sero-positive patients who had neurologic involvement
(Sharief et al 1992). The profile of cytokines may differ according to the level of
macrophage/microglia infection or activation or the presence of opportunistic infections.
Previous studies have also tried to establish correlations between CSF chemokines and CSF
HIV viral load. Increased CSF levels of chemokines like CCL2 (also known as MCP-1), were
reported in patients with HIVE and HAD (Kelder et al 1998). Moreover, recent reports
showed a possible association between CSF CCL2 levels and the development of HAD,
suggesting that this chemokine could be used as a biomarker of disease progression (Cinque
et al 2005; Sevigny et al 2004; Sevigny et al 2007). Furthermore Almeida et al. obtained
similar results and also suggested that CCL2 expression was associated with leukocyte
transmigration into the CNS (Monteiro de Almeida et al 2006; Monteiro de Almeida et al
2005). In addition, CXCL10 was found to be positively correlated with CSF HIV viral load
(Christo et al 2009; Gisolf et al 2000) and CSF pleocytosis (Cinque et al 2005; Kolb et al 1999)
suggesting that this chemokine may contribute to HAD pathogenesis (Christo et al 2005).
Activation of the plasminogen system has been reported in different neurological disorders
such as stroke and other forms of acute brain injury (Bonneh-Barkay & Wiley 2008).
Expression of the urokinase plasminogen activator (uPA) and its receptor (uPAR) was also
found in HIV-1-associated CNS disease (Sidenius et al 2004). CSF soluble uPAR levels were
significantly higher in HIV-infected patients than in HIV-negative controls. Moreover CSF
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soluble uPAR levels correlated with CSF HIV-1 RNA, but not with plasma soluble uPAR
concentrations. In addition, highly active antiretroviral therapy (HAART) was associated
with a significant decrease of CSF soluble uPAR in parallel to reduction in viral load
(Cinque et al 2004).
A recently identified biomarker for HIVE is YKL-40 (chitinase 3-like protein 1, HC-gp39).
YKL-40 is up-regulated in inflammatory conditions (e.g. Crohn’s disease and rheumatoid
arthritis) as well as in cancers (e.g. melanoma, glioblastoma, and myeloid leukemia)
(Kirkpatrick et al 1997; Rehli et al 2003). In addition it was found to be induced in astrocytes
in acute and chronic neurological conditions (Bonneh-Barkay et al 2010a).
Unbiased proteomics approach was used to identify proteins that are differentially
expressed in the CSF of SIV-infected macaques that develop encephalitis. Among the
proteins that showed differential up-regulation was YKL-40. Longitudinal analysis of CSF
from SIV-infected pigtailed macaques showed an increase in YKL-40 concentration 2 to 8
weeks before death from encephalitis. This increase in YKL-40 correlated with an increase in
CSF viral load (Bonneh-Barkay et al 2008). Similar results were obtained in CSF from HIV
patients. YKL-40 was higher in patients with HIV viral load higher than 10,000 copies/ml
(Figure 1A) and there was a significant elevation in CSF YKL-40 in HIV patients with HIVE

Fig. 1. (A) CSF from HIV-infected patients categorized on the basis of CSF HIV RNA copies
(Low viral load=<10,000 HIV copies; High viral load=>10,000 HIV copies) was analyzed for
YKL-40. (B) CSF YKL-40 correlation with HIVE pathology. (C) YKL-40 localized in
astrocytes and occasional CNS activated macrophage/microglia in HIVE. Triple-label
immunofluorescence for YKL-40 (green) and CD68 (blue) or glial fibrillary acidic protein
(GFAP) (red). Co-localization of YKL-40 and astrocytes appears as yellow and colocalization of YKL-40 and CD68 positive macrophages is evident as aqua signal
(arrowheads); scale bar=50m (Bonneh-Barkay et al 2008).
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versus patients without encephalitis (Figure 1B). Previous studies have shown that high
viral load in the CSF correlates with the severity of SIV encephalitis (SIVE) (Bissel et al 2006;
Zink et al 1999) and HIVE (Cinque et al 1998; Wiley et al 1998). The correlation between
YKL-40 levels and CSF viral load in SIVE and HIVE further support its potential use as a
biomarker of HIVE. Immunohistochemistry showed that YKL-40 is expressed in astrocytes
in the vicinity of microglial nodules in HIVE (Figure 1C).
It seems that YKL-40 can serve as a biomarker for Neuroinflammation in general as our
recent study also showed that CSF YKL-40 levels are elevated in patients with severe
traumatic brain injury (TBI), and that they correspond to levels of inflammatory cytokines
(Bonneh-Barkay et al 2010b). In addition our previous study showed more pronounced
YKL-40 expression in patients with acute infarcts and diminished expression in subacute or
older infarcts (Bonneh-Barkay et al 2010a). In that previous study, combined ISH and GFAP
staining showed induced YKL-40 expression in astrocytes that was restricted to the
penumbra of the infarct. While the precise biological functions of YKL- 40 are speculative,
its expression is related to inflammation in a variety of disease states. Further work is
required to further evaluate the utility of YKL-40 as a biomarker and its role in
Neuroinflammation.
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2.2 Herpes simplex encephalitis
Herpes simplex encephalitis (HSE) is an acute or subacute illness, causing both general and
focal signs of cerebral dysfunction induced by Herpes simplex virus type 1 (HSV–1)
(Kennard & Swash 1981; Koskiniemi et al 1996; Miller & Ross 1968; Sivertsen & Christensen
1996; Whitley et al 1989). HSV invades the CNS and is capable of replicating in neurons and
glial cells which produce acute focal, necrotizing encephalitis localized in the temporal and
subfrontal regions of the brain, often with a progressive course (Booss & Kim 1984). Early
treatment with acyclovir is important to decrease mortality and limit CNS injury in HSE
(Skoldenberg 1991). In addition corticosteroids may be given as therapy during the acute
phase of HSE in order to reduce inflammation and edema in the CNS (Skoldenberg et al
1984). Despite adequate treatment almost all surviving patients suffer from neurological
sequelae. The most common long-term symptoms after HSE are memory impairment,
personality and behavioral abnormalities and epilepsy (McGrath et al 1997).
Confirmation of the diagnosis depends on the identification of HSV in the CSF by means of
PCR although in some cases the PCR can be negative. In these cases detection of intrathecal
synthesis of specific immunoglobulins could be useful (Denes et al 2010; Felgenhauer et al
1982; Felgenhauer & Reiber 1992; Reiber & Lange 1991). Widespread viral replication has
not generally been found beyond the acute stage of HSE. Histopathologic studies of autopsy
specimens showed that HSV antigen was detected in the brains of 21 out of 29 who died
within 3 weeks after the onset of neurologic disease but not in the 8 who died thereafter
(Booss & Kim 1984). HSV DNA seems to be cleared from the CSF in about the same period
(Aurelius et al 1991), but PCR has shown HSV DNA at autopsy in a few cases of late-stage
HSE. Despite lack of firm evidence, it seems that a low-grade continuous or recurrent viral
replication may occur in certain foci resulting in continued antigen stimulation. Thus in
general PCR is more useful in diagnosing acute HSE.
In HSE there is evidence of a vigorous intrathecal immune response during the acute phase,
as shown by increased levels of 2-microglobulin and neopterin in CSF, followed by a
chronic phase of low-grade intrathecal inflammation (Aurelius et al 1993). In addition the
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levels of a variety of CSF cytokines and their receptors are elevated like IL-6, IFN, soluble
IL-2 receptor (sIL-2R) and soluble CD8 (Asaoka et al 2004; Aurelius et al 1994; Ichiyama et al
2008; Linde et al 1992; Rosler et al 1998). IFN and IL-6 levels increased during the first week
of HSE while TNF, IL-2, and soluble CD8 became elevated at 2–6 weeks (Aurelius et al
1994). A more recent study tried to assess whether there is a correlation between cytokines
levels and outcomes. Kamei et al. showed that initial IFN and maximum IL-6 levels in
patients with a poor outcome were higher than those with a good outcome and thus could
serve as prognostic biomarkers in HSE (Kamei et al 2009).
Patients with viral CNS infections have previously been studied with regard to neuronal
and astroglial markers in CSF (Rosengren et al 1994; Sindic et al 1985). The concentrations
and kinetics of these markers in HSE imply that they may be used as brain damage markers
to follow individual patients longitudinally or to evaluate therapeutics. Studahl et al.
followed neuronal and astroglial marker proteins for up to 6 months in patients with HSE
and found markedly higher CSF levels of neuron specific enolase (NSE), neurofilament
protein, GFAP and S100 in the acute stage of HSE that was decreased within 45 days after
acute infection (Studahl et al 2000). Although high levels of these markers were associated
with neurological damage in other acute CNS damaging disorders, such as cerebral
infarction (S100 and GFAP) (Aurell et al 1991), neonatal asphyxia (Blennow et al 1995), and
after cardiac arrest (NSE) (Karkela et al 1993) Studahl et al. were not able to evaluate the
prognostic use of these CSF markers in HSE. It seems that other factors (e.g. duration of
disease before start of treatment, age, localization of the infected area and size of
hemorrhagic necrosis) can influence the clinical outcome. Bigger cohorts may be needed to
determine whether concentrations are correlated with clinical outcome (Studahl et al 2000).
Additional biomarker that might indicate the severity and progression of cerebral injury in
HSE is soluble Fas (sFas) which is involved in apoptosis through the Fas/Fas Ligand
pathway (Sabri et al 2006). Elevated levels of sFas have been reported in a variety of
neurological diseases like HIVE, TBI and multiple sclerosis (De Milito et al 2000; FelderhoffMueser et al 2001; Lenzlinger et al 2002; Mogi et al 1996; Sabri et al 2001; Towfighi et al 2004;
Zipp et al 1998). Sabri et al. found high levels of sFas in CSF samples collected after
neurological onset in 84% of HSE patients. In addition they observed that HSE patients with
severe neurological sequels had an increase in changes of CSF sFas as compared to patients
with mild or moderate neurological outcome.
In summary, markers of immune activation (e.g. IL-6, IFN, neopterin and 2microglobulin) are found early during the course of HSE and high levels are found to
correlate with severe clinical outcome as well as with mortality (Aurelius et al 1993).
Additionally there are markers that are indicative of persistent immune activation like
soluble IL-2R and CD68 (Aurelius et al 1994).
2.3 Influenza-associated encephalopathy
Influenza-associated encephalopathy (IAE) is a CNS complication with high mortality and
neurological sequelae with estimated mortality rate of 27% to 44% (Morishima et al 2002).
The clinical symptoms of IAE include symptoms of both flu and CNS dysfunction. CNS
neurological manifestations including seizure, altered or loss of consciousness, decreased
cognitive performance, motor paralysis or sensory loss, abnormal or delirious behavior, and
change in mental status. The neurological complications usually appear within several days
of the first symptoms of flu (Wang et al 2010).
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The influenza-virus usually can not be detected in the CNS of IAE patients and thus the
pathophysiology of IAE remains unclear. The early studies reported that thrombocytopenia
and severely elevated serum aspartate aminotransaminase levels were associated with a
poor prognosis (Morishima et al 2002). High concentration levels of various cytokine such as
IL-6 and TNF have been reported (Aiba et al 2001; Hosoya et al 2005; Ichiyama et al 1998;
Togashi et al 2004). Ichiyama et al. reported significantly higher levels of serum and CSF IL6 in the IAE group with a poor prognosis relative to the group without sequelae. In addition
serum levels of soluble TNFR1 and IL-10 levels were higher (Hasegawa et al 2011; Ichiyama
et al 2004). Hosoya et al. reported significantly elevated levels of TNF and cytochrome c
concentrations in patients with poor prognosis as compared to good outcome (Hosoya et al
2005). The authors suggested that apoptosis of the CNS parenchyma contributes to the
cerebral atrophy observed in patients with sequelae.
Recently, a new test for the evaluation of oxidative status, the Diacron-Reactive Oxygen
Metabolites (d-ROM) test, has become available (Cesarone et al 1999). Yamanaka et al.
assessed the prognostic value of serum and CSF d-ROM levels of patients with IAE in the
initial stage (Yamanaka et al 2008; Yamanaka et al 2006). CSF d-ROM levels showed that the
oxidative trend status corresponds to the therapeutic response and thus oxidative stress may
be related to the pathogenesis of IAE. Similar results by Kawashima et al. showed high
concentrations of NOx levels in the serum and CSF of the patients with IAE during the
initial stage (Kawashima et al 2002; Kawashima et al 2003).
Another approach to discovering specific biomarkers of patients with IAE was to analyze all
metabolites in CSF by using metabolome analysis. Two metabolites (molecular weights:
246.0092 and 204.0611) were significantly higher than those in other diseases including
influenza without convulsion. These results indicate that the metabolites detected in CSF
could serve as primary markers for the diagnosis of IAE (Kawashima et al 2006).
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2.4 West Nile Virus encephalitis
West Nile virus (WNV) is a mosquito-borne, neurotropic , single-stranded sense RNA
flavivirus (Brehin et al 2008). The classical symptoms of WNV infection range from fever
(Hayes & Gubler 2006; Leis & Stokic 2005; Leis et al 2002; Leis et al 2003; Nash et al 2001;
Sejvar et al 2003; Tilley et al 2007) to CNS disease of severe meningoencephalitis (Petersen &
Marfin 2002). Clinical symptoms of CNS disease include persistent weakness, flaccid
paralysis, myelitis, ataxia, seizures, or change in mental status. Neurological signs in WNV
infection have been reported in about 42% of the cases.
One of the main diagnostic criteria for neurologic involvement in WNV infection is the
presence of WNV IgM in CSF though it can be detected in the CSF for more than 6 months
(Kapoor et al 2004). Therefore a more specific marker is necessary in order to distinguish
WNV from other infections with neurological symptoms. Nixon et al. evaluated CSF WNV
IgA as a marker of WNV neuroinvasive infection but found that it had equivalent value to
IgM (Nixon & Prince 2006).
In addition to specific antibodies, protein biomarkers are an attractive tool for assessing
neuronal death and glial pathology. Petzold et al. showed a significant elevation of those
CSF proteins like GFAP, S100B, and neurofilament-SMI35 in patients suffering from WNV
CNS disease (Petzold et al 2010). However, CSF GFAP and S100B were also increased in all
of patients with WNV fever only thus decreasing their usefulness as a biomarker for CNS
disease. Interestingly, in patients that died from the disease high CSF S100B levels were
related to a shorter time to death.
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In summary, most of the studies aiming to discover biomarkers of viral encephalitides were
targeted towards studying known pathways believed to be involved in immune activation
or cell damage. These studies, however, have achieved limited success. Over the last few
years, unbiased proteomic techniques have been utilized to discover novel biomarkers in
different diseases without the a priori selection of specific proteins (Romeo et al 2005). In
recent years there are more and more studies using those techniques to discover biomarkers
in neurological conditions and neurodegenerative diseases (e.g. multiple sclerosis and
Alzheimer’s disease) (Craig-Schapiro et al 2010; Ottervald et al 2010; Perrin et al 2011).
Unbiased proteomics profiling is very complex and requires a multi-discipline approach
from sample preparation and protein identification to data processing and validation. These
analyses most likely will result a combination of candidate biomarkers that will need to be
tested in larger cohorts.

3. Autoimmune encephalitis
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Autoimmune encephalitis encompasses a variety of disorders resulting from an immune
reaction against antigens expressed in neurons. As a result there is rapidly progressive
cognitive decline and behavioral abnormalities. The antibodies against those antigens are
important markers for these disorders (Vitaliani et al 2008).
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3.1 Limbic encephalitis
Paraneoplastic neurologic disorders are immunologic complications induced by
malignancies that express proteins that are usually restricted to the CNS (Vernino et al
2007). They are characterized by memory impairment, temporal lobe seizures and
psychiatric symptoms. The most common tumors associated with paraneoplastic
neurological disorders are small-cell lung carcinoma (SCLC), testicular cancer, thymoma
and breast cancer (Ahern et al 1994; Gultekin et al 2000; Vernino & Lennon 2004).
A variety of autoantibody markers are associated with limbic encephalitis like anti-Hu and
anti-CV2/CRMP5 (Gultekin et al 2000; Voltz 2002). In recent years different subtypes of this
disorder have been discovered as well as new antigens. Anti-N-Methyl-D-aspartate receptor
(NMDAR) encephalitis was identified as a subtype of limbic encephalitis. This disease
usually starts with an episode of fever, headache, or malaise, followed by mood and
behavioral changes, psychiatric symptoms and decline of consciousness that could
deteriorate to death. It usually affects young women and is associated with ovarian
teratoma. These patients demonstrate serum and CSF presence of antibodies against NMDA
receptor subunit 1 (NR1) and NMDA receptor subunit 2 (NR2) (Iizuka et al 2008).
Additional subtype of limbic encephalitis is characterized by antibodies against voltage
gated potassium channels (VGKC) (Buckley et al 2001; Thieben et al 2004; Vincent et al
2004). VGKC limbic encephalitis is mostly non-paraneoplastic, although VGKC antibodies
have been found in a small number of patients with tumors (Pozo-Rosich et al 2003). Jarius
et al. showed that even patients without CSF pathological findings or inflammatory changes
can be positive for VGKC antibodies (Jarius et al 2008).
Non-herpetic acute limbic encephalitis (NHALE) has been identified as a new subgroup of
limbic encephalitis with a clinical presentation which is similar to HSE (Asaoka et al 2004;
Ichiyama et al 2009; Kusuhara et al 1994; Shoji et al 2004). Autopsy cases showed neuronal
loss and severe gliosis with inflammatory cell infiltrations in the hippocampus and
amygdala. Examination of the CSF revealed occasional mild pleocytosis, and increased IL-6

10

Pathogenesis of Encephalitis

levels (Ichiyama et al 2008; Shoji 2010). Recent reports associate the disease with the
presence of anti-glutamate receptor epsilon 2 antibodies (Shoji 2010). Takahashi et al.
reported the presence of those antibodies in the serum and CSF of patients in acute and
chronic stages (Takahashi et al 2010).
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3.2 Hashimoto’s encephalopathy
Hashimoto's encephalopathy (HE) is a rare autoimmune disease affecting mostly women
that is associated with elevated titers of antithyroid antibodies in serum and CSF (Brain et al
1966; Chong et al 2003). HE is characterized by various neuropsychological symptoms,
including personality changes, cognition deterioration, seizures, myoclonus and loss
consciousness (Ghika-Schmid et al 1996; Henchey et al 1995; Kothbauer-Margreiter et al
1996; Mijajlovic et al 2010; Peschen-Rosin et al 1999; Shaw et al 1991). HE patients show high
CSF protein levels (oligoclonal bands or an increased total protein concentration) without
pleocytosis and high titer of antithyroid antibodies (Archambeaud et al 2001; Ferracci &
Carnevale 2006; Hartmann et al 2000; Shaw et al 1991). The etiology of the disease is not
entirely clear but there are some reports claiming an inflammatory response to antineuronal
antibodies (Oide et al 2004; Takahashi et al 1994).
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3.3 Rasmussen’s encephalitis
Rasmussen’s encephalitis is an acquired progressive inflammatory encephalopathy
characterized by seizures and cognitive deterioration resulting from an atrophy of a single
brain hemisphere. Rasmussen’s encephalitis is divided into two clinical subtypes by the
existence of epilepsia partialis continua (EPC). EPC is characterized by continuous
myoclonic jerks of the extremities and/or the face, usually without impairment of
consciousness (Takahashi et al 1997). The etiology of the disease has been hypothesized to
be associated with an autoimmune process mediated through antibodies against the
glutamate receptor subunit 3, (Mastrangelo et al 2010). Takahashi et al. reported that
antibodies against NMDA type GluRε2 were detected in Rasmussen’s encephalitis patients
with and without EPC (Pleasure 2008; Takahashi et al 2003; Takahashi et al 2005). This
suggests that autoantibodies against GluRε2 are important for the diagnosis of both
subtypes of Rasmussen’s encephalitis, independent of EPC.

Viral and autoimmune disorders of the CNS are a heterogeneous group of disorders. Many
viruses are known to cause acute viral encephalitis in humans which can cause a variable
degree of meningeal as well as parenchymal inflammation. CSF abnormalities typically
consists lymphocytic pleocytosis and protein elevation. Identification of viral antigens, viral
nucleic acid or antibody analysis may provide an important diagnostic help in addition to
imaging (e.g. CT scan and MRI) (Debiasi & Tyler 2004). The clinical and laboratory findings
in many of those viral and autoimmune disorders are largely similar and thus more specific
biomarkers for diagnostic and prognostic purposes are warranted. These biomarkers are
increasingly important in the recognition and treatment of viral and autoimmune CNS
disorders (Dale & Brilot 2010).
Many of the viral encephalitides are accompanied by CSF markers for immune activation
like β2 microglobulin and neopterin or elevated levels of cytokines and chemokines in
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addition to the presence of the virus or viral antigens. Many studies also tried to predict the
progression of the disease and response to therapeutics base on those biomarkers. Despite
the plethora of surrogate markers of immune activation and neuronal and glial destruction,
their clinical use is still obscure in that there are no clinical trials that showed a correlation
with clinical status and that they respond to a therapeutic intervention. There is a great need
for validation of these studies in larger trials before surrogate marker measurements would
be accepted universally as clinical end-points. In conclusion, although more and more
studies were aimed to identify specific biomarkers for each type of encephalitis there is still
need for more studies to validate their use in larger trials.
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The principal aim of this chapter is to provide an illustrated review of the neuropathologic
features of common and recently emerging central nervous system (CNS) viral diseases. An
overview of the histopathologic features common to most viral infections of the central
nervous system will be provided. This will be followed by a description of the gross and
microscopic findings characteristic of specific viral infections of the CNS. Conditions which
can be accurately diagnosed via brain biopsy and their differential diagnosis will be
emphasized. Where appropriate, ancillary studies including molecular diagnostic
techniques will be covered.
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2. Overview of neuropathologic findings in CNS viral diseases
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The accurate diagnosis of viral meningoencephalitis is important in order to institute
appropriate specific therapy to improve survival and reduce the extent of permanent brain
injury. In many cases, a diagnosis can be made based on medical history and examination
followed by a combination of cerebrospinal fluid (CSF) analysis, serology, and
neuroimaging studies (Johnson & Power, 2008; Steiner et al., 2010). However, in clinically
unusual and diagnostically difficult cases, brain biopsy may be performed.
Although the pathologic features of viral encephalitis vary somewhat depending on the
specific infectious agent and the immunologic status of the patient, most viral infections of
the CNS are characterized by a triad of findings including perivascular chronic
inflammation, microglial nodules, and neuronophagia (Figure 1). The distribution of these
findings as well as the presence of characteristic intranuclear or intracytoplasmic viral
inclusions can lead to a specific diagnosis in an appropriate clinical setting. Ancillary
techniques, including immunohistochemistry (IHC), in-situ hybridization (ISH), or
polymerase chain reaction (PCR) amplification, are useful in some settings.

3. DNA Viruses
3.1 Herpesviruses
The herpesviruses are double-stranded DNA viruses which have the capacity to cause latent
infections in the nervous system.
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Fig. 1. Viral encephalitis. Perivascular chronic inflammation (A) and microglial nodules (B)
are characteristic findings.
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3.1.1 Herpes Simplex Virus type 1
Herpes simplex virus (HSV) is the most common cause of sporadic, nonseasonal encephalitis
and is most often caused by HSV type 1 (herpes labialis). It produces a clinical picture
consisting of fever, headache, seizures, and mental status changes which may rapidly progress
to coma and death. If not treated, the mortality ranges up to 70% (Baringer, 2008).
PCR amplification of viral DNA in the CSF has largely supplanted brain biopsy as the main
diagnostic procedure in HSV encephalitis, however, brain biopsy may be performed in cases
in which the diagnosis is not suspected or in patients who fail to respond to empiric
antiviral therapy. In immunocompetent hosts, HSV encephalitis is characterized by
hemorrhagic necrosis affecting the medial and inferior temporal lobes, the insulae, the
cingulate gyri, and the posterior orbitofrontal cortices (Figure 2). In addition to perivascular
chronic inflammation and microglial nodules, one sees necrosis associated with a
macrophage-rich inflammatory infiltrate. Cowdry type A intranuclear inclusions, which are
often difficult to identify, particularly in previously treated individuals, may be seen in both
neurons and glial cells. Neurons with a homogeneous, stained-glass appearance may also be
seen (Figure 3). In cases in which the characteristic inclusions are difficult to identify, IHC or
ISH for viral antigens may be used to confirm the diagnosis.
3.1.2 Herpes Simplex Virus type 2
HSV type 2 (herpes genitalis) may also produce an encephalitis, particularly in neonates.
These infections are the result of passage of the infant through an infected birth canal.
Affected neonates typically have disseminated infection with vesicular skin lesions and
signs of keratoconjunctivitis. Pathologic findings are similar to those of HSV type 1
encephalitis but are typically more diffuse.
3.1.3 Varicella-zoster Virus
Central nervous system disease can develop as part of primary varicella-zoster virus (VZV)
infection (varicella/chickenpox) or after reactivation (zoster/shingles). The clinical and
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Figs. 2 & 3. HSV encephalitis. Grossly, one sees hemorrhagic necrosis affecting limbic
structures. Microscopically, there is a macrophage-rich inflammatory infiltrate and neurons
with a stained-glass appearance (asterisks).
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pathologic features depend in part on the immune status of the patient. In
immunocompetent patients, bulbar encephalitis or transverse myelitis can occur when the
virus spreads centrally toward the brainstem or spinal cord. Immunocompromised patients
are more likely to develop disseminated disease.
Vasculopathies caused by VZV can also occur during primary infection or after reactivation
(Gilden et al., 2009). These affect both small and large arteries and lead to ischemic or
hemorrhagic infarction. Useful diagnostic studies include magnetic resonance imaging and
angiography with detection of anti-VZV IgG antibodies in cerebrospinal fluid. Pathologic
findings are variable and include vasculitis, which may be granulomatous in large vessels,
necrosis, and demyelination (Figure 4). Cowdry A intranuclear inclusions may be seen in
glial cells.

Fig. 4. VZV vasculitis. A small vessel with fibrinoid necrosis and a mural inflammatory
infiltrate is present in white matter.
3.1.4 Epstein-Barr Virus
Encephalitis is a rare complication of Epstein-Barr virus (EBV) infection. In
immunocompromised patients, this virus has been implicated in the development of
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primary brain lymphoma (Figure 5). In this clinical setting, these lesions need to be
distinguished from encephalitis due to Toxoplasma gondii infection.
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3.1.5 Cytomegalovirus
Cytomegalovirus (CMV) infection of the nervous system occurs most commonly in patients
with the acquired immunodeficiency syndrome (AIDS). Other immunosuppressed patients,
including transplant patients, may also be affected. Symptomatic CNS disease also occurs in
neonates who are infected in utero. PCR detection of CMV DNA in the CSF is useful in
confirming a diagnosis of CMV-related neurological disease (Griffiths, 2004).
The gross appearance of the brain in adults with CMV infection is variable. There may be no
gross evidence of disease; in severe cases in which there is ventriculitis, ependymal necrosis
may be evident. In neonates, the brain is usually small and may show porencephaly or
polymicrogyria (Gyure, 2005).
Microscopically, most cases of CMV encephalitis are characterized by diffuse microglial
nodules. These often contain the characteristic cytomegalic cells which have both
intranuclear and intracytoplasmic viral inclusions (Figure 6). IHC for CMV antigens may be
useful to identify these cells or to confirm the diagnosis in difficult cases (Figure 7).
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3.1.6 Human Herpes Virus 6
Human herpes virus 6 (HHV6) is the cause of the childhood disease exanthem subitum
(roseola infantum). It has recently been identified as a cause of encephalitis in
immunocompetent adults and children and appears to be a major cause of post-transplant
limbic encephalitis (Tyler, 2009a; Vinnard et al., 2009). Magnetic resonance imaging studies
show bilateral T2 and FLAIR hyperintense lesions in the medial temporal lobes, and the
diagnosis is confirmed by identifying HHV6 DNA by PCR in CSF (Tyler, 2009a). Described
pathologic findings are rare and include multifocal lymphohistiocytic inflammation
involving gray and white matter (Love & Wiley, 2008).

(A)

(B)

Fig. 5. EBV-associated primary brain lymphoma. In most cases, these lesions are large B-cell
lymphomas (A). This is confirmed with CD20 immunohistochemistry (B).
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Figs. 6 & 7. CMV encephalitis. The characteristic cytomegalic cells contain both intranuclear
and intracytoplasmic inclusions. IHC for CMV antigens highlights the intranuclear
inclusions.

DR
.R

UP
NA
TH
J

I(

DR
.

3.2 Adenovirus
Encephalitis is a rare complication of adenovirus infection which occurs predominantly in
immunosuppressed patients. Findings include perivascular chronic inflammation and
basophilic intranuclear inclusions (Figure 8).

Fig. 8. Adenovirus encephalitis. Basophilic intranuclear inclusions are present in neurons
and glial cells.
3.3 Papovaviruses
The papovavirus family includes the human polyomaviruses JC virus, BK virus, and simian
virus 40.
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3.3.1 JC virus
JC virus is the cause of progressive multifocal leukoencephalopathy (PML), a demyelinating
disease that results from the infection of oligodendroglial cells by this virus. It occurs almost
exclusively in immunocompromised patients, including those with AIDS. More recently, it
has been associated with treatment with the monoclonal antibodies natalizumab,
efalizumab, and rituximab (Tan & Koralnik, 2010; Tyler, 2009b; Weber, 2008). Patients
present with non-specific symptoms including limb weakness, speech or visual deficits,
cognitive abnormalities, and seizures. Therefore, the clinical differential diagnosis is broad
and encompasses other AIDS-related illnesses including toxoplasmosis and CNS
lymphoma. In multiple sclerosis (MS) patients treated with monoclonal antibodies, the
lesions of PML must be distinguished from those of MS (Weber, 2008). The diagnosis is
established by brain biopsy or by detection of JC virus DNA in the CSF by PCR.
Grossly, one sees multiple foci of demyelination which are typically subcortical in location
and have a predilection for the parieto-occipital region (Figure 9). Microscopically, there is
myelin loss with a variable degree of inflammation including macrophages (Shishido-Hara,
2010). Infected oligodendroglial nuclei are enlarged with a ground-glass appearance (Figure
10). Bizarre-appearing astrocytes with lobulated, hyperchromatic nuclei may also be present
and can be confused with neoplastic astrocytes (Figure 11). The presence of viral inclusions
within oligodendrocyte nuclei can be confirmed with IHC for JC virus or simian virus 40,
which cross reacts with JC virus (Crowder et al., 2005).
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3.3.2 Simian virus 40
Simian virus 40 (SV40) DNA sequences have been identified in a variety of human
neoplasms including brain tumors (Love & Wiley, 2008). The significance of this finding in
relationship to the development of these lesions remains unclear.

Figs. 9 & 10. Progressive multifocal leukoencephalopathy. Gross findings include subcortical
foci of myelin loss. Microscopically, enlarged oligodendrocyte nuclei have a ground-glass
appearance.
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Fig. 11. Progressive multifocal leukoencephalopathy. Enlarged, hyperchromatic astrocytes
(asterisk) are present in a background containing numerous macrophages.
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Numerous RNA viruses are capable of causing CNS disease including meningitis and
encephalitis. An important subset of these viruses is the so-called arbovirus (arthropodborne virus) group; these viruses are responsible for most outbreaks of epidemic viral
encephalitis. They have animal (horses and small mammals) or bird hosts and mosquito or
tick vectors and belong to four main families: the reoviruses, the alphavirus subgroup of
togaviruses, the flaviviruses, and the bunyaviruses.
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4.1 Reoviruses
Reoviruses are double-stranded RNA viruses. The principal CNS pathogen in this family is
the Colorado tick fever virus. Its naturally infected host species include squirrels,
chipmunks, porcupines, deer mice, and wood rats; and the vector is the wood tick
Dermacentor andersoni (Romero & Simonsen, 2008).
Colorado tick fever is an acute febrile illness which occurs most commonly in the Rocky
Mountain region of North America. It is the second most common arboviral infection in the
United States. Neurologic manifestations including encephalitis occur most commonly in
children. The diagnosis is typically made serologically.
4.2 Retroviruses
The retroviruses are single-stranded RNA viruses possessing the enzyme reverse
transcriptase. Human pathogens affecting the nervous system include the human
immunodeficiency viruses (HIV-1 and HIV-2) and human T-cell lymphotropic virus I
(HTLV-I).
4.2.1 Human Immunodeficiency Viruses
HIV is the cause of AIDS and has infected approximately 33 million individuals worldwide
(Singer et al., 2010). Neurologic dysfunction develops in 40-70% of patients during the
course of their illness, and neuropathologic changes can be demonstrated in up to 90%
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brains from this patient population (Anthony & Bell, 2008; Boissé et al., 2008). These
findings include opportunistic infections; primary CNS lymphomas; lesions thought to be
directly related to the HIV virus including aseptic meningitis, HIV-associated
neurocognitive disorders/HIV encephalitis, and vacuolar myelopathy; and disorders
related to antiretroviral therapy.
Commonly seen opportunistic infections in AIDS patients include the viral infections PML
and cytomegalovirus encephalitis (illustrated above), the fungal infection cryptococcosis
(Figure 12), and parasitic infection due to Toxoplasma gondii (Figure 13). These must be
distinguished from primary CNS lymphomas, also illustrated above.
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Figs. 12 & 13. Opportunistic infections in AIDS. Cryptococcal meninginitis may be
diagnosed by finding budding yeasts in CSF. Toxoplasma encephalitis is characterized by
cysts and trophozoites in a background containing microglial nodules.
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A significant number of AIDS patients develop neurocognitive disorders that are not
attributable to opportunistic infections. The term HIV-associated neurocognitive disorder
(HAND) has been applied to a number of clinical syndromes including HIV-associated
dementia (HAD, also referred to as AIDS dementia complex or HIV encephalopathy), mild
neurocognitive disorder (MND), and asymptomatic neurocognitive impairment (Boissé et
al., 2008; Letendre et al., 2010; Singer et al., 2010). Many individuals with cognitive and
motor abnormalities exhibit a pathologic picture which has been termed HIV encephalitis
that is characterized by diffuse or multifocal accumulations of microglia including illdefined microglial nodules. Characteristic macrophage-derived multinucleated cells are
diagnostic when observed in this setting (Figure 14).
Vacuolar myelopathy is an uncommon manifestation of AIDS. Patients present with leg
weakness, spastic paraparesis, ataxia, and incontinence. Pathologic findings consist of
vacuolation of white matter tracts in the lateral and posterior columns of the spinal cord.
This disorder may be difficult to distinguish from subacute combined degeneration of the
spinal cord associated with vitamin B12 deficiency.
The introduction of highly active antiretroviral therapy (HAART) in very
immunosuppressed AIDS patients may result in an abrupt clinical deterioration termed the
immune reconstitution inflammatory syndrome (IRIS). This syndrome is thought to be
secondary to the sudden activation of and increase in CD4-positive T cells resulting in a
heightened immune response with host-mediated inflammatory cell damage, resulting in
new neurologic deficits or worsening of prior signs and symptoms (McCombe et al., 2009).
Neuropathologic findings include widespread chronic inflammatory infiltrates in the brain
adjacent to areas of pre-existing infection as well as demyelination.
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Fig. 14. HIV encephalitis. Characteristic multinucleated giant cells are present in a
background containing ill-defined microglial nodules.
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4.2.2 Human T-cell Lymphotropic Virus
HTLV-1 is the etiologic agent of tropical spastic paraparesis/HTLV-1 associated
myelopathy. This virus, which is endemic in southern Japan, the Caribbean, parts of Africa,
and South America, is best known for causing an aggressive T-cell leukemia. Tropical
spastic paraparesis, which develops months to years after infection, develops in less than
one percent of infected individuals and is characterized clinically by slowly progressive
weakness of the lower limbs, sensory disturbances, and difficulties with bladder control
(Love & Wiley, 2005). Grossly, there is atrophy of the spinal cord with thickening of the
meninges. Microscopic findings include perivascular chronic inflammation and microglial
nodules (Figure 15).
4.3 Togaviruses
Togaviruses are single-stranded RNA viruses. Clinically important members of this family
of viruses include Rubivirus and the arboviruses Eastern equine encephalitis virus (EEEV),
Western equine encephalitis virus (WEEV), and Venezuelan equine encephalitis virus
(VEEV).
4.3.1 Rubivirus
Rubivirus is the cause of rubella (German measles), which has been largely eliminated by
effective vaccination programs. Congenital rubella infection may result in neurologic
abnormalities including sensorineural deafness and encephalitis. Vascular abnormalities
including mineralization of vessels in the deep gray nuclei and white matter have been
described in this setting (Rorke, 1973).
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Fig. 15. Tropical spastic paraparesis. A proliferation of microglial cells and perivascular
chronic inflammation involve the gray and white matter of the spinal cord.
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4.3.2 Alphaviruses
The encephalitic alphaviruses (EEEV, WEEV, and VEEV) are neuroinvasive and can cause
neurologic symptoms in humans and equines. They have a widespread distribution in
North, Central, and South America.
EEEV has a bird host and a mosquito vector. Transmission to humans and horses occurs
most commonly in the Atlantic and Gulf Coast states and in the Great Lakes region of the
United States (Zacks & Paessler, 2010). Encephalitis in humans is characterized by fever,
headaches, vomiting, seizures, and coma. The diagnosis is confirmed by the detection of
IgM antibodies in serum and CSF. Pathologic findings are not specific and include
perivascular chronic inflammation, microglial nodules, and neuronophagia with a
predilection for the basal ganglia and brainstem (Love & Wiley, 2005). Vasculitis and
hemorrhage may also be present (Zacks & Paessler, 2010).
WEEV also has passerine birds as its natural hosts and the mosquito as its arthropod vector.
It causes epidemics of encephalitis in humans and horses in summer and early autumn in
the western United States and Canada. In adults, WEEV infections tend to be asymptomatic
or mild; but in children, a severe meningoencephalitis leading to coma and death can occur,
and survivors may have severe neurologic sequelae (Zacks & Paessler, 2010). The diagnosis
is usually confirmed using serological methods. Amplification of virus-specific RNA can
also be performed using real-time PCR. Neuropathologic findings are similar to those seen
in EEEV infection (Love & Wiley, 2005).
VEEV has a rodent host and a mosquito vector. It is transmitted to humans and horses in the
Caribbean basin and South America. In adults, infection usually results in a flu-like illness,
and encephalitis is rare. Neurologic symptoms including disorientation, ataxia, and
convulsions are more common in children. Reported neuropathologic findings in fatal cases
include edema, congestion, hemorrhage, vasculitis, meningitis, and encephalitis (Zacks &
Paessler, 2010).
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4.4 Flaviviruses
Flaviviruses are enveloped, single-stranded RNA viruses. Most are arboviruses that produce
a variety of diseases in humans.
Japanese encephalitis virus (JEV) is the most common cause of acute viral encephalitis
worldwide and causes 10,000 to 15,000 deaths annually (Granerod et al., 2010; Tyler, 2009a).
The geographic area where it is endemic has been increasing, and encephalitis due to this
virus is prevalent throughout Eastern and Southern Asia and the Pacific Rim (Misra &
Kalita, 2010). Its hosts include water birds and pigs, and mosquitoes are its vector. In
endemic areas, Japanese encephalitis is a disease of children. JEV may produce
asymptomatic infections, a non-specific febrile illness, aseptic meningitis, or severe
encephalitis. Grossly, lesions are mainly restricted to gray matter and consist of petechiae or
focal hemorrhages. Microscopic findings, which are most prominent in the diencephalon
and mesencephalon, include congestion and hemorrhage, thrombus formation with
associated necrosis, and widespread chronic inflammation with neuronophagia (Love &
Wiley, 2005; Misra and Kalita, 2010).
St. Louis encephalitis virus (SLEV) is present throughout the United States and produces
infections in late summer and early autumn. It has a bird host and a mosquito vector. Most
SLEV virus infections are subclinical; symptomatic encephalitis is most common in patients
over the age of 60 years. Neuropathologic findings are those of a non-necrotizing encephalitis
which may be particularly marked in the thalamus and midbrain (Love & Wiley, 2005).
West Nile virus (WNV) is the most common cause of epidemic meningoencephalitis in North
America and the leading cause of arboviral encephalitis in the United States. Recent epidemics
in Algeria, Morocco, Tunisia, Italy, France, Romania, Israel, and Russia have also been
associated with severe human disease including neurologic complications (Rossi et al., 2010).
WNV cycles between bird hosts and mosquito vectors; humans and horses are incidental
hosts. Transmission may also occur via transfusion of blood products and via organ
transplantation from infected donors. Approximately one of 150 patients develops CNS
disease; risk factors for neuroinvasive disease are older age and immunosuppression. CNS
manifestations include meningitis, encephalitis, and acute flaccid paralysis/poliomyelitis. The
diagnosis in most cases is confirmed by detecting WNV-specific antibodies in serum or CSF.
The brain and spinal cord are grossly normal in most cases of WNV meningoencephalitis.
Microscopically, one sees perivascular chronic inflammation, microglial nodules, and variable
neuronal loss (Figure 16). Neuronophagia and foci of necrosis are sometimes present. Gray
matter is more severely affected than white matter, and the inflammatory infiltrate is typically
most prominent in the brainstem (Gyure, 2009).
Tick-borne encephalitis virus (TBEV) is the cause of tick-borne encephalitis. This potentially
fatal neurologic infection occurs predominantly in Europe and Asia. TBEV has wild
mammalian hosts, particularly rodents, and its vector is the Ixodid tick. Symptoms of acute
tick-borne encephalitis range from mild meningitis to a severe meningoencephalitis
characterized by muscle weakness. The diagnosis is made by demonstrating TBEV-specific
antibodies or by detecting viral RNA in serum and CSF (Mansfield et al., 2009).
Neuropathologic findings in fatal cases include chronic inflammation with microglial
activation affecting gray matter structures including those of the spinal cord, especially the
anterior horns (Love & Wiley, 2005).
Other flaviviruses that can affect the nervous system include Murray Valley encephalitis
virus, louping ill virus, Powasan virus, Kyasanur Forest disease virus, and Omsk
hemorrhagic fever virus (LaSala & Holbrook, 2010; Romero & Simonsen, 2008).
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Fig. 16. WNV encephalomyelitis. Microglial nodules are associated with variable neuronal
loss.
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4.5 Picornaviruses
Picornaviruses are single-stranded RNA viruses. Important human pathogens include
poliovirus and other enteroviruses.
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4.5.1 Poliovirus
Despite the overall success of the Global Poliomyelitis Eradication Initiative of the World
Health Organization, poliovirus remains endemic in Afghanistan, India, Nigeria, and
Pakistan (Dutta, 2008). Polio outbreaks attributed to circulating vaccine-derived poliovirus
have also occurred throughout the world (Tyler, 2009a). In most infected patients, a nonspecific gastroenteritis develops. Paralytic disease occurs in one to two percent of patients
and is characterized by a flaccid paralysis with muscle wasting and hyporeflexia. A late
complication termed postpolio syndrome, which occurs 30-40 years after the acute illness, is
characterized by progressive weakness associated with decreased muscle bulk and pain.
In most cases, the brain and spinal cord are grossly normal, but in severe cases, vascular
congestion, petechial hemorrhages, and necrosis may be present. Chronically, there is
atrophy of the anterior nerve roots. Microscopically, there is perivascular chronic
inflammation and neuronophagia involving the anterior horns of the spinal cord.
Neutrophils may be present in some cases.
4.5.2 Enteroviruses
Other enteroviruses have been associated with a poliomyelitis-like syndrome. Enterovirus
71, a cause of hand-foot-and-mouth disease, has caused numerous outbreaks of disease in
the Southeast Asia and Pacific region (Johnson & Power, 2008; Tyler, 2009a). In addition to
the poliomyelitis-like syndrome, neurologic manifestations include meningitis, cerebellitis,
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brainstem encephalitis, opsoclonus-myoclonus syndrome, Guillain-Barré syndrome, and
transverse myelitis. Neuropathologic findings are non-specific and involve the brainstem
and spinal cord (Figure 17).
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Fig. 17. Enterovirus myelitis. Chronic inflammatory cells including microglial cells involve
the anterior horns.
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4.6 Bunyaviruses
Bunyaviruses are negative-stranded RNA viruses.
Human pathogens include the
arboviruses La Crosse encephalitis virus and Toscana virus.
La Crosse encephalitis virus is endemic in the mid-Atlantic and midwestern United States.
Small mammals are the host, and mosquitoes are the vector. La Cross encephalitis is
predominantly a disease of children. Patients present with aseptic meningitis that may
progress to encephalitis. Seizures are relatively common. Neuropathologic findings include
meningitis, perivascular chronic inflammation, microglial nodules, and foci of necrosis
(Love & Wiley, 2005).
Toscana virus is transmitted by the bite of the sandfly, which may be both the vector and the
reservoir. It is the most common cause of summertime viral meningitis in central Italy and
has spread within Europe to Spain, Portugal, and France (Tyler, 2009a). Most infections are
mild with rare reports of severe encephalitis. The diagnosis is made by detecting IgM
antibodies in CSF or by PCR amplification of viral RNA.
4.7 Arenavirus
The arenaviruses are enveloped, single-stranded RNA viruses. The principal human pathogen
affecting the nervous system in this family is lymphocytic choriomeningitis virus (LCMV). Its
principal reservoir is the mouse. LCMV infection is acquired by contact with contaminated
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fomites, via inhalation of aerosolized virus, via organ transplantation, or transplacentally
when a pregnant woman acquires a primary infection (Bonthius, 2009; Tyler, 2009a). Typically,
patients present with a non-specific viral syndrome followed by symptoms of an aseptic/viral
meningitis. Some patients develop a more severe neurologic illness including transverse
myelitis, Guillain-Barré syndrome, hydrocephalus, or encephalitis. Congenital LCMV leads to
chorioretinitis with scarring, macrocephaly secondary to a non-communicating
hydrocephalus, or microcephaly with periventricular calcifications. Other reported findings
include periventricular cysts, porencephaly, encephalomalacia, intraparenchymal
calcifications, cerebellar hypoplasia, and disturbances in neuronal migration (Bonthius, 2009).
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4.8 Paramyxoviruses
Paramyxoviruses are single-stranded RNA viruses. Members of this family causing CNS
disease are the measles virus (Morbillivirus) and the recently emerging henipaviruses,
Hendra and Nipah.
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4.8.1 Morbillivirus
Measles virus can cause CNS complications early after acute measles (acute postinfectious
measles encephalitis) or after years of viral persistence (subacute sclerosing panencephalitis)
(Reuter & Schneider-Schaulies, 2010). These disorders are rare in developed countries
because of widespread immunization against measles.
Subacute sclerosing panencephalitis (SSPE) is caused by a persistent infection of the brain by
a defective form of the measles virus. It typically affects children and adolescents and is
characterized by personality changes, intellectual deterioration, seizures, myoclonus, and
ocular changes (Garg, 2008). The brain in most cases of SSPE is atrophic with abnormally
firm, mottled gray white matter (Figure 18). The microscopic findings are those of a chronic
encephalitis including perivascular chronic inflammation, microglial nodules, and
neuronophagia. Affected white matter is gliotic, and oligodendroglial nuclei exhibit a
ground-glass appearance similar to those seen in progressive multifocal
leukoencephalopathy (Figure 19). Eosinophilic inclusions may also be seen in neuronal
nuclei, and subtle intracytoplasmic inclusions may also be present. Neurofibrillary tangles
within glial cells have also been described (Garg, 2008).

Figs. 18 & 19. SSPE. Grossly, there is grayish discoloration of the white matter.
Microscopically, ground-glass inclusions are present in oligodendroglial cells.
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4.8.2 Hendra and Nipah viruses
Hendra and Nipah viruses are relatively recently identified members of the genus
Henipavirus causing outbreaks in Australia and Asia, respectively. Their natural host is the
fruit bat. Bat-to-human transmission may be direct or via intermediate hosts such as the
horse or pig (Wong, 2010).
Hendra virus infection may manifest as either a pulmonary or neurological syndrome
consisting of confusion, motor deficits, and seizures. The diagnosis is based on the finding of
IgM and IgG antibodies in the serum and CSF (Wong, 2010).
CNS disease in Nipah virus infection follows a prodrome of fever, nausea, myalgia, and
dizziness. Neurologic signs and symptoms include reduced deep tendon reflexes, segmental
myoclonus, nuchal rigidity, seizures, cerebellar ataxia, and brainstem signs. A relapsing or
late-onset encephalitis occurs in some patients (Johnson & Power, 2008; Tyler, 2009b; Wong;
2010).
The neuropathologic findings in these two viral infections are similar and consist of
vasculitis with associated vascular thrombosis and foci of necrosis. Perivascular chronic
inflammation, microglial nodules, and neuronophagia are also present. Intranuclear and
intracytoplasmic inclusions are seen predominantly in neurons near areas of vasculitis or
necrosis (Tyler, 2009b; Wong, 2010).
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4.9 Orthomyxoviruses
The orthomyxoviruses are single-stranded RNA viruses. The influenza viruses are part of
this family and can cause CNS dysfunction via a number of different mechanisms including
influenza-associated encephalopathy, febrile seizures, Reye syndrome, postinfluenzal
encephalitic Parkinson disease, and encephalitis lethargica (Wang et al., 2010). Influenza A
viruses have the potential to cause pandemics, as illustrated recently by the emergence of a
novel influenza A (H1N1) virus of swine origin (Maritz et al., 2010).
Influenza-associated encephalopathy (IAE) is an uncommon complication with high
mortality characterized by typical flu symptoms with associated CNS manifestations
including seizure, alteration in consciousness, decreased cognitive function, abnormal
behavior, and change in mental status that occurs most commonly in children. Imaging
studies show a necrotizing encephalopathy with associated cerebral edema (Lyon et al.,
2010; Wang et al., 2010; Webster et al., 2010). Risk factors for the development of severe
disease in the recent H1N1 pandemic include age less than two years, pregnancy, chronic
pulmonary disease, immunosuppression, and metabolic disorders including diabetes
mellitus and obesity (Maritz et al., 2010). Most fatal cases are the result of pulmonary
complications.
Gross brain findings in fatal cases of influenza H1N1 infection include cerebral edema,
dusky discoloration of gray matter structures, and petechial hemorrhages (Figure 20).
Microscopic findings include diffuse anoxic changes thought to be secondary to systemic
disease; most patients do not have a meningoencephalitis (Milyani et al., 2010).
4.10 Rhabdoviruses
The principal human pathogen in the rhabdovirus family is rabies virus. It is usually
transmitted from the bite of a rabid animal, but rare cases have been transmitted by aerosols
in laboratories or caves with large numbers of bats and by organ transplantation (Jackson,
2008; Tyler, 2009a). There are two clinical forms of rabies. The more common form,
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encephalitic (furious) rabies is characterized by generalized arousal or hyperexcitability,
disorientation, bizarre behavior, and hallucinations. Hydrophobia, or spasms of inspiratory
muscles on attempts to drink, is characteristic but only seen in up to half of patients.
Paralytic (dumb) rabies is characterized by motor weakness, often beginning in the bitten
extremity, which progresses to quadriparesis with facial weakness (Mrak & Young, 1994;
Jackson, 2008). Both types of rabies progress to coma with subsequent organ failure and
death. The diagnosis can be confirmed by detecting viral RNA using reverse transcriptionPCR of saliva, tears, and skin biopsies (Jackson, 2008).
The brain and spinal cord are usually grossly normal. Microscopic findings include a
variable distribution of perivascular chronic inflammation, microglial nodules, and
neuronophagia. Intracytoplasmic viral inclusions known as Negri bodies are diagnostic and
may be best identified in the pyramidal neurons of the hippocampus and Purkinje cells of
the cerebellum (Figure 21).

Fig. 20. Influenza H1N1. Cerebral edema and petechial hemorrhages are common in fatal
cases.
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Fig. 21. Rabies. Intracytoplasmic inclusions termed Negri bodies are characteristic.

5. Conclusion
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Viral infections of the central nervous system are most often diagnosed using a
combination of clinical findings and serologic or molecular methods. In some instances,
brain biopsy is performed as part of the diagnostic work-up. Viral infections which may
be diagnosed on brain biopsy include herpes simplex virus encephalitis, varicella-zoster
virus vasculopathy, and progressive multifocal leukoencephalopathy (JC virus). In
immunocompromised patients, viral encephalitis, especially PML, must be distinguished
from other causes of encephalitis including toxoplasmosis and from primary brain
lymphoma.
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Encephalitis is an acute inflammation of the brain which can arise after infections such as
septicemia or by primary extension of the inflammation in cases of cerebral abscess or
meningitis. In a more restricted sense, it refers to a primary disease in which inflammation
of the brain is caused by viral agents. Especially in children it may also arise via
autoimmune or hypersensitivity reactions. Although, laboratory processes have sufficiently
developed to isolate and demonstrate offending agents in most of the cases, a number of
sporadic cases remain in which a viral etiology is suspected on account of general
presentation. The symptoms of encephalitis include headache, fever, drowsiness tremors,
vomiting and photophobia along with those arising from involvement of the central nervous
system (Lishman, 2003; Maria & Bale JR, 2006).
The principal feature of cerebral involvement is disturbance of consciousness. Delirium may
figure prominently in some varieties. Seizures are common especially in children and can be
the presenting feature. Focal neurological signs depend on the site of inflammation and may
vary. Changes in pupils and in deep tendon reflexes, ocular palsies, nystagmus, ataxia,
pathological reflexes, and paresis of limbs are common. Dysphasia may denote involvement
of the temporal lobe while urinary retention or paraparesis may reveal involvement of the
spinal cord. Occasional cases may present with neuropsychiatric symptoms such as
hallucinations, psychosis, changes in personality, dementia, delirium, delusions, affective
changes, paraphilias, amnesia and parkinsonism. Those attracted attention in early
epidemics of encephalitis lethargica and examples may still occur with other varieties
(Lishman, 2003; Maria and Bale JR, 2006).
Although encephalitis may be an important cause of delirium and dementia as well as other
psychopathology in childhood, those diagnoses present a diagnostic challenge to most child
and adolescent psychiatrists leading to missed diagnoses (Cepeda, 2000; Jha, 2004; Nunn,
Williams & Ouvrier, 2002, Schieveld et al., 2007). Also, encephalitis may be associated with
significant childhood morbidity and mortality worldwide, however not much is known
about the contemporary epidemiology and outcome (Galanakis et al., 2009).
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The review and comparison of psychological consequences of various causes of childhood
encephalitis may have the potential to elucidate the mechanisms of development of the human
brain as well as improving our knowledge of child and adolescent neuropsychiatry. Up to
now, publications tend to be isolated case histories or case series, from separate centers and
this may preclude generalizations. The authors have also noted that, up to now no research
group has attempted a collected presentation of cases published in Middle Eastern countries.
Considering the potentially rewarding nature of this condition a critical review, especially
using information from cases reported from the said countries, was deemed to benefit
clinicians. In this review, first the classical accounts of neuropsychiatric consequences of
encephalitis throughout the lifespan will be reviewed and augmented with the results of
studies conducted to determine the neuropsychiatric consequences of childhood encephalitis,
then a collected presentation of cases published in Middle Eastern countries will be attempted,
lastly targets for future research and intervention will be delineated.

2. Methods
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A literature search was conducted by using the PubMed search engine
(http://www.ncbi.nlm.nih.gov/sites/entrez) and “childhood encephalitis” was entered as
key-word. The data from the results of this search is combined with those from text-books to
provide a “standard” description. Thereafter, the names of the countries in Middle-East
were added to this key-word (i.e. “Turkey”, “Syria”, “Lebanon”, “Israel”, etc.) and separate
searches were conducted. Data for cases were extracted. A search of the database yielded
that 309 publications from Turkey and 409 from Israel were conducted on Encephalitis. Iran
(n=37) and Lebanon (n=30) followed those countries. Lastly, targets for future research and
intervention will be delineated.

UP
NA
TH
J

I(

3. Types of encephalitis and their consequences throughout the life span
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3.1 Arthropod borne encephalitis
This group of illnesses, including Eastern Equine, Western Equine and St. Louis encephalitis
as well as Japanese B encephalitis causes seasonal, recurrent epidemics in various parts of
the world. Transmission is by insect bites which may include mosquitoes, ticks and mites.
The illnesses especially affect the very young and the elderly. The onset is with fever,
headache and gastrointestinal disturbances. Signs of meningeal irritation often accompany
these with seizures and reduced consciousness. Delirium may be rarer in those cases. Focal
motor signs may include cranial nerve palsies (especially the occulomotor nerve) and upper
motor neuron pareses in limbs. Approximately 70 % of cases may result in severe
neurological damage or death (Lishman, 2003; Stone and Hawkins, 2007).
The sequels are directly related to the length of coma in the acute stage and inversely related
to the age at infection. Residual deficits are reported in approximately 50 % of infants less
than one year of age while the rate is 20 % for adults. Sequels in infants may include mental
retardation, spastic paralysis, motor abnormalities and seizures. In adults, the sequels may
include depressed mood and lethargy during recovery, occasional changes in personality
and intelligence, and, rarely; ataxia, dysarthria and hemiparesis. Post-encephalitic
parkinsonism is thought to be rare. Adult patients frequently report multiple, vague,
somatic complaints. Depression, irritability, insomnia, forgetfulness, reduced concentration,
and tremors may also be reported (Lishman, 2003; Stone and Hawkins, 2007). Recent studies
conducted in Turkey and Middle-Eastern countries revealed that, Tick-borne and other
arthropod related encephalitis may be commoner than thought before (Ergunay et al., 2007).
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3.2 Enterovirus encephalitis
This group of viruses mostly produces aseptic meningitis rather than encephalitis. For
poliomyelitis, spinal cord is the main target with usually slight encephalitis while coxackie
and ECHO viruses can occasionally produce encephalitis. Outbreaks are commonest in
summer and autumn. Children affected while they were less than one year old may
occasionally be left with neurological impairment and seizures. Other serious sequels are
reported to be rare. Muscle weakness may be marked however, true paralysis is rare. Very
rarely, a mild post-encephalitic parkinsonism may be seen after those infections (Lishman,
2003; Stone and Hawkins, 2007).
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3.3 Encephalitis lethargica
This atypical form of encephalitis, which was first reported by Von Economo in 1917, caused
epidemics with chronic and severe sequels throughout 1918-1920 (Lishman, 2003). Although
the epidemic has not recurred since then, isolated cases continue to be reported (Reid et al.,
2001). The symptoms arise after a flu-like prodrome and include, fever, sore throat, headache,
diplopia, alterations in consciousness, sleep inversion, catatonia and lethargy (Dale et al., 2004;
Lishman, 2003). Akinetic mutism, oculogyric crises, parkinsonism, paresis, muscle pains,
tremors, nuchal rigidity, and behavioral changes including psychosis are also reported
(Vilenksy et al., 2006). Sequels include tics, psychosis, personality changes and postencephalitic parkinsonism, the latter even arising years after the initial infection. The disease is
polymorphic, although each epidemic was reported to share some features within itself.
Reportedly, most epidemics had a seasonal pattern with peaks in winter (Lishman, 2003).
The cause is still not known for certain, although recent research suggests an autoimmune
reaction (Dale et al., 2004; McCall et al., 2008). Alternatively, some authors posit that the
offending agent might be a variant of influenza (Vilensky et al., 2007). A recent study
revealed that influenza infection in mice may trigger an autoimmune response which
destroys dopaminergic neurons, thereby bridging these two views (Jang et al., 2009).
Regardless of cause, the disease was reported to have distinct forms; including a somnolentophtalmoplegic variety along with hyperkinetic, parkinsonian and psychotic forms. The
somnolent-ophtalmoplegic variety or the basic form was reported mainly in sporadic cases
and demonstrated somnolence after a prodrome of mild meningeal irritation, movement
and ocular abnormalities and cranial nerve palsies. Initial presentation was with drowsiness,
sometimes with mild delirium. This stage may be followed by recovery or a long term sleep
which may even last for months. The sleep problems persisted even after recovery. Seizures,
aphasias which may be temporary and cerebellar signs were also reported in those patients
(Lishman, 2003).
In contrast, the hyperkinetic form was characterized by motor restlessness after the
prodrome. Myoclonic twitches, chorea, anxiety were reported along with compulsive, ticlike movements, torticollis, torsion spasms, occulomotor symptoms and seizures. Delirium
could be marked. This acute phase lasted for a few days, and followed by sleep
abnormalities after recovery. Some patients may develop into somnolent-ophtalmoplegic or
parkinsonian types after the acute stage, illustrating the polymorphic character of the
disease (Lishman, 2003).
In the parkinsonian form; rigidity and akinesis are seen from the outset. The patient displays
psychomotor retardation, hypophonia and increased latency of speech. While he/ she was
reported to be mentally intact, the muscle tone was increased and there were coarse tremors
in their hands. Also, festinating gait, hypersalivation, catatonia, somnolence, sleep inversion
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and occulomotor symptoms can be seen. Many of those patients were reported to progress
into chronic parkinsonian forms (Lishman, 2003).
Psychotic forms, which initially present with isolated psychopathology are rare and the
presentation is with an acute organic reaction with stupor, depression, hypomania and
catatonia. Impulsive and bizarre behavior with bewildered/ fearful affect may be the only
finding for several days. Controversially, it was posited that some cases might have
occurred as isolated psychoses without somatic symptoms and they were called as “cerebral
forms” (Lishman, 2003). There may also be other forms with bulbar palsies or involving
isolated cases of chorea, neuritis and hiccoughs (Lishman, 2003).
During recovery, patients report fatigue, depression and sleep problems. Focal neurological
problems may also persist after recovery. Motor abnormalities and seizures were also
reported to persist, albeit rarely. Hypothalamic damage may lead to endocrine
abnormalities. According to earliest resources, 40 % of the cases were fatal while 20 %
demonstrated complete recovery. The remainder had residual deficits, of which the most
important were parkinsonism and personality changes. Also, among the patients with
residual problems, approximately one half were permanently disabled, mostly due to
progressive parkinsonism. As a result, the most important chronic sequels reported were
parkinsonism, personality changes and mental retardation. Severe psychopathologies were
also seen in varying numbers. The sequels mentioned depended on the age at infection with
adults developing parkinsonism and subcortical dementia, children personality changes and
infants mental retardation. They were not related with the severity of the initial infection
(Bruneau, 2005; Lishman, 2003). Parkinsonism may develop gradually from the acute stage
onwards or may arise after full recovery (Lishman, 2003).
Post-encephalitic parkinsonism after encephalitis lethargica was the most common sequel,
which developed insidiously. Typical pill-rolling tremor in this type of parkinsonism was
reported to be rarer, with occasional coarse tremors and athetosis. Apathy was more striking
with rigidity developing later.. Stereotypies were also distinctive, developing in advanced
cases. Within this picture, compulsive elements were observed in speech, thought and
motor behavior. In some cases, reportedly, compulsive thoughts and urges may arise
independently of motor phenomena. Oculogyric crises were also seen along with changes in
the function of the autonomic nervous system. As reported in classical resources,
suggestibility played a role in this picture. Punding, that is compulsive/ impulsive behavior
and interests arising after infection may be seen and be related with oculogyric crises
(Bruneau, 2005; Lishman 2003).
Post-encephalitic personality change was mostly observed in children and adolescents. It
was frequently accompanied by parkinsonism, sleep changes, obesity and endocrine
abnormalities. The personality changes included emotional lability, hyperactivity and
impulsive behavior. Some of those patients improved with puberty while 50 % developed
parkinsonism in their later years (Lishman, 2003).
Post-encephalitic psychoses after encephalitis lethargica were usually affective in nature.
Paranoid-hallucinatory states were reported in 15 to 30 % of patients while 10 % displayed
schizophrenia like psychoses. Severe cases of hypochondriasis were also reported.
(Lishman, 2003).
As for current cases, it can be said that the diagnosis is mainly clinical with a high index of
suspicion for patients with parkinsonism and sleep changes developing after an encephalitis
along with oculogyric crises, ocular/ pupillary abnormalities, involuntary movements and
psychopathology. Sporadic cases may be milder than those described in epidemics and
psychiatric symptoms may be prominent in the clinical picture (Lishman, 2003). Lopez-
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Alberola et al., 2009). Cases which arose after seasonal influenza infections as well as
infections with Ebstein-Barr virus have also been reported, therefore supporting the position
that encephalitis lethargica may be a heterogenous presentation of infections affecting the
circuits between frontal lobes and basal ganglia (Alarcón et al., 2011; Toovey et al., 2011).
3.4 Encephalitis due to herpesviridiae
This group involves encephalitis due to Herpes simplex, Ebstein Barr and Varicella Zoster
viruses.
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3.4.1 Herpes Simplex Virus Encephalitis (HSVE)
HSV is the commonest single cause of severe sporadic encephalitis with a high mortality
and marked psychopathology both in the acute presentation and as sequels. It affects
especially medial temporal and orbital lobes and causes sporadic encephalitis without
seasonal variation among all age groups. It may be primary or due to reactivation. There is
typically a rapid onset with fever, seizures, meningeal irritation, drowsiness/ confusion,
and focal neurological signs. A study conducted at a pediatric tertiary treatment center in
Turkey found that 40 % of the patients applying for treatment with status epilepticus had
either meningitis or encephalitis, underlying the pre-eminence of seizures in HSVE (Saz et
al., 2011). Sometimes, psychiatric symptoms may be prominent at the onset. Hallucinations
as part of psychiatric symptoms or part of delirium are typically vivid and colorful with
marked emotional reactions. Restlessness and hyperactivity may be seen after recovery.
Additionally, anosmia, olfactory and gustatory hallucinations, amnesia, symptoms of
elevated intracranial pressure could be seen. Rarely, benign aseptic meningitis or recurrent
organic psychoses may be seen. The sequels involve mental retardation in children,
dementia in adults, seizures, dysphasia, personality changes, severe amnestic states, and
bizarre behavior resembling Kluver-Bucy Syndrome throughout the life span (Arciniegas
and Anderson, 2004; Lishman, 2003; Stone and Hawkins, 2007).
Even among recovered patients, subtle neuro-psychological deficits are observed, especially
involving language and memory. Calculation, facial recognition and visuo-spatial abilities
were also reported to be affected. (Ku et al. 1996; Ward et al. 2011).
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3.4.2 Encephalitis due to EBV (Infectious Mononucleosis)
The most distinctive feature of this type of encephalitis is its picture of depression and
fatigue in the recovery period. Reportedly, the two phenomena are not related (Lishman,
2003). However, in isolated cases more severe presentations and neuropsychological
sequelae may occur (Dagdemir et al., 2008).
3.4.3 Varicella Zoster Virus (VZV)
Although the introduction of live attenuated VZV vaccine in 1995 helped to reduce the
incidence and complications of varicella infections and sequels with this virus continue to be
reported, mainly involving meningitis (Pahud et al. 2011). Although an eight year old male
patient was reported to develop acute hemiplegia and obsessive-compulsive disorder
secondary to a lesion of lentiform nuclei after a varicella infection and that he was reported
to respond to sertraline treatment and to make a full-recovery, studies and/ or case series
involving larger samples from both genders may be needed to elucidate the
neuropsychological consequences of VZV infection (Yaramiş et al., 2009).

44

Pathogenesis of Encephalitis

4. Other types of sporadic, viral encephalitis
This group includes mumps, adenoviruses, infectious hepatitis, rabies and influenza. Among
those, mumps is the most important one, it may cause encephalitis even without overt disease.
The virus can itself invade the central nervous system. It usually causes aseptic meningitis,
with only occasional cases of encephalitis. Therefore, if encephalitis due to mumps is present
then as a rule, co-morbid meningitis and sometimes myelitis is also present. The symptoms
occur 2-10 days after parotitis or in some cases, may precede it (Lishman, 2003).

5. Long term consequences of childhood encephalitis
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Studies conducted on the long term consequences of childhood encephalitis are scarce.
However, it was reported that childhood encephalitis between 0-16 years at the time of
infection caused mortality at a rate of 2.8 % while the rate increased to one third if the
patients were less than three years of age (Lishman, 2003). The risk of mortality may be
especially pronounced in patients less than one years old, those who are unconscious at the
time of admission, within the first month and with infections by HSV (Lishman, 2003).
After a follow-up of 10 years it was reported that 40 % of patients may have problems with
motor functions/ academic achievement, 20 % may have epilepsy and a further 20 %
displayed behavioral problems, mostly hyperactivity (Lishman, 2003).
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5.1 Studies conducted on childhood encephalitis in Middle-Eastern countries
When the results of studies conducted on childhood encephalitis in Middle-Eastern
countries were reviewed it was observed that they focused mostly on cases of HSVE,
reflecting the international literature (Ibrahim et al., 2005; Yildirim 2008). Pediatric
complications associated with Influenza and results of West Nile encephalitis were reported
in studies conducted in Israel (Landau et al. 2011). Also, reflecting the 2009 pandemic of
influenza, cases of meningitis and meningo-encephalitis in children were reported with
influenza A (H1N1) infections from Turkey (Ozdemir et al., 2011, Yildizdas et al., 2011).
However, neuropsychiatric and neurobehavioral consequences of childhood encephalitis
were reported only in limited studies (Yildirim, 2008). According to those; pediatric HSVE
caused deficits in IQ, short term memory and in language functions while deficits due to
mumps meningoencephalitis were slight (Yildirim, 2008), though results of another study
from Turkey may contradict the latter position (Aygun et al., 2001, Yildirim, 2008). Aygun
and colleagues (2001), investigated the viral etiology of 36 children at a regional medical
center in eastern Turkey in between 1995 and 1999 and reported that mumps was the most
common pathogen in their sample (47.1 %) and that mental and/ or focal neurological
deficits were observed in 52.9 % (Aygun et al. 2001). Isolated cases of neuropsychological
consequences with VZV are also reported (Yaramiş et al., 2009).

6. Conclusion
Although encephalitis may be associated with significant childhood morbidity and mortality
worldwide, our knowledge about its contemporary epidemiology and outcome are limited,
especially for the long term (Galanakis et al., 2009). Therefore, future multi-centre studies
conducted on patients who recovered from childhood encephalitis may be necessary.
Elucidation of neuropsychological deficits caused by varieties of childhood encephalitis may
help us determine potential remedial methods for rehabilitation (Dewar and Gracey, 2007).

The Neuropsychiatric Consequences of
Childhood Encephalitis: A Review of Cases from Middle-Eastern Countries
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The elderly population is increasing worldwide. Population of people above 65 years old
was 420 million in the year 2000, and is estimated to be 973 million in 2030 (Centers for
disease control and prevention [CDCP], 2003). Mortality rate related to infectious diseases
decreased after the discovery of anibiotics, particularly in the second half of the twentieth
century, however it is stil being a problem in elderly age group.
Several immun alterations arise with aging and these alterations make elderly people more
vulnerable to infections. In addition, body composition changes with aging, chronic diseases
such as hypertension, diabetes mellitus and cardiac failure are more frequent in elderly age
group, so this multi-factorial situation also reduces the immunological resistance to
infections. For all these reasons, encephalitis is more frequent in elderly people as compared
to younger individuals and it usually causes clinically a more severe course.
Encephalitis in elderly deserves a more sensitive approach. The disease may be difficultly
perceived by clinicians for some reasons. Premorbid brain disorders such as dementia and
stroke especially, may lead to diagnostic delay. Numerous co-morbid situations in this age
group may lessen the efficiency of treatment and may bring about seconder problems.
Therefore encephalitis in elderly may result in severe central nervous system damage, high
morbidity and mortality.

Defined etiological agents in elderly encephalitis are not fairly different than those in
younger patients. However frequency of encepahlitis caused by some pathogenes and
disease severity is dissimilar in elderly age group
Herpes simplex virus is the main cause of encephalitis in adult population including
individuals above 60 years old (Lee et al., 2003). However herpes simplex encephalitis is
dramaticaly frequent in aged population (Hjalmarsson et al., 2007). The incidence of the
disease is significantly higher in population above 60 years as compared to 3-60 age group
(Puchhammer-Stöckl et al., 2001). In addition, clinicians encounter herpes simplex type 1 as
the main etiological agent of elderly herpes simplex encephalitis, that is similar to ratios
defined in other age groups (Jouanny et al., 1994).
Besides herpes simplex, viral and bacterial, lots of agents have been reported as a cause of
elderly encephalitis. Some of these agents are associated with regional/geographical factors,
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West Nile Virus
Ebstein Barr virus
Cytomegalovirus
Herpes Zoster
Enterovirus
Tick Borne Encephalitis
Mycobacterium Tuberculosis
Japan Encephalitis
St. Louis Encephalitis
Other bacterial agents
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and a portion with immunological status of patients. West nile virus (WNV) is a
considerable etiological agent in aged population as the encephalitis caused by west nile
virus is more frequent and more severe in elderly people as compared to younger adults
(Berner et al., 2002, 2005, Cook et al., 2010, Roos, 2005). Elderly cases related to St. Louis
encephalitis virus (Roos, 2005), Tick borne encephalitis virus (Logar et al., 2000),
enteroviruses (EV) (Frantzidou et al., 2008), Ebstein Barr virus (EBV) (Hu & Chan, 2000),
Varisella zoster virus (VZV) (Granerod et al., 2010, Gillanders et al., 1994) and
Cytomegalovirus (CMV) (Lee et al., 2003) have been reported as far. Encephalitis caused by
mycobacterium tuberculosis (Granerod et al., 2010, Lee et al., 2003) and other bacterial
agents (Granerod et al., 2010) have also been defined in this age group. Etiological spectrum
of elderly encephalisit is shown on Table 1.
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Table 1. Etiological spectrum of elderly encephalitis

3. Immune alterations
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As the clinical utilization of serological methods and PCR technique become widespread,
number of etiological agents in elderly population is increasing. However, it should be
borne in mind that, cases with undefined etiology is more frequent in elderly age group as
compared to younger adults (Lee et al., 2003).
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It is claimed that immune system progresively deteriorates with aging and elderly people
are more vulnerable to infectious diseases (Sansoni et al., 2008). Several changes occur in
immunity system of elders. The major proportion of these changes are involved in the
quantity and the configuration of circulating lymphocytes. Numerical changes appear both
in T cell and B cell compartments, thus effectiveness of cellular and humoral responses alter.
The most prominent immune alteration is occured in T cell comparment. Response of T cells to
mitogens weakens and T cell quantity in circulation decreases (Fahey et al., 2000). It is
indicated that both circulating CD 4 (+) and CD 8 (+) T cells diminish with aging (Provinciali et
al., 2009). Quantity of CD 4 (+) T cells is proportionally higher in normal immunity, however
inverted CD 4 (+) / CD 8 (+) ratio (less than 1.00) is significantly more frequent in elderly
individuals as compared to younger individuals (Wikby et al., 2008). Inverted ratio is
reflecting the dominancy of suppresor activity in elderly age group. Similar numerical changes
have also been occured in B cell compartment. Quantity of CD 5 (+) and CD 19 (+) B cells
lessens with aging (Sansoni et al., 2008). Besides the changes in cellular level, several
alterations appear in cytokin synthesis, which IL-6 levels increase and IL-2 levels decrease in
aged individuals (Lesourd & Mazari, 1999). Immune alterations of elderly is shown on Table 2
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As a consequence of age related immune alterations, antibody production dimishes and
immunological memory shortens (Fahey et al., 2000). Immunologic response to antigens
weakens, infections tend to be frequent and heavier with increased age.
T Cells
CD 4 (+) Reduction
CD 8 (+) Reduction
Inverted ratio of CD 4 (+)/CD 8 (+)
Suppressor activity
B Cells
CD 5 (+) Reduction
CD 19 (+) Reduction

)

Cytokines
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IL-6 increase
IL-2 decrease
Table 2. Immune alterations in elderly age group
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Several clinical and laboratory observations concordant with the above mentioned immune
alterations in increased age are present in the literature. These observations are related
especially with the infections caused by viral etiology and closely linked with the
pathogenesis of encephalitis. For instance, skin infection of herpes zoster is more frequent in
aged population (Schmader & Dworkin, 2008) and with situations which impair cellular
immunity (Schmader, 1999). Latent Herpes simplex virus existance in trigeminal ganglion is
significantly more frequent in elderly individuals as compared to younger adults, which is
concordant with the fact that herpes simplex encephalitis frequency is higher in aged
population (Liedtke et al., 1993). This data is reflecting the poor immunological response to
herpes simplex virus with increased age. (Figure 1)
It is considered that insufficient pleocytosis and low IgG activity in a case with herpes
simplex type 2 encephalitis, is asssociated with age related immune disregulation (Reuter et
al., 2007). Another clinical observation is the high frequency of re-infection or endogen virus
activation in elderly herpetic meningoencephalitis as compared to primary infection
(Jouanny et al., 1994), which may also reflects the age related immune alterations.
Furthermore, chronic diseases are seen more frequently in elderly population and some of
these diseases lessen the immunological resistance to antigens. Immune alterations related
to both aging and underlying chronic disorders make elderly people more vulnerable to
infectious disorders and complications of infections (Yoshikawa, 2002). For instance esential
hypertension and diabetes mellitus presence are found to be associated with the severity of
west nile virus encephalitis, moreover they were reported as risk factors for persistancy of
symptoms in elderly patients (Cook et al., 2010)
As concordant with the data about immunity alterations in elderly individuals, herpes
simplex encephalitis is seen more frequently in elderly age group, makes a more severe
clinical course, and mortality is significantly higher in individuals above 70 years old
(Hjalmarsson et al., 2007). Increased age is found to be associated with the outcome of
herpes encephalitis (Whitley et al., 1986, Kamei et. al., 2005). Also west nile virus leads to a
more severe clinical course in elderly patients as compared to younger adults (Cook et al.,
2010, Berner et al., 2002). Increased age is an independent risk factor for fatality of west nile
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virus encephalitis (Berner et al., 2002). Such that mortality in patients above 70 years old
increases 40-50 fold, as compared to younger patients (O’Leary et al., 2002). Also Tick borne
encephalitis makes a more severe clinical course in elderly age group (Logar et al., 2000).
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Fig. 1. Clinical entities related to immune alterations of elderly
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4. Clinical course

Clinical symptoms of herpes simplex encephalitis are fever, headache, meningeal signs,
alteration of conscioussness, focal and generalised seizures and long tract signs. Mortality
and morbidity of untreated herpes simplex encephalitis is high. Yet, morbidity and
mortality are seen less frequently with today’s spesific antiviral therapy. Currently,
clinicians easily perceive and diagnose herpes encephalitis unless co-morbid conditions
which may lead to a diagnostic confusion accompany, and if typical signs and spesific
laboratory and imaging findings are present; thus spesific antiviral and symptomatic
therapy is perfomed in the early phase of the disease.
However, herpes simplex encephalitis in elderly mostly presents with atypical clinical
symptoms, and may difficultly be perceived by clinicians. Encephalitis in elderly, may
present with more subtle symptoms such as progresive amnestic cognitive disorder or
behaviroual changes, which are fairly different from typical symptoms in younger
adults (Wong & Yau, 2007). These clinical signs, may frequently be confused with
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neurodegenerative processes, metabolic delirium or stroke. Fever accompanied with
progresive receptive aphasia may be a symptom of herpes encephalitis (Lester et al., 1988).
As an atypical clinical presentation, progresive dysartria and hypersalivation with no
cognitive impairment in a 65 years old patient has also been defined (Almekhlafi et al.,
2010). Short-term memory deficit has been defined as a clinical sign of herpes encephalitis
(Reuter et al., 2007).
Encephalitis should be considered in all elderly individuals with progresive mental
confusion (Lester et al., 1988, Reuter et al., 2007, Fernandes et al., 2010). Furthermore,
progresive mental confusion seems to be the most considerable sign of early phase of elderly
encephalitis, and should not be neglected in emergency services (Jouanny et al., 1994).
Atypical clinical presentations of elderly encephalitis is shown on Table 3
Progresive amnestic cognitive disorder
Behaviroual changes
Progresive receptive aphasia
Progresive mental confusion
Frontal lobe syndrome
Progresive dysartria + hypersalivation

Herpes zoster encephalitis

Confusion
Deteriorating confusion (premorbid illness)

EBV encephalitis

Intermittant confusion

Enterovirus encephalitis

Cognitive + behaviroual impairment

WNV encephalitis

Focal neurological deficits mimicking stroke
Febril attacks
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Herpes simplex encephalitis

Table 3. Atypical clinical presentation of encephalitis in elderly
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Herpes simplex encephalitis usually affects the temporo-frontal grey matter and typical
clinical symptoms of the disease is closely associated with this localisation. However,
atypical localisations of herpes simplex encephalitis have also been reported both in elderly
and non-elderly patients and currently, with the widespread clinical utilization of MRI, it is
considered that atypical herpes simplex encephalitis localisations are more common than it’s
supposed to be (Fernandes et al., 2010). Clinicians may encounter cases with exclusively
frontal lobe involvement with relatively sparing of the temporal lobes (Taylor et al., 2007).
Frontal lobe syndrome in an elderly patient characterised by Bruns ataxia, incontinence and
confusion may associated with herpes encephalitis (Ege et al., 2010). (Figure 2) Cerebellum,
brain stem, parietal cortex, occipital cortex, thalamus and even white matter lesions due to
herpes simplex encephalitis have been reported thus far. This condition however, has been
seen more frequently in pediatric population and immun-compromised adults (Taylor et al.,
2007). Similarly, aging is associated with several immun alterations, therefore may
predispose to atypical localisations which may be confused with neoplasia and stroke.
Herpes encephalitis should not be excluded when atypical clinical symptoms and
extratemporal localisations appear, and be investigated with advanced diagnostic technices.
Atypical localisations is shown on Table 4.
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Atypical anatomical localisations of herpes
simplex encephalitis reported thus far

Frontal cortex
Occipital cortex
Parietal corex
Brain stem
Thalamus
White matter
Cerebellum
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Table 4. Atypical anatomcal localisations of herpes simplex encephalitis
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Fig. 2. Frontal lobe cortex involvement in herpes encephalitis
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Atypical clinical presentations have also been defined in herpes zoster encephalitis.
Confusion which is not accompanied with focal neurological deficits in an elderly patient or
gradually deteriorating confusion in a patient with neurodegenerative dementia may be
symptoms of zoster encephalitis (Gillanders et al., 1994). Similarly EBV encephalitis in an
elderly patient may presents with intermittant confusion and febril attacks (Hu & Chan,
2000). An elderly case with enteroviral meningoencephalitis which is presented with
cognitive and behavioural impairment has also been reported in the literature (Valcour et
al., 2008)
Regardless of etiology, in patients over 60 years old, meningeal signs are less frequent as
compared to non-elderly patients; and motor weakness is seen more frequently. Clinical
course of the disease in elderly patients is more severe and outcome is worse than in nonelderly patients (Lee et al., 2003). Despite the fact that encephalitis in the elderly may
presents with atypical clinical symptoms in the early phase, typical symptoms frequently
arise as the disease progresses.

5. Prognosis
Encephalitis causes a severe central nervous sytem damage, and may result in morbidity
and mortality. Altough the outcome can be changed by utilizing infection markers and
modern treatment strategies in the early phase, the prognosis of the disease is also
associated with several defined clinical factors. Old age and severity of clinical course are
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the most important prognostic factors. Old age, as well as the deterioration of
consicoussness are found to be the major risk factors for mortality in herpes encephalitis
(Whitley et al., 1986, Kamei et. al., 2005). Once again mortality in west nile virus encephalitis
is clustered in elderly individuals as compared to younger adults (Berner et al., 2002).
Regardless of etiology, encephalitis causes a poorer outcome in elderly population (Lee et
al., 2003).
Another considerable problem in elderly patients is the persistency of neurological
symptoms. Persistent symptoms not only deteriorate the life quality of patients but also
cause secondary medical problems. The frequency of persistent neurological symptoms
following west nile virus encephalitis has been found to be associated with diabetes mellitus
and hypertension, and not with old age (Cook et al., 2010). However, it is known that
chronic diseases are seen more frequently in elderly individuals. Rehabilitation programmes
are currently taken into account for patients who have persistant neurological symptoms
(Berner et al., 2005). Mortality and persistant neurological symptoms are frequent also in
patients over 75 years old in Japan encephalitis (Berner et al., 2005 as cited in Tsai, 2000).
Morbidity in herpes encephalitis is still being a problem despite the modern antiviral
treatment in elderly patients (Whitley et al., 1986). Cerebellar encephalitis is reported both in
elderly and non-elderly patients. However, dissimilar from outcome of younger patients,
the disease may lead to a persistent and more severe cerebellar ataxia (Klockgether et al.,
1993).
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6. Differential diagnosis
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Elderly encephalitis may mimic several clinical situations, as the disease presentation in
elderly age group is atypical and accompanying vascular and neurodegenerative disorders
may disguise markers of encephalitis. In addition, atypical localisations in herpes
encephalitis demonstrated by magnetic resonance imaging may increase the confusion. Such
that atypical localisations may be confused with ischeamic lesions and neoplasias.
Encephalitis may mimic stroke, by causing unilateral motor weakness and other focal
neurological deficits; furthermore it is reported that the disease may be presented as
deterioration of motor weakness in patients having motor sequela of stroke (Berner et al.,
2002).
In addition, many disorders in elderly may be presented with clinical symptoms mimicking
encephalitis. If so, encephalitis should be differentiated from clinical situations causing
mental confusion and delirium in aged individuals.
1. Metabolic encephalopathies (hepatic and renal failure, elcetrolyte disturbance,
hypoglicemia, hyperglicemia)
2. Hypertensive encephalopathy
3. Cerebrovascular disorders
4. Head trauma
5. Bronchopneumonia, urinary tract infections, sepsis
6. Drug adverse effects
7. Paraneoplastic syndromes
8. Space occupying lesions
9. Neurodegenerative disorders, dementia
10. Hydrocephalus
11. Epilepsy
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Metabolic encephalopathies in elderly individuals are imitating encephalitis by giving rise
to confusion and disorientation; electrolyte disturbances, diabetic coma and uremia should
be differentiated. Fever of any cause is a considerable situation in elderly patients and may
lead to excaberation of symptoms of demented patients. Urinary tract, lung, upper
respiratory tract and skin infections may cause fever and delirium, so be easily confused
with encephalitis. Hypertensive encephalopathy presents with headache, seizures and
consicoussness impairment and may mimic central nervous system infections. Fluctuations
and excaberations of neurodegenerative disorders, Lewy body dementia in particular, may
give rise to diagnostic confusion. Space occupying lesions in frontal and temporal lobes
should be differentiated from infectious disorders, as they are presented with cognitive
impairment, focal neurological deficits and seizures. Non-convulsive seizures in elderly
population are seen both in epileptic patients and symptomatically, and with their clinical
symptoms and EEG changes, may bring central nervous infections to mind. Briefly,
encephalitis may mimic several conditions such as stroke and dementia, also numerous
systemic and neurological disorders may present with symptoms resembling encephalitis in
old age. For this reason, multi-disciplinary approach is required at times, in emergency
services, for the elderly patients who have fever and mental deterioration.
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Diagnosis of encephalitis in elderly is based on high index of suspicion in the early course of
the disease, as the presentation is atypical. For this reason, MRI and cerebro-spinal fluid
examination should be performed in all patients with probable encephalitis. Altough MRI is
an effective tool for demonstrating the encephalitis lesions, it may reveal negative results in
the early course of the disease. Anatomically atypical encephalitis lesions is another problem
and clinicians should not exclude the disease in the presence of such lesions.
CSF protein levels increase mild to moderataly in the course of viral encephalitis with
accompanying mononuclear pleocytosis. Polymorphonuclear pleocytosis may be seen
however in WNV encephalitis. CSF is normal in 10% of the cases of viral encephalitis. CSF
glucose level is normal in viral encephalitis, nevertheless may found to be decreased in
bacterial, fungal and parasitic encephalitis (Tunkel et al., 2008).
PCR tecnique which detects the nucleic acids of pathogenes is fairly benefical in elderly
patients when findings of MRI and CSF examination are non-spesific or insufficient for
diagnosis. CSF protein and lymphocyte levels may not increase in the early course of herpes
encephalitis, therefore PCR should be performed in all patients. PCR should also be
executed for agents such as EBV, CMV, VZV, WNV in suspected cases of encephalitis.
Specifity and sensivity of PCR in herpes simplex encephalitis is high, despite false negative
results may rarely be obtained. The test should be repeated after few days in suspected
cases. Investigation of CSF IgM anti-bodies is useful in some cases. Detection of virus
spesific IgM anti-bodies can be utilized so as to diagnose flavivirus infection. 4 fold increase
in spesific serum IgG anti-body level is also an important marker for determining lots of
viral and bacterial agents (Tunkel et al., 2008, Roos, 2005).
Electroencephalogram (EEG) is adjunctive and sensitive method in encephalitis, however its
specifity is partially decreased in aged population. Frequent disorders in old age such as
vascular lesions, metabolic disturbances and neurodegenerative diseases cause EEG
changes, slow wave activity in particular. Still, it is found to be beneficial for demonstrating
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the periodic activity in herpes encephalitis. (Jouanny et al., 1994) Efficiency of diagnostik
tools in elderly encephalitis is shown on Table 5.
Numerous disorders which may be confused with encephalitis have been defined in elderly
patients. For instance bronchopneumonia may cause high fever and progresive mental
confusion in elderly patients. Even an urinary tract infection may lead to delirium and be
easily confused with encephalitis (Eriksson et al., 2011). For that reason, blood samples
should be obtained for studying blood glucose, electrolytes, liver functions (SGPT, SGOT),
renal funtions (BUN, creatinin), thyroid homones, blood count, C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR). Urinary Ph, protein, nitrite and leucocyte number
should also be determined. Blood and urinary cultures and chest roentgen examination are
beneficial so as to scan localised and systemic infections.
Still, it should be borne in mind that, localised and systemic infections, co-morbid metabolic
disturbances and chronic diseases may accompany encephalitis in elderly patients.
Moreover, metabolic and systemic disorders may also be induced by encephalitis in elderly
patients. For example confusion due to viral encephalitis may inhibit drug use in a diabetic
elderly individual, so may secondarily causes extreme high glucose levels. Similarly a
central nervous sytem infection leading to high fever and dehidratation may secondary
impair renal functions. Once again, hyponatremia may be caused by inappropriate ADH
syndrome secondary to encephalitis.
Alterations on mental level may mistakenly be related to metabolic disturbances in above
mentioned examples, therefore indirect influence of encephalitis should also be
remembered. As a consequence, encephalitis should be considered in elderly patients who
have confusion and disorientation, yet investigations should be carried out for determining
metabolic disturbances and systemic infections.

I(

Atypical presentations are frequent
Non-spesific, sensitivity is low
Sensitive, may reveal atypical lesions
Sensitivity and specifity is high, beneficial
Sensitive, specifity is low, negative in 10%
Beneficial for some agents, specifity is high
Specifity is low, sensitive
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CLINICAL SYMPTOMS
CT SCAN
MR IMAGING
PCR
CSF EXAMINATION
SEROLOGY
EEG
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Table 5. Diagnostic tools for elderly encephalitis

8. Management of elderly patients
Amprical antibiotic treatment should be performed in suspected elderly cases before the
confirmation of diagnosis. Today, parenteral acyclovir (10mg/kg iv q8h x 14-21 days, if
renal functions are normal) is recommended for herpes simplex virus encephalitis.
However, other ampirical antibiotic options should be initiated considering the
epidemyological data. For instance, doxycycline can be given if there is clinical suspecion of
ricetsial or erlichial encephalitis in risky regions (Tunkel et al., 2008).
Parenteral acyclovir is well tolerated in elderly patients, nevertheless nephrotoxic and
neurotoxic adverse effects are reported rarely. BUN and creatinin levels should be studied
more frequently in elderly patients than in younger individuals, to determine the
nephrotoxicity. Neurotoxic side effects are seen more frequently in elderly population and
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patients having impaired renal functions and malignency. Neurotoxicity of acyclovir is a
neuropsyhciatric disorder which conscioussness is altered. Confusion, delirium, lethargia
and tremor may appear in patients, so differentiation of this situation from mental changes
due to encephalitis is crucial for maintaining the treatment and considering alternative
options. Fever and headache do not accompany acyclovir associated neurotoxicity, and
finding of lateralisation is not seen in EEG (Rashiq et al., 1993) (Figures 3 & 4)
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Fig. 3. Problems in management of encephalitis in elderly
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Fig. 4. Risk groups for acyclovir neurotoxicity
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Acyclovir or gancyclovir for VZV encephalitis, and gancyclovir (5mg/kg q12h) + foscarnet
(60mg/kg q8h) for CMV and HHV type 6 encephalitis can be prefered. Acyclovir can also be
attempted in EBV encephalitis. Valacyclovir (1 gr oral 8qh) or acyclovir (10-15mg/kg iv 8qh)
can be chosen for B virus encephalitis. However treatment in encephalitis due to other
agents is still being a problem; currently supportive therapy strategies preserve their
importance as spesific antiviral medications do not exist (Tunkel et al., 2008, Roos, 2005).
Renal and hepatic parameters as well as electrolytes should be closely monitored in elderly
patients and drug doses should be adjusted to renal and hepatic functions. Metabolic
conditions have to be considered in aged group, when initiating anti-epileptic agents, and
clinicians should be aware of drug adverse effects in elderly. Hepatic and renal functions,
blood count and cardiac rhythm have to be more closely monitored.
Drug-drug interactions is a crucial problem in old age. Elderly patients usually use multiple
drugs as they possess chronic disorders. Drug interactions should be considered when
choosing antibiotics and antiepileptics and dosing of these medications. Determination of
blood levels is beneficial to minimise the drug interactions.
Insufficient alimentation and malabsorption is frequent in demented patients for both
sociobiological and pathological reasons. Since malabsorption complicates the treatment of
infectious diseases, probability of malabsorption should be evaluated in intensive care units
and nutiritional support should be supplied in the early couse of the disease.
Since old age causes a predisposition to infections, clinicians should be aware of respiratory
and urinary tract infections in intensive care units. Development of hospital infections and
their complications are easier in elderly patients. Localised and systemic infections should
be investigated if deterioration despite antiviral treatment has been perceived or persistency
of high fever occurs.
Immobility due to dementia, stroke or other reasons is frequent in elderly population, in
addition encephalitis may cause or worsen immobility for causing conscioussness
impairment and long tract injury. It is better to take earlier measures for bed sores: patients
position should be changed frequently and protein nutrition should be supplied. Abrasions
and erythematous lesions have to be treated as soon as they noticed. Prophylactic anticoagulant therapy should be given to all immobilised patients unless there is clear
contraindication.
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Briefly, management of encephalitis in elderly also includes sensitive approach to co-morbid
situations, drug-drug interactions, premorbid chronic disorders and their excaberations.
Vital signs and metabolic parameters should be more closely monitored and nutritional
support should be given beginning from the early course of the disease.
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Although the gross deficits of diseases of the brain have been extensively characterized, few
studies have examined their associated cognitive impairments. Interest has focused recently on
the language and cognitive impairments that develop following encephalitis. The symptoms of
impairments following the disease were determined mainly by examining hospital records of
those previously admitted with cerebral inflammation, who were assessed at least 20 months
after discharge to detect motor, speech and language, and other cognitive (attention, memory,
and non-verbal ability) impairments. This chapter deals with language and cognitive
disturbances based on the literature and a published case study of a proficient bilingual man
suffering from brain damage following intracranial hemorrhage and epileptic seizures related
to herpes encephalitis (Ibrahim, 2009a). This case showed somewhat different
symptomatologies on language ability measures in first language and second languages.
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Encephalitis is an inflammation of the brain usually caused by a virus, or, in rare cases, by
bacteria. It is typically caused by one of three groups of viruses: the herpes viruses including
chickenpox, Epstein-Barr (that causes mononucleosis), and herpes simplex (that causes cold
sores); viruses transmitted by insects, like West Nile virus, and the germs that cause Lyme
disease and Rocky Mountain Spotted Fever; and viruses that cause childhood infections like
measles, mumps, and German measles.
Widespread immunization against encephalitis and other diseases has brought a marked
decrease in their occurrence, but they continue to appear, sporadically and in miniepidemics. While most cases of encephalitis are mild and symptoms last for only a short
time, severe life-threatening cases can develop. Symptoms of mild cases include fever,
headache, poor appetite, loss of energy, and/or a general feeling of malaise. In more severe
cases patients develop high fever, severe headache, sensitivity to light, nausea and vomiting,
stiff neck, confusion, sleepiness, difficulty waking, and/or unconsciousness. As encephalitis
affects the brain, severe cases can sometimes develop epileptic seizures and intracranial
hemorrhages that lead to difficulties with muscle movement and coordination, speech
disorders, cognitive deficits and learning disabilities. These symptoms of encephalitis may
last months or longer.
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Risk factors for the development of language (speech) and cognitive deficits after illnesses of
the brain have been described (Holding, Stevenson, et al., 1999; Carter, Murira, et al., 2003),
but the studies generally classified patients as having impairments or not, rather than
differentiating between impairments of different functions.

DR
.R

UP
NA
TH
J

I(

DR
.

RU
P

AK

NA
TH

)

2.1 Language and cognitive impairments
Cognitive and language impairments following encephalitis have not been extensively
described in the literature. Language and speech impairments develop mostly in children
with severe encephalopathy (generally those with hypoglycaemia or elevated intracranial
pressure), and in cases of long-term nutritional deprivation (Walther & Ramaekers, 1982).
These deficits might be a manifestation of global cerebral damage rather than injury to a
specific area of the brain, given the wide range of risk factors associated with language. In
these cases, language deficits overlap with impairments in other cognitive abilities and
motor functions, and impairment in one ability may affect the others. For example, because
language, cognitive abilities, memory and attention overlap, impairments in language and
other cognitive functions may arise as side-effects of impaired memory and attention (which
has sizeable verbal components in terms of instructions, teaching elements, or response
formats), while other language difficulties may stem from impaired motor function
(Pennington, et al., 2004).
With regard to cognitive impairment after encephalitis, researchers suggested that only
episodes of epileptic seizures increased the risk of cognitive impairment (Holding et al.,
1999; Boivin, 2002). Based on clinical and epidemiological studies, they concluded that only
in cases of hypoglycaemia and absence of hyperpyrexia is there impairment of cognition
(Holding et al., 1999).
Idro and colleagues (2006) also reported this finding, stating that “hypoglycaemia was
associated with impairment of non-verbal functioning but instead of absence of
hyperpyrexia, we observed that children who failed to mount a febrile response (no history
of fever before admission) had an increased risk of developing memory impairment”
(p.146). Researchers described in detail the neurological and cognitive assessments: tests of
attention (visual search), memory tests based on the Rivermead Behavioural Memory Test
for Children (Wilson & Aldrich, 1991), non‐verbal functioning (construction tasks such as
copying shapes using drawings, blocks, or sticks to assess the coordination of complex
cognitive tasks), and a parental rating of behaviour problems (Holding et al., 1999). Speech
and language assessments included all major areas of language: receptive grammar and
vocabulary, lexical semantics (expressive vocabulary), syntax/morphology, pragmatics
(language use), phonology, higher level language, and word finding (Carter, et al., 2003). A
classification of “speech and language impairment” was defined as an impairment level
score on two or more of the language assessments, while a designation of “impairment in
other cognitive functions” described children with impairment level performance in any one
of attention, memory, or non‐verbal functioning (Carter, et al., 2005a; Carter, et al., 2005b).
Idro et al. (2006) found that seizures are common precipitators of admission. Thus, it is
possible that each episode cumulatively increases the risk of focal neurological damage, and
that on subsequent visits, patients present with multiple seizures, focal neurological signs,
and motor impairment (Ido, et al., 2004). Due to their diffuse nature, deficits are likely to
involve more than one function (Holding et al., 1999), and survivors of the more severe

63

Language and Cognitive Impairments Associated with Encephalitis

RU
P

AK

NA
TH

)

forms are likely to suffer greater neuronal damage. Some cognitive functions such as
language may be affected by external factors such as the child's nutritional state at the time
of the encephalopathy (Neumann, et al., 1992; Johnston, et al., 1987).
In a systematic review of neurological and cognitive impairments associated with common
central nervous system infections, Carter, Neville and Newton (2003) found those exposed
to acute bacterial meningitis (ABM) had a higher prevalence of long-term impairments. The
risk of impairments after ABM was greatest for, but not confined to, those who had acute
neurological complications such as coma. This chapter presents the performance of a
bilingual patient (M.H.) suffering from brain damage following intracranial hemorrhage
related to herpes encephalitis disease (Ibrahim, 2009a). His performance on several linguistic
tasks in his first language (L1-Arabic) and second language (L2-Hebrew) displayed
somewhat different symptomatologies in the two languages. There was a dissociation
between the two languages in terms of the magnitude of the errors and the error types,
suggesting aphasic symptoms in the two languages, with Hebrew (L2) being more impaired.
As we will see, this dissociation was better explained by damage at the lexical level rather
than at the semantic level of representation. We further explore whether this specific
impairment is also present in the patient’s L2 in order to elucidate the organization of a
second language in the brain.

3. Case report
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M.H. is a 41-year-old, right-handed male high school biology teacher. He is a native speaker
of Arabic, was born in Israel, and acquired Hebrew language in 4th grade. He used Hebrew
in his academic, professional and private settings, and before contracting encephalitis at the
age of 39, his Hebrew competence was reported by his bother to be very high. He was a
university graduate, where the language of instruction was Hebrew, and had passed the
Hebrew proficiency exam required at enrollment.
In May, 2004, M.H. was brought to the hospital with sudden onset of fever and confusion.
Following an initial examination in which he was found to be febrile, confused and
disoriented, he was sent to a regional hospital (Rambam Medical Center). A cereberal spinal
fluid specimen was positive for herpes simplex virus type 1 (HSV-1) by polymerase chain
reaction testing on the third day of hospitalization, and antiviral therapy (acyclovir) was
begun. Two days later he suddenly developed a severe headache, vomiting and disturbance
of consciousness. Radiological investigations showed severe, massive intracranial
hemorrhage in the left temporal lobe, compressing the central line of the brain
contralaterally. On the same day, he underwent left temporal craniotomy for removal of the
lesion mass, following which a CT scan demonstrated moderate hemorrhage and
encephalomyelitis in the left temporal lobe and right frontal subdural hemorrhage. His fever
returned to normal 12 hours after surgery but he became lethargic. He was sent to Bet
Levenstein Rehabilitation Hospital where he stayed two months, during which he
developed an acute onset of a neurological deficit, epileptic status with left temporal focus,
and amnestic aphasia.
Upon admission to Bet Levenstein, M.H. was active, cooperative, and oriented to place,
situation and time. His visual fields and auditory abilities were intact. His spontaneous
language production was non-fluent, with grammatical disruptions and common anomic
states. The subtest from the Western Aphasia Battery (WAB; Kertesz, 1982) and the Boston
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Naming Test (BNT; Kaplan, et al., 1983) in Arabic and Hebrew yielded results consistent
with mild to moderate amnestic aphasia (Albert, et al., 1981). Throughout this period he
received intensive language therapy.
3.1 Neuropsychological tests
Neuropsychological tests were conducted in January 2006, 32 months after hospitalization in
Bet Levenstein, and included visual and language abilities.
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3.1.1 Visual abilities
To rule out the possibility that the patient's symptoms were caused by the right frontal
hemorrhage, his performance was assessed on tasks that tap visuospatial and frontal
difficulties. The results showed normal visual ability good copying and construction
abilities on the Rey Complex Figure test (Meyers & Meyers, 1995). Cognitive flexibility was
measured by a Wisconsin Card Sorting Test (WCST) (Heaton, et al., 1993). His capacity for
non-verbal abstraction was close to normal for his age, consistent with his intact visual
perception and reasoning skills.
3.1.2 Language abilities
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M.H. was given three auditory tasks, as described by Luria (1970): (a) counting the letters in
individual spoken words, (b) counting syllables in an individual spoken word, and (c)
synthesizing words from individually pronounced letters (i.e., recognizing an auditorally
spelled word). His performance on these tasks was found to be dependent on word length,
with better performance on short words (three to five letters). Both Arabic and Hebrew are
languages with deep orthography: they do not have one-to-one correspondence between
letters and sounds, because most Arabic and Hebrew vowels are not instantiated as letters.
This is probably reflected in the relatively similar performance by M.H. in the two
languages. It was observed that M.H. counted phonemes instead of letters. Interestingly, in
naming Hebrew phonemes, M.H. used the Arabic terms, referring to the sounds rather than
the real names of these letters. For example, when presented with the letter he said [ba]
instead of [bet]. Also, in many cases he counted syllables instead of sounds or letters. His
ability to count the number of syllables was intact.
3.1.2.2 Reading and writing

When reading aloud in Arabic, M.H. demonstrated two strategies. In some cases of single
and short words he seemed to use a direct visual strategy, immediately recognizing the
word. In other cases this strategy was not successful and he turned to letter-by-letter
reading, resulting in literal paralexias (for example, the word a'melat, "workers," was read as
a'lamat, which is not a meaningful word), but often he recognized this immediately and
corrected himself. His strategy for reading in Hebrew was similar, but his performance was
poor, probably because of the general inappropriateness of letter-by-letter reading for
unvoweled Hebrew (see Birnboim, 1995). His spontaneous writing (in Arabic) was good at
the level of single words and word combinations without literal paragraphias. In Hebrew,
he was able to write to dictation only at the level of words with literal paragraphias (for
example, the word mapa, "map," was written as maba, which is not a meaningful word).
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As can be seen from the tests administered in two languages, M.H. displayed different
symptomatologies in the two languages, with the language impairment significantly more
prominent in Hebrew. This was an interesting development. Arabic is structurally not very
distant from Hebrew, especially in morphology and syntax. It is important to remember
that, although Arabic is M.H.'s native language, he had nearly equivalent proficiency in the
two languages prior to his illness. During the period of language therapy, the various tests
administered to determine the nature of his impairments yielded an initial diagnosis of
amnestic aphasia.
One of the important pieces of information in M.H.'s case is the localization of the brain
injury. He had apparently suffered at least three distinct neurological insults during his
hospitalization – herpes encephalitis with intraparenchymal hemorrhage into the left
temporal lobe, right frontal subdural hematoma, and epileptic seizures – in addition to
undergoing emergency surgical craniotomy of the presumably dominant hemisphere. As
each insult involves distinct language networks, a detailed account of the patient's clinical
language deterioration as it relates to these insults will illuminate the complex
representation of more than one language in the brain, and the process of speech perception
and production.
Herpes encephalitis is known to involve the bilateral temporal lobes. Among other
functions, these lobes are critical in short-term memory consolidation (hippocampus) and
naming functions (dominant hemisphere middle and superior temporal gyrus) (Gleissner, et
al., 1997). The timing and the nature of the patient’s language deterioration (detailed above)
support the involvement of bilateral temporal lobes. This conclusion is in line with studies
on the language organization of the temporal lobe, particularly with respect to the anatomy
of the superior and middle temporal gyrus (Janszky, et al., 2004). The potentially aneurismal
subrachnoid hemorrhage M.H. suffered may be associated with delayed ischemic deficits,
vasospasm, and distal thromboembolic events, and might be related to the language
symptoms.
Attempts have been made to explain the major aphasia syndromes, such as that seen in our
patient. Evidence has accumulated over the past 30 years in support of the dissociation
between languages (Caramazza & Zurif, 1976; Dehaene, Dupoux & Mehler, 1997; Green &
Price, 2001): that is, that the performance of aphasic patients on some linguistic tasks may
vary across languages. Researchers have turned to the nature of language representation in
an attempt to explain this finding. One approach suggests that L1 and L2 representations
are, to some extent, sustained by different brain areas. Another suggests that L2
representations are organized according to exactly the same principles as those governing
L1 organization, which means that the two representations are sustained by the same brain
areas.
Because the lexical representations of the two languages would be governed by variables
such as grammatical class and semantic category regardless of language membership, this
approach does not rule out the possibility that a bilingual aphasic may selectively recover
one language and lose the other (see Green, 2005; Green & Price, 2001). M.H.'s performance
on the naming tasks suggests that his naming difficulties probably stemmed from damage
to a lexical retrieval mechanism. However, not all linguistic components (like naming) are
similar in the two languages. As described above, once the target lexical node is selected, the
next step in speech production is the selection of the word’s phonological segments. The
dynamics of the activation and selection of the phonological component of words vary
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widely between models. One of the major differences is the extent to which the models
implement the spreading activation principle between the lexical layer and the phonological
layer. Although the principle has been widely adopted when characterizing the dynamics of
processing between the semantic level and the lexical level, it is not as widely employed
when characterizing processing at the segmental phonological level. According to discrete
stage models of lexical access (Levelt, 1989; Levelt et al., 1999), the activation of phonological
properties is restricted to those of the selected lexical node. Furthermore, the activation of
the phonological properties of words begins only after the target lexical node has been
selected. In contrast, the cascaded models of lexical access (Caramazza, 1997; Dell et al.,
1997) assume that all the lexical nodes activated from the semantic level send proportional
activation to their phonological segments. Furthermore, the activation of the phonological
properties of words occurs before lexical selection takes place.

4. Conclusions
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This chapter shows how encephalitis can induce different types of damage to the cognitive
system. In the context of the bilingual brain, and according to previous findings from
behavioral cognitive studies (Ibrahim & Aharon-Peretz, 2005; Ibrahim, 2009b), the different
impairments in L1 and L2 seen in our bilingual patient suggest that representations of LI
and L2 are, to some extent, sustained by different brain areas, and that a common semantic
system is connected to two independent lexical systems corresponding to each of the two
languages known by the bilingual. Given that M.H. had residual brain damage, and evinced
more deficits in L2 perception and production than L1, the data support this position. This
study of a bilingual native Arab speaker who acquired Hebrew (also a Semitic language),
together with experimental neurolinguistic data gathered from both the patient and the
literature, is a valuable combination for elucidating the relationship between language and
mechanisms of neurobiology. Further, the combination provides psycholinguistic evidence
by which to understand the dynamics of processing two languages in bilingual patients.
Our findings raise a number of questions: Does this specific mechanism function very early
during language acquisition? Does the availability of this mechanism depend on the age of
L2 acquisition (in childhood or adulthood)? These and other questions remain to be
addressed in the study of representation of more than one language in the brain, and of the
mechanisms of speech perception and production.
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Encephalitis is a poorly defined disease entity. Encephalitic symptoms may be vague and
unspecific, especially in the neonatal and pediatric age groups. Early signs and symptoms
such as fever, malaise, headache and fatigue are fairly common and shared with many
disease entities, infectious and non-infectious. Even if neurologic symptoms prevail and an
encephalitis diagnosis has moved to the top of the list of differential diagnoses, overlap with
other disease entities remains a possibility - in particular with meningitis, cerebellitis,
myelitis and acute disseminated encephalomyelitis (ADEM).
Encephalitis appears to be under-diagnosed and in the majority of cases of encephalitis, the
pathogen or cause remain unknown.1-5 Furthermore, surveillance programs in Scandinavia
revealed that 60% of the children with encephalitis had persisting symptoms at the time of
discharge. Systematic evidence-based research and prospective surveillance are warranted to
learn more about the clinical spectrum, underlying causes, and prognostic factors of
encephalitis. The ultimate goal of encephalitis clinical research should be to improve treatment
modalities and disease outcomes in all patients, regardless of age and geographic background.
Meaningful epidemiologic investigations of encephalitis disease outcomes, incidence and
prevalence require large-scale studies, multi-centric approaches, and the pooling and metaanalysis of significant amounts of data from different parts of the world. For data comparability
purposes, pre-defined standards should be used for the inclusion of patients into encephalitis
surveillance cohorts. Inclusion criteria for encephalitis studies should be based on observerindependent, widely accepted clinical case definitions and ideally, international consensus.
This paper aims to raise awareness of the challenges of defining and diagnosing encephalitis
as a disease entity, while presenting a number of practical approaches to facilitate
encephalitis screening for pediatric clinical research and public health purposes.

2. Problem
Very few large-scale studies have been conducted to date monitoring the incidence and
prevalence of encephalitis, and even fewer targeting the paediatric age group. Usually, these
studies are set up as laboratory-based investigations or with a specific disease entity or
pathogen in mind such as West Nile Virus6, Japanese Encephalitis Virus (JEV), tick borne
encephalitis (TBE), rotavirus, varicella and other herpesviruses.
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Examples of key topics in encephalitis studies in recent years are:

The early detection of congenital encephalitis and TORCH infections

Regional and periodic epidemiologic surveillance of arbovirus infections

Polio surveillance (WHO)

Baseline prevalence of vaccine preventable disease

Monitoring of adverse events following immunization (AEFI)
Example 1: The discussion around Rotavirus Encephalitis/ Encephalopathy

Case, Reference

Location

1. Salmi et al. 7

Finland

Year

Age

1978 2 yr

Sex
F

Neurological
Diagnosis
Seizures

NA
TH

)

Ever since the first cases of CNS involvement in rotavirus disease were reported, it has been
discussed if and when one of the most common pathogens causing gastroenteritis in
children under the age of 4 may also cause neurologic symptoms and complications. Table 1
illustrates a summary of the first case reports of rotavirus encephalitis in the medical
literature.
Stool
EM

Finland

1978 3 yr

F

Seizures

3. Wong et al. 8

USA

1984 6 mo

M

Aseptic
meningitis

1986 9 mo

M

PAGE,
Latex
agglutinati RV IgG,
Acute encephalitis
on (LA),
IgA, IgM
EM, RV
IgA

EIA, IEM

Blood

Outcome
Patient died

NCDV

EIA, IEM,
pleocytosis

RU
P

Japan

DR
.

4. Ushijima et al.

AK

2. Salmi et al. 7

9

EM

CSF

Slow recovery
Healthy

Coma x 10 d,
RV IgG,
infantile
IgA,
spasms,
IgM,
developmental
CFT
delay

Israel

1992 2 yr

M

Encephalopathy

EIA

6. Keidan et al.10

Israel

1992 21 mo M

Encephalopathy

EIA

Healthy

Encephalitis

Latex
RT-PCR,
agglutinati
pleocytosis
on (LA)

Healthy

Febrile seizures

EIA, RTPCR

RT-PCR

RT-PCR,
RV IgG, Healthy
IgA
Hemiparesis,
RT-PCR,
mental
CFT
retardation

I(

5. Keidan et al. 10

EM

Healthy

Japan

1995 2 yr

F

8. Pang et al. 12

Finland

1996 9 mo

F

9. Makino et al. 13

Japan

1996 21 mo F

Encephalopathy

EIA, RTPCR

RT-PCR

10. Hongou et al.14

Japan

1998 2 yr

M

Encephalitis

LA

RT-PCR,
RV IgG,
CFT
pleocytosis

Healthy

11. Pager et al.15

South
Africa

2000 1yr

M

Seizures

LA

RT-PCR

Pat. died first
day of life

12. Lynch et al. 16

USA

2001 6 yr

M

Seizures

EIA

RT-PCR

13. Lynch et al. 16

USA

2001 2.5 yr F

Encephalitis

EIA

RT-PCR

Healthy

DR
.R

UP
NA
TH
J

7. Yoshida et al.11

RV IgA

Pat. died after 5
mo

14. Goldwater et al. 17

Australia

2001 2.5 yr M

Encephalitis

EIA

PCR, RTPCR

Slow recovery,
sequelae
(hypotonia,
unclear speach)

15. Goldwater et al. 17

Australia

2001 13 mo M

Encephalopathy

EIA

RT-PCR

Moderate
hemiparesis

16. Nigrovic et al. 18

USA

2002 3 yr

Cerebellitis

RT-PCR

RT-PCR

Wide-base gait,
moderate
expressive
aphasia

F
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Case, Reference

Location

Year

Age

Sex

Neurological
Diagnosis

Stool

CSF

Blood

CNS in
situ RTPCR, in
situ
hybridizati
on

Encephalitis,
cerebral edema,
uncal herniation

Outcome

Patient died

17. Morrison19

USA

2001 4 yr

18. Kobata et al. 20

Japan

2002 2 yr

F

Encephalopathy

Immunoch
romatogra
phy, EM,
RT-PCR

2002 2 yr

M

Seizures

LA, RTPCR

RT-PCR

F

Meningoencephalitis

EIA

RT-PCR,
IgM
pleocytosis

Healthy

RT-PCR,
probe
hybridizati
on

Mental
retardation,
dystonia,
developmental
delay

USA

2004 8 mo

M

22. Nakagomi et al.24

Japan

2005 1.5 yr M

23. Nakagomi et al.24

Japan

2005 0.5 yr M

24. Nakagomi et al.24

Japan

2005 4 yr

F

25. Nakagomi et al.24

Japan

2005 3 yr

F

26. Nakagomi et al.24

Japan

2005 2.5 yr M

27. Nakagomi et al.24

Japan

2005 1.5 yr F

28. Nakagomi et al.24

Japan

2005 9 yr

Not reported in
detail.
Manifestations
included
encephalitis,
encephalopathy,
convulsions or
seizures.
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F

Encephalitis

29. Nakagomi et al.24

Japan

2005 2 yr

30. Kirton et al.25

Canada

2005 15 mo F

F

Necrotizing
encephalopathy
Encephalitis,
Cerebellitis

31. Shiihara et al.26

Japan

31. Shiihara et al.26

Japan

2007 4.5 yr M

Encephalitis,
Cerebellitis

32. Furuya et al.27

Japan

2007 3.5 yr F

Encephalitis

DR
.R

2007 2.5 yr F

Healthy

)

EIA
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21. Rath et al.

23

ELISA or
LA

ELISA

ELISA or
LA

ELISA

ELISA or
LA

ELISA

ELISA or
LA

ELISA

ELISA or
LA

ELISA

AK

2003 9 mo

RU
P

Germany

DR
.

20. Kehle et al. 22

I(

19. Iturriza-Gomarra
UK
et al. 21

Healthy

Not reported

ELISA or
LA

RT-PCR

ELISA or
LA

RT-PCR

ELISA or
LA

RT-PCR

EIA

Patient died

Immunoch
romatogra
phy, RTPleocytosis
PCR
(RT-PCR -)
Immunoch
romatogra
phy
RT-PCR

RT-PCR

Slow speech
and dysarthria
Slow speech,
dysarthria,
hand tremor
Not reported

Table 1.
Notably, thirty-three cases of rotavirus disease with CNS involvement had been reported up
until the time when the new rotavirus vaccines were introduced in the United States. 16-22 2528 Among these 32 cases, less than half (10/24; 42%) of the patients with reported outcomes
recovered completely. Five children (21%) died from the disease, whereas the remaining
37% experienced neurological sequelae. 23
With increased awareness evidence has since grown further, and CNS involvement is
slowly being recognized as a rare but potentially serious complication in rotavirus
gastroenteritis.29-38 Over time, in addition to viral diagnostics radiological features of
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rotavirus encephalitis are better understood, which may help in directing clinicians to the
correct diagnosis. 23 37
During and prior to the time of rotavirus vaccine introduction in different parts of the
world, large rotavirus surveillance programs have been instituted. Despite the size and
number of such programs, meta-analysis is difficult as very little information can be
obtained on rare complications of rotavirus disease. Studies were designed measuring
different endpoints and inconsistent criteria and definitions have been applied (if any) for
CNS complications.
An exception for surveillance studies of seizures in rotavirus disease:
A subanalysis of a 5- year rotavirus surveillance in Salt Lake City, Utah (2002-6) is a rare
exception specifically focusing of CNS complications. Investigators retrospectively
identified 34/59 children with laboratory-confirmed rotavirus infection and >=1 seizure
without an alternative medical explanation. They reported one child with cerebral edema on
neuroimaging and abnormal EEG and 2 children (7%) who required chronic anticonvulsant
therapy concluding “…that seizures associated with rotavirus infection are a relatively
benign neurologic condition in young children. With few exceptions, neurodiagnostic
studies do not influence management or outcome.“39.
Precise data and incidence rates with respect to encephalitis/ encephalopathy in large-scale
rotavirus surveillance programs are sill lacking. In the meantime, CNS complications have
also been reported in gastroenteritis due to other viruses such as norovirus 40 and
adenovirus 41.
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A number of recent encephalitis surveillance studies have been focusing on vaccine
preventable disease, such as tick borne encephalitis (TBE) and Japanese encephalitis virus
(JEV).
Systematic tick born encephalitis studies have recently been conducted in Eastern European
countries where the disease is endemic, such as Slovenia 42, Poland 43, and Latvia 44. A
common European approach has been sought by VENICE (http://venice.cineca.org/
final_report_TBE_19-01-2011.pdf) and several others 45, 46, 47 however, universal criteria for
the clinical assessment and grading of encephalitis still remain to be implemented.
With respect to Japanese Encepahlitis Virus (JEV), surveillance has recently been extended
to many Asian countries including Bangladesh 48, Nepal 49, Japan 48, to name only a few.
New WHO criteria for JEV have been defined and evaluated. 50 More recently, general
systemativ surveillance programs and monitoring activities preparing the introduction of
JEV vaccine have been developed by PATH in Vietnam, and Nepal
(http://www.path.org/publications/detail.php?i=1523).
With the introduction of varicella vaccine, varicella zoster virus (VZV) has become the
first vaccine preventable disease caused by herpesviridae. Complications of VZV disease
include CNS involvement with the clinical picture of encephalitis/cerebellitis. Neurologic
complications in VZV infection are common in, but not restricted to immunocompromized patients 51 and may even occur in the context of reactivation (varicella
zoster). 52
A 1-year surveillance of hospitalizations for VZV complications was conducted in 1997 in
485 German pediatric hospitals including neurologic complications, bacterial
superinfections, and hematologic complications (with multiple entries permitted in the
surveillance questionnaire). Notably, neurologic complications were among the most
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common with 61.3% (in comparison to infectious complications with 38.6%). Among CNS
complications, cerebellitis was predominant with 40.3%, followed by encephalitis (18.4%)
and meningitis (1.7%) and facial palsy (0.8%). 53 Similar studies have recently been
conducted in Italy 54, 55, UK, Ireland, 56 and Saudi Arabia 57.
Parallel to increased efforts in developing a cytomegalovirus (CMV) vaccine 58-61, attention
has also shifted to further understanding the neurologic sequelae and disease burden of
congenital CMV disease and non-immunocompromised hosts. 62-22
In addition, influenza has been increasingly recognized as a vaccine preventable cause of
encephalitis, especially in children and adolescents. 67 Initial reports emerged from Japan
and the United States 68-75 and recently, a number of case reports as well as surveillance
reports by CDC have been issued on neurologic complications of Influenza A (in particular
pandemic H1N1) disease. 76-88
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Encephalitis has not only been described as a viral and/or immunological illness, but also as
an adverse event following immunization (AEFI)89. The British Pediatric Surveillance Unit
conducted a 3-year prospective surveillance aiming to investigate encephalitis as an AEFI in
the UK and Ireland90
By nature, AEFI are rare events requiring large-scale studies, meta-analyses, or extensive
(ideally active) surveillance programs to be detected. Reporting bias and awareness are
major obstacles to the systematic assessment of AEFI. Resent research revealed that
physicians are more likely to report a specific AE if the AE constitutes an event a vaccine in
designed to prevent. Interestingly, this “reverse placebo effect” also applied to non-live
vaccines. 91
When data have to be pooled from a number of different studies, the use of uniform
diagnostic criteria is warranted allowing comparability among studies conducted at
different sites. This demand has been met by the Brighton Collaboration, who published a
clinical case definition for encephalitis as an AEFI in 2007. 89 The diagnostic criteria
for encephalitis as an AEFI are listed in Table 2, below. The Brighton Collaboration criteria
are designed to capture an adverse event independent from any potential triggers, but also
to differentiate reliably and consistently between different kinds of CNS involvement,
including meningitis, meningo-encephalitis, myleitis, ADEM and the like.
The Brighton Collaboration case definitions for aseptic meningitis, encephalitis, myelitis and
ADEM have since been evaluated in a retrospective analysis of 255 clinical cases of CNS
disease in a Swiss children’s hospital. 93 This evaluation study revealed that unless
predefined clinical criteria are applied consistently, the demarcation of closely related
but distinct CNS disease entities will be missed. ICD-10 coding and diagnoses mentioned in
hospital discharge summaries are insufficient and all too often observer-dependent. 93
Brighton Collaboration Case Definition for Encephalitis as an AEFI 89
“Case definitions: encephalitis, myelitis, and ADEM”1
Encephalitis - Level 1 of diagnostic certainty:2
(a) Demonstration of acute inflammation of central nervous system parenchyma (±
meninges) by histopathology.
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Encephalitis - Level 2 of diagnostic certainty:3,4
(a) Encephalopathy (e.g. depressed or altered level of consciousness, lethargy, or
personality change lasting >24 h),
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(b) ONE OR MORE of the following:
1. Decreased or absent response to environment, as defined by response to loud noise or
painful stimuli,
2. Decreased or absent eye contact,
3. Inconsistent or absent response to external stimuli,
4. Decreased arousability,
5. Seizure associated with loss of consciousness.92
OR
(c) Focal or multifocal findings referable to the central nervous system, including one or
more of the following:
1. Focal cortical signs (including but not limited to: aphasia,alexia, agraphia, cortical
blindness),
2. Cranial nerve abnormality/abnormalities,5
3. Visual field defect/defect(s),
4. Presence of primitive reflexes (Babinski’s sign, glabellar reflex, snout/sucking reflex),
5. Motor weakness (either diffuse or focal; more often focal)5
6. Sensory abnormalities (either positive or negative; sensory level),
7. Altered deep tendon reflexes (hypo- or hyperreflexia, reflex asymmetry),
8. Cerebellar dysfunction, including ataxia, dysmetria, cerebellar nystagmus.
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AND (for both possibilities to reach Level 2)
(d) TWO OR MORE6 of the following indicators of inflammation of the CNS:
1. Fever (temperature ≥38° C),
2. CSF pleocytosis (>5WBC/mm3 in children >2 months of age; >15WBC/mm3 in children
<2 months of age),
3. EEG findings consistent with encephalitis,7 or
4. Neuroimaging consistent with encephalitis.8
Encephalitis - Level 3 of diagnostic certainty:3,4
(a) Encephalopathy (e.g. depressed or altered level of consciousness, lethargy, or
personality change lasting >24 h),
AND INCUDING
(b) ONE OR MORE of the following:
1. Decreased or absent response to environment, as defined by response to loud noise or
painful stimuli,
2. Decreased or absent eye contact,
3. Inconsistent or absent response to external stimuli,
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4. Decreased arousability, or
5. Seizure associated with loss of consciousness. 92
OR
(c) Focal or multifocal findings referable to the central nervous system, including one or
more of the following:
1. Focal cortical signs (including but not limited to: aphasia, alexia, agraphia, cortical
blindness),
2. Cranial nerve abnormality/abnormalities,5
3. Visual field defect/defect(s),
4. Presence of primitive reflexes (Babinski’s sign, glabellar reflex, snout/sucking reflex),
5. Motor weakness (either diffuse or focal; more often focal), 5
6. Sensory abnormalities (either positive or negative; sensory level),
7. Altered deep tendon reflexes (hypo- or hyperreflexia, reflex asymmetry), or
8. Cerebellar dysfunction, including ataxia, dysmetria, cerebellar nystagmus.
AND (for both possibilities to reach Level 3)
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(d) ONE7 of the following indicators of inflammation of CNS:
1. Fever (temperature ≥38°C),
2. CSF pleocytosis (>5WBC/mm3 in children >2 months of age; >15WBC/mm3 in children
<2 months of age),
3. EEG findings consistent with encephalitis,7 or
4. Neuroimaging consistent with encephalitis.8
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Encephalitis - Level 3A of diagnostic certainty:7,9
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(a) Insufficient information is available to distinguish case between acute encephalitis or
ADEM; case unable to be definitively classified.
Encephalitis - Exclusion criterion for levels 2 and 3 of diagnostic certainty:
(a) Other diagnosis for illness present.10
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If the lowest applicable level of diagnostic certainty of the definition for a definitive category (i.e.,
Level 3, excluding Level 3A) is met and there is evidence that the criteria of the next higher level of
diagnostic certainty (Level 2) are met, the event should be classified in the next category. This
approach should be continued until the highest level of diagnostic certainty for a given event can be
determined. Thus, if a case fits diagnostic criteria for both categories (encephalitis and ADEM), but
reaches a higher level of diagnostic certainty in one, the higher level supercedes, and the case should
be classified according to the category in which the higher diagnostic certainty level is reached.
TheWorking Group recognizes that under this paradigm, it is possible to reach a higher level of
diagnostic certainty forADEMwith less stringent criteria than it is for encephalitis e.g., Level 1
diagnostic certainty for encephalitis requires histopathologic diagnosis, whilst ADEM Level 1 does not
require this. However, in the absence of a biological marker, the diagnosis of ADEM rests upon the
proper neuroimaging findings in the appropriate clinical context, and the combination of appropriate
neuroimaging and a monophasic pattern of illness are as close to a gold standard as exist for this
clinical entity. Thus, one may have a higher level of diagnostic certainty of ADEM than of encephalitis,
in the absence of other biologic data. When Level 1 ADEM and Level 2 encephalitis, or Level 2 ADEM

2
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and
Level 3 encephalitis are met, the best category to choose would be ADEM.
3 The encephalitis/ADEMWorking Group recognizes that, in most cases, histopathologic examination
of tissue will not be practicable as a method of diagnosis; this may particularly be the case in
developing countries. However, histopathologic demonstration of cerebral inflammation remains the
“gold standard” for the diagnosis of encephalitis, and as such, the group has determined that this
should be Level 1 for determination of encephalitis.
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4 Levels 2 and 3 of diagnostics certainty have been especially designed for adults and children older
than or equal to 2 years of age. For children under the age of 2 years (and, in particular, those under
the age of 6 months) the nervous system and, as such, the neurologic examination is continually in
flux (e.g., what is normal in a 28-day old is not necessarily normal in a 2- month old child). The
evaluation of encephalopathy and neurologic deficits in infants and young children will need to be
done in an age-appropriate fashion, taking into account the age and level of development of the child.

Levels 2 or 3 of encephalitis are met if criteria (a+b+d) or (c+d) from the respective levels are fulfilled,
and no exclusion criteria are met.

5
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6 Note that only criteria 2 and 5 may be applicable in all age groups; other criteria for focal/mulitfocal
neurologic signs may be age-dependent, and will not be applicable to all age groups.
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7 Note that Level 2 of diagnostic certainty requires at least 2 of the listed criteria for inflammation,
while Level 3 required only 1 criteria. This is in recognition that, in some cases of encephalitis, all
listed criteria will either not be present, or such data will be unavailable. Thus, a clinical diagnosis of
encephalitis should still be applicable, but will be of less diagnostic certainty than if sufficient criteria
were present.
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8 Electroencephalographic (EEG) findings consistent with encephalitis:EEG findings consistent with
encephalitis include, but are not limited to: Diffuse or multifocal nonspecific (nonphysiologic)
background slowing; periodic discharges or other encephalographic abnormalities may or may not be
present.
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9 Neuroimaging findings consistent with encephalitis: Neuroimaging findings consistent with
encephalitis include, but are not limited to: head computed tomography (CT) displaying areas of
hypodensity; contrast images demonstrating meningeal and parenchymal enhancement indicating
meningeal and parenchymal inflammation, or gyral enhancement, brain/spine magnetic resonance
imaging (MRI) displaying diffuse or multifocal areas of hyperintense signal on T2-weighted,
diffusion-weighted image, or fluid-attenuation inversion recovery (FLAIR) sequences, suggestive of
inflammation or demyelination.

Tabe 2. Brighton Collaboration Case Definition for Encephalitis as an AEFI
(see www.brightoncollaboration.org)

3. Assessment of the problem
Most of the attempts to standardize the diagnosis of encephalitis are focusing on adults
whereas pediatric studies are facing specific challenges in the differential diagnosis, such as
age-dependent symptoms while intellectual capabilities are still developing and the
difficulty to distinguish acute neurologic impairment from consequences of perinatal
asphyxia and congenital malformations, developmental delay, intoxication and other
alternative possible non-infectious causes of encephalopathy.2, 5 Due to the immaturity of
the immune system and the blood-brain barrier, children under the age of two are at a
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particularly high risk of developing encephalitis during bacterial sepsis or systemic infection
with herpesviridae, Tb and many other pathogens. At the same time the chance of
recurrence of HSV meningo-encephalitis is difficult to assess and consequences of
premature discontinuation of antiviral therapy can be detrimental. 94-99 Even in older
children, the difficulty to identify symptoms of encephalopathy such as behavioral
outbursts, decreased responsiveness, and other subtle signs may delay the diagnosis and
thus, treatment. 100, 101 In other cases, the differentiation of autoimmune from viral causes of
encephalitis causes problems. 100,4 Without the identification of potential causes of
encephalitis, however, the treatment options and prognosis in different types of encephalitis
will remain poorly understood.1, 102
With additional diagnostic and therapeutic options becoming available, and several types of
encephalitis vaccine-preventable, the systematic surveillance of encephalitis in children has
gained significance, also with respect to everyday clinical care.
As indicated above, prospective and retrospective case ascertainment both provide a
number of challenges. Prospective surveillance of large cohorts using predefined case
definitions is key to avoid inter-rater variability and selection bias. The installment of active
surveillance systems in specialized reference centers will ultimately improve the monitoring
of encephalitis as an AEFI. Children with acute CNS adverse events are most likely to
present in emergency rooms and tertiary care centers rather than private pediatric practices,
where the child has usually been immunized. Unless immunizations are systematically
captured at the time of investigation, rates of encephalitis and other CNS adverse events
following immunization - as opposed to other triggers or causes - can hardly be established.
90, 103 In addition, lumbar puncture is difficult to perform in infants and children, and even if
CSF has been obtained, pathogens other than HSV and bacteria are rarely assessed in
routine practice. Very little is known for example, about incidence rates of enterovirus
infection in pediatric CNS disease.104 However, effective enterovirus surveillance can also
be utilized as a tool for regional polio disease surveillance, as is the case at the German
National Reference Laboratory for Enteroviruses at the Robert Koch Institute in Berlin.105, 106
Hospital-based prospective surveillance systems have been introduced in several
locations, including country-wide surveillance systems in the US4, France107, the UK 2 and
Sweden 1, as well as smaller programs in Taiwan 108, Crete 109, and India.110 Unfortunately,
each of these programs use their own case definitions for encephalitis.
Table three provides several examples of clinical case definitions used in recent pediatric
encephalitis studies:
Title

Acute childhood
encephalitis and
encephalopathy
associated with
influenza: a
prospective 11year review

Country

Canada

Type/Category

Influenza
Encephalitis

Year(s) of
Study

Clinical Case Definition for Encephalitis

"Encephalopathy was defined as a
depressed or altered level of consciousness
persisting for 24 hours. Encephalitis was
defined by the presence of encephalopathy
plus 2 or more of the following criteria:
fever (temperature 38.0°C), seizure(s),
1994 - 2004
focal neurologic findings, cerebrospinal
fluid (CSF) pleocytosis (WBC count 5 106
cells/L), EEG findings compatible with
encephalitis, or abnormal
neuroimaging"
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Title

Country

Type/Category

Beig 110

Etiology and
clinicoepidemiological
profile of acute
viral
encephalitis in
children of
western Uttar
Pradesh, India

Clinical Case Definition for Encephalitis

ND

"Children aged between 1 month and 12
years presenting to Port Moresby General
Hospital with febrile encephalopathy,
defined as fever, seizures and/or altered
consciousness"

“Acute encephalopathy was defined as
fever with alteration of consciousness
and/or with neurological deficit,
secondary to central nervous system
involvement lasting more than 24 hours,
and not more than a oneweek history.
Patients with a different final diagnosis
(e.g., epilepsy, febrile convulsion, bacterial
meningitis, tuberculosis, brain tumor,
cerebral malaria, or metabolic disorder)
were excluded from the study.”

)

Anga 111

The aetiology,
clinical
presentations
and outcome of
Papua New
Febrile
febrile
Guinea
Encephalo-pathy
encephalopathy
in children in
Papua New
Guinea

Year(s) of
Study

Acute viral
encephalitis

Jul 2004Nov 2006

USA
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Elbers 112

A 12-year
prospective
study of
childhood
herpes simplex
encephalitis: is
there a broader
spectrum of
disease?
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HSV Encephalitis

1994-2005

"Inclusion criteria for this registry are
documented encephalopathy, defined as
depressed or altered level of consciousness
persisting for >24 hours, plus 2 of the
following: fever (>38°C), seizure, focal
central nervous system (CNS) findings,
CSF pleocytosis (>5 x 106 cells per L), EEG
abnormalities, or diagnostic imaging
abnormalities (on brain computed
tomography [CT]/MRI scans). Patients
were excluded if they had underlying
neurologic disease or were known to have
immunosuppression. This study did not
include cases of neonatal encephalitis and
focused on children between 4 weeks and
18 years of age.
For identification of a cohort of children
with clinically and diagnostically definite
HSE, patients in our study fulfilled
stringent inclusion criteria: the
aforementioned criteria of the encephalitis
registry, CSF PCR and/or serologic
evidence of HSV infection, and 1 of the
following: CSF abnormalities, including
the presence of pleocytosis, >50 x 106 red
blood cells (RBCs) per L, and/or elevated
protein levels (>0.4 g/L), EEG readings
consistent with HSE, or CT and MRI
findings suggesting HSE, such as focal
signal abnormalities or hemorrhage.
Patients were excluded if an alternative
diagnosis accounted for their
symptoms."
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Country

Childhood
encephalitis in
Sweden:
etiology, clinical
presentation
and outcome

Sweden

Type/Category

Encephalitis

Year(s) of
Study

Clinical Case Definition for Encephalitis

2000-2004

A. Age 1 month–18 years
B. Signs of cerebral dysfunction either as.
1. encephalopathy defined as altered
consciousness, personality or behavioral
changes lasting for more than 24 hr, or 2.
abnormal EEG finding compatible with
encephalitis, plus at least one of the
following: - Abnormal results of
neuroimaging compatible with
encephalitis, -Positive focal neurological
findings, -Seizures.
C. Signs of inflammation, defined either as
pleocytosis (X6 white blood cells/mL),
fever (38C) or elevated infectious
parameters (CRP,WBC). Mild symptoms
from eyes, nose or throat were not
considered to be sufficient."
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Fowler 1

Title
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Glaser 113

In search of
encephalitis
etiologies:
diagnostic
challenges in the
California
Encephalitis
Project, 19982000

USA

Glaser 4

Beyond viruses:
clinical profiles
and etiologies
associated with
encephalitis.

Encephalitis

Oct 2005Nov 2006

Encephalitis

1998-2000

USA

Encephalitis

1998 -2005
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Ganerod 2

Causes of
encephalitis and
differences in
their clinical
presentations in
England: a
multicentre,
populationbased
prospective
study

"The case definition included any person
of any age admitted to hospital with
encephalopathy (altered consciousness
that persisted for longer than 24 h,
including lethargy, irritability, or a change
in personality and behaviour) and with
two or more of the following:fever or
history of fever (≥38ºC) during the
presenting illness; seizures and/or focal
neurological fi ndings (with evidence of
brain parenchyma involvement); CSF
pleocytosis (more than four white blood
cells per μL); electroencephalographic
(EEG) fi ndings indicative of encephalitis;
and abnormal results of neuroimaging
(CTor MRI) suggestive of encephalitis."
"A case was defined as encephalopathy
(depressed or altered level of
consciousness lasting
24 h, lethargy, or change in personality)
requiring hospitalization with 1 of the
following symptoms: fever, seizure, focal
neurological findings, CSF pleocytosis, or
electroencephalography or neuroimaging
findings consistent with encephalitis.", > 6
months of age
">= 6 months of age, and met the CEP
case definition of encephalitis. A “case
patient” was defined as a patient
hospitalized with encephalopathy
(defined by a depressed or altered
sonality change) with level of
consciousness lasting 24 h, lethargy, or a
per 1 of the following characteristics:
fever, seizure, focal neurological findings,
pleocytosis, or electroencephalography or
neuroimaging findings consistent with
encephalitis."

80

Risk of Serious
Neurologic
Disease After
Britain and
Immunization of
Ireland
Young Children
in Britain and
Ireland

Type/Category

Year(s) of
Study

Clinical Case Definition for Encephalitis
“Case definiton of serious neurologic
disease: children 2 to 35 month with
suspected encephalitis and/or severe
illness with fever and convulsions.
Convulsion: total duration of >30 min OR
followed by encephalopathy of 2-23h OR
followed by paralysis or other
neurological signs not previously present
for ≥24h. Fever: ≥37.5°C. Encephalopathy:
depressed or altered level of
consciousness. Encephalitis:
Encephalopathy for ≥24h and TWO of the
following: fever, convulsions, focal
neurological findings (≥24h), pleocystosis
(>5 leucocytes per µl CSF), characteristic
abnormal results of neuroimaging (CT or
MRI), herpes simplex virus nucleis acid (or
nucleic acid of any other virus proven to
cause encephalitis) in CSF; OR
postmortem histologic evidence of
encephalitis. Exclusion criteria: viral
meningitis without encephalopathy; the
following confirmed causes:
hypoxic/ischemic; vascular; toxic;
metabolic, neoplastic, traumatic, pyogenic
infections; uncomplicated convulsions or a
series of convulsions lasting 30 min;
immunocompromised children.”
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Huang 102

Long-term
cognitive
and motor
deficits after
enterovirus 71
brainstem
encephalitis in
children

Japanese
Encephalitis

2003-2005

Enterovirus
Encephalitis

"case definition for enterovirus 71
brainstem encephalitis: myoclonus, ataxia,
nystagmus, oculomotor palsies, and
1998 - 2004
bulbar palsy, in various combinations,
with or without confirmation by
neuroimaging".
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Hossain 48

Hospital-based
surveillance for
Japanese
encephalitis at Bangladesh
four sites in
Bangladesh,
2003-2005.

Taiwan

".. clinical case definition of acute
encephalitis with indication for lumbar
puncture, based on the judgment of the
patient's attending physician. The clinical
case definition of acute encephalitis
included new onset of fever (temperature
> 38°C) or history of fever during the
present illness along with altered mental
status, (e.g., confusion, disorientation,
coma) and/or a neurological deficit (i.e.,
focal or diffuse neurological dysfunction
or new onset of seizures) with onset of the
neurological symptoms within five days
prior to hospitalization. Enrollment in the
study required that the patient met the
clinical case definition and that he or she
had cerebrospinal fluid (CSF) pleocytosis
(defined as > 4 leukocytes/mm3 for
patients > 6 weeks of age and > 14
leukocytes/mm3 for the patients > 6
weeks of age)..."
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Country

Type/Category

Vietnam

Encephalitis

Lee 108

Encephalitis in
Taiwan: a
prospective
hospital-based
study

Taiwan

Encephalitis

Mailles 107

Infectious
encephalitis in
France in 2007: a
national
prospective
study

France

Encephalitis

Encephalitis and
encephalopathy
Morishima associated with
114
an influenza
epidemic in
Japan

Japan

Influenza
Encephalitis

Clinical Case Definition for Encephalitis

"Children admitted [..] with suspected acute
encephalitis of viral origin, based on the
clinical judgment of admitting physicians,
and with no preexisting neurological
conditions or evidence of bacterial
meningitis by microscopy or culture of
cerebrospinal fluid (CSF) samples, and no
Jan-Dec
febrile convulsion (defined by a single
2004
convulsion lasting less than 15 minutes with
regaining of consciousness within 60
minutes in a child between 6 months and 6
years of age) were eligible for inclusion in
the study after provision of written
informed consent by the patient’s parents or
legal guardians"
"Encephalitis was defined as follows: acute
and severe neurological dysfunction in the
context of suspected encephalitis, which
included signs and symptoms of acute
mental dysfunction, memory impairment,
LOC, pareses, abnormal behaviour,
convulsions, and involuntary movement.
The patient's EEG and/or CT scan and LP
were also compatible with the diagnosis of
encephalitis. Patients with high fever,
2000-2001
headache, nausea and vomiting were
excluded by LP, CT/MRI or EEG
examination. Patients with other diseases,
especially with other systemic infection
(sepsis), cerebral vascular accident,
neoplasm of the brain or psychiatric
diseases that caused disturbed
consciousness were also excluded by LP,
CT/MI or EEG examination."
"Inclusion criteria: age ≥ 28 days
hospitalized in mainland France in 2007
AND (1) acute onset of illness, (2) at least 1
abnormality of the CSF (white blood cell
count of ≥ 4 cells/mm³ OR protein level of ≥
40mg/dl), (3) temperature ≥ 38°C, (4)
decreased consciousness OR seizures OR
Jan-Dec
altered mental status OR focal neurologic
signs. Exclusion criteria: hospitalization of
2007
fewer than 5 days (to avoid including
patients with aseptic meningitis without
brain involvement), positive HIV status,
meningitis without clinical brain
involvement, brain abscess, prion disease,
cerebral malaria, non-infectious CNSdisease"
"The diagnosis of encephalitis/
encephalopathy was made on the basis of
all clinical signs. All patients had altered
consciousness or loss of consciousness.
winter of
Patients with meningitis, myelitis, and
1998–1999
febrile convulsions without prolonged
unconsciousness were excluded. Postictal
unconsciousness with prompt recovery
was classified as febrile convulsion"
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Le 3

Viral etiology of
encephalitis in
children in
southern
Vietnam: results
of a one-year
prospective
descriptive
study

Year(s) of
Study

81

82

Pathogenesis of Encephalitis

A cohort study
to assess the
new WHO
Japanese
encephalitis
surveillance
standards

Cerebral Malaria

2003-2005

"the following criteria were approached
for enrollment: (1) fever or hypothermia
(i.e., history of fever or documented
temperature 38 8C or 35 8C); (2) evidence
of acute brain dysfunction (i.e.,
encephalopathy, central neurological
findings, or seizures) with onset 14 days
prior to admission; and (3) clinical
indication for lumbar puncture as
determined by a staff physician."

1999-2001

"Differenciation between cerebral malaria,
bacterial meningitis and viral encephalitis.
Cerebral malaria: WHO definition.
Bacterial meningitis confirmed by the
examination and culture of CSF. Viral
encephalitis confirmed by looking for
evidence of herpesviruses and
enteroviruses."

Viet Nam

Japanese
Encephalitis

Jan-Dec
1995
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Kenya

Encephalitis

Clinical Case Definition for Encephalitis
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Solomon 50

Short report:
Role of viruses
in Kenyan
children
presenting with
acute
encephalopathy
in a malariaendemic area

Thailand

Year(s) of
Study
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Japanese
encephalitis
virus remains an
important cause
of encephalitis
in Thailand

Type/Category

"Clinically, a case of acute encephalitis
syndrome (AES) is defined as a person of
any age, at any time of year, with the acute
onset of fever and a change in mental
status (including symptoms such as
confusion, disorientation, coma, or
inability to talk) AND/OR new onset of
seizures (excluding simple febrile
seizures).a Other early clinical findings can
include an increase in irritability,
somnolence or abnormal behaviour
greater than that seen with usual febrile
illness."
"pediatricians were requested to report all
children 2 to 35 months old with
suspected encephalitis and/or severe
illness with fever and convulsions- ->
anaöytical case definition: Fever:
temperature of 37.5°C; the questionnaire
asked whether there was a fever and also
for the maximum temperature recorded at
any site by any method. Encephalopathy:
a depressed or altered level of
consciousness. Case definition of serious
neurologic disease: any child 2–35 mo old
with a severe illness with fever and
convulsions (a) and/or encephalitis (b)
was included. (a) Severe illness with fever
and convulsions: (i) with a total duration
of 30 min; or (ii) followed by
encephalopathy for 2–23 h; or (iii)
followed by paralysis or other neurologic
signs not previously present for 24 h. (b)
Encephalitis as adapted from 117.(i)
Encephalopathy for 24 h and 2 of the
following:fever, convulsions, focal
neurologic findings ( 24 h), pleocytosis ( 5
leukocytes per L CSF), characteristic
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Risk of serious
UK and
Encephalitis and
neurologic
Ireland
Severe Illness
disease after
(British
with
immunization of
Pediatric
Convulsions and
young children
Surveillance
Fever
in Britain and
Unit)
Ireland

Oct 1998 Sept 2001
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abnormal results of neuroimaging (CT or
MRI), herpes simplex virus nucleic acid
(or nucleic acid of any other virus proven
to cause encephalitis) in CSF; or (ii)
postmortem histologic evidence of
encephalitis. (c) Exclude (i) viral (aseptic)
meningitis without encephalopathy (ii) the
following confirmed causes were
excluded: hypoxic/ischemic; vascular;
toxic; metabolic, neoplastic, traumatic, and
pyogenic infections (iii) uncomplicated
convulsions or a series of convulsions
lasting 30 min (iv) immunocompromised
children"
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Table 3. Examples of encephalitis surveillance systems and clinical case definitions used.

4. Summary and future perspectives
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In conclusion, it may be stated that

prospective surveillance systems for encephalitis have been developed in several sites

universal case definitions or inclusion criteria are currently not being applied

clinical encephalitis case definitions are usually not adjusted to age

a large number of prospective studies are laboratory-based with clinical information
added after the fact

evidence-based information on the multiple causes of encephalitis only slowly
emerging.
With the emergence of surveillance systems for encephalitis worldwide, it would be
desirable to introduce the use of uniform case definitions and clinical criteria allowing metaanalysis and head-to-head comparisons between studies and sites. As a first step into this
direction, a model surveillance system has been introduced in the pediatric emergency
rooms at Charité University Medical Center in Berlin in collaboration with the adjacent
Robert Koch Institute, as a first cohort to prospectively implement the neurologic case
definitions by the Brighton Collaboration while assessing vaccine preventable neurologic
disease along with neurologic adverse events following immunization in the same
population.
The Charité Meningitis Surveillance at Charité (MenSCh ) Cohort: Prospective
Surveillance Systems for CNS inflammation and natural infection.
At Charité, a prospective surveillance system has been put in place monitoring acute
presentations of children and adolescents to one of the largest pediatric ERs in Europe. The
ERs are located in two different areas of Berlin representing an ethnically diverse
population, including up to 40% of children with migratory background (Turkish, Kurdish,
Arab/North African, Eastern European). All patients fulfilling predefined case definitions
while presenting on regular screening days are automatically enrolled, tested immediately
in close collaboration with epidemiologists and the adjacent Robert Koch Institute and
followed-up clinically. In the absence of an HMO system in most European countries, this is
a powerful method to capture a comprehensive sample of a typical pediatric urban tertiary
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care population with “naturally occurring infection” and adverse events. Precise
immunization histories are taken at the time of presentation. Case-control and other
methodology can be used to compensate for lack of randomization. The MenSCh
(Meningitis Surveillance at Charité) Cohort is a prospective cohort of children presenting
with signs and symptoms of CNS inflammation/infection to the ER. Presentations are
classified according to age-adjusted clinical and disease severity scores, but also classified
according to standardized case definitions for meningitis, encephalitis, myelitis, ADEM,
GBS, seizure and Bell’s Palsy by the Brighton Collaboration. Confirmed clinical cases
according to the definitions of the Brighton Collaboration, regardless of the trigger
(infection, immunization, autoimmune disease), are followed until discharge. Again,
detailed immunization histories and laboratory data are captured. After case ascertainment
according to standardized case definitions, patients presenting with rare autoimmune AE
following immunization will be studied in detail.
Vaccines are among the most effective methodologies available to date for the prevention of
infectious diseases of childhood. With declining vaccine acceptance in many parts of the
world, it will become increasingly important to learn more about the causes of neurologic
adverse events in children. It is hoped that the MenSch cohort will provide a useful
contribution to the field while monitoring incidences of vaccine preventable disease
alongside with adverse events following immunization.
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Encephalitis, inflammation of the brain, is a rare condition in humans characterised by a
triad of clinical features that include fever, headache and an altered level of consciousness
that can persist for over 24 hours. There are many causes for the condition ranging from
infection with an array of pathogens to autoimmune reactions. A major cause, and the one
which this review will focus on, are viral infections (Whitley and Gnann, 2002). A diverse
range of viruses are capable of invading the Central Nervous System (CNS) and infecting a
variety of cell types within it (Tyler, 2009a; Tyler, 2009b). Examples from a range of viral
species will be used to illustrate initial infection of the CNS, early innate immune responses,
viral evasion of these early responses and the development of the adaptive immune
response. The majority of viral CNS infections are transient but some can lead to long- term
disability or death.
Structurally, the CNS consists of the brain and spinal cord that are both encased within
bone. Three membranes surround the brain, which are collectively called the meninges.
These are the thick dura mater, the web-like arachnoid mater and the delicate pia mater.
This structure can itself become inflamed giving rise to meningitis. Within this, the brain is
divided at a gross level into the forebrain containing the frontal, parietal, occipital and
temporal lobes, and the hindbrain containing specialist structures including the
hippocampus, pituitary and cerebellum. Below this is the brainstem that connects the brain
to the spinal cord that extends through the body of all vertebrates. Neuronal processes leave
the spinal cord to innervate the organs and structures of the body through sensory and
motor neurons, forming the peripheral nervous system. The cellular content of the CNS is
varied. The key cell-type is the neuron although this only constitutes around 5% of the
cellular total and can vary between regions of the brain. Neurons typically have a large cell
body containing the nucleus, from which extensions, termed axons extend. At the termini of
axons, small processes or dendrites make contact with other neurons creating an extensive
network of connections enabling the brain to act as an information-processing centre for the
organism. In addition to neurons are cells collectively termed glia. Glial cells support
neurons through a range of functional phenotypes. Astrocytes assist in sustaining neuronal
metabolism and neurotransmission. Oligodendrocytes have elongated processes that
*
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surround axons and produce myelin, which effectively insulates axonal processes and
enables efficient electrical transmission along axons. Finally, microglia provide an immune
function within the CNS, acting as the resident macrophage population removing dead
cells, and are particularly important in the development of the foetal brain.
Infection of the leptomeninges (aracnoid mater and pia mater) generally does not result in
serious disease. However, infection of glial cells and neurons can result in acute disease
through direct cellular destruction and/or the initiation of immune pathology. The loss of
non-renewable, specialized cells responsible for cognition, mobility and almost all organ
function can have profound impact on the host. The immediate consequence of infection is
inflammation, manifest as viral encephalitis, the outcome of which can vary from a transient
episode to long term neurological deficit or in the death of the host. The pathology of
disease is characterised by a cellular thickening of blood vessels or perivascular cuffing and
a proliferation of astrocytes, or gliosis. Changes are also observed in the cerebro spinal fluid
(CSF) including the presence of predominantly mononuclear cells (pleocytosis), increased
levels of protein and antibodies. Infecting viruses can be detected in the CSF using specific
molecular tests such as the polymerase chain reaction (PCR).
When considering any host-pathogen relationships within the CNS, the issue of immuneprivilege must be acknowledged. The CNS is considered an immuno-privileged site, a term
first coined by Peter Medawar resulting from the observation that allografts placed in
certain locations, such as the eye or brain were not rejected by the immune system with the
rapidity observed in other organs (Brent, 1990). The cause of this privilege has been
attributed almost exclusively to the barrier separating the periphery from the CNS, which is
collectively termed the blood-brain barrier (BBB). At a basic level this is formed by the
endothelium found on the luminal side of blood vasculature within the brain (Bailey et al.,
2006). Tight junctions between endothelial cells prevent entry of cells, large molecules and
proteins. Furthermore, under normal conditions these endothelial cells express no or very
low levels of adhesion molecules preventing attachment of immune cells and blocking a
potential route of entry for cells involved in immune surveillance. Surrounding the
endothelial cells, on the CNS side, is a thick basement membrane that is itself surrounded by
processes from astrocytes termed astrocytic end feet. The BBB is present over 99% of the
brain vasculature. The exceptions are those structures that are involved in hormone
secretion such as the pituitary and hypothalamus where free movement of proteins is
required between neural tissue and the blood. In addition there are no lymphatic vessels
within the parenchyma of the brain that would provide a conduit for antigen presenting
dendritic cells to move directly to lymphoid tissue. However, it would be wrong to assume
that the absence of comparable cells and structures found in the periphery represents an
absence of these functions. Numerous studies are now identifying the multiple mechanisms
of immune surveillance that support the CNS, initiating both protective and damaging
immune responses (Hickey, 2001). Likewise there are now defined routes by which immune
cells can enter the CNS, particularly in response to infection (Ransohoff et al., 2003). The
appropriate and timely orchestration of these events is critical in responding to viral
infection particularly in the early chemokine and cytokine signals that trigger the innate
immune response. Much research has been conducted in recent years on these early
responses with some mediators being observed repeatedly, such as the chemokine CXCL10,
in response to viral infection. This in turn has dramatic consequences for the vasculature
without apparently changing the efficacy of the BBB. Adjunct to this is the activation of the
adaptive response to viral infection within the CNS. In this area less is known of the
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mechanism that leads to antigen presentation from this site. Key questions that are raised by
this include the mechanism of antigen transfer from the CNS to sites of antigen presentation,
the timescale of these events and the fate of effecter cells that eventually migrate to the site
of infection. The coordination of immune activation and appropriate response are poorly
understood and can result in a continuum of outcomes that vary from complete resolution
of the infection, latent infection by the virus, severe encephalitis and cell-mediated
destruction of host cells.
This review will follow the theoretical events that occur following neuroinvasion in humans
by viruses that result in encephalitis. This will include:

A brief overview of viruses that cause encephalitis. This focuses mainly on those that
infect humans although includes a number that have been used extensively in murine
experimental models.

An examination of the early innate immune response generated within the CNS to viral
infection. This will also consider the cell-types that these signals target that prepare the
tissue for the immune response. Also of importance will be the mechanisms that viruses
use to subvert the immune response at this early stage.

Consideration of antigen presentation from CNS, which has been traditionally been
considered an immuno-privileged site. In addition, the process of antibody-secreting
cell development within lymphoid tissue and then migration to the CNS will be
reviewed.

The review will conclude with the final steps of leukocyte recruitment across the BBB
and discuss the variable outcomes to infection with different viruses. This appears to be
determined as much by the response of the host as the virulence of the virus.
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Many viruses have been identified as the causative agent of encephalitis. Table 1 gives a
summary of many of the virus species that are associated with human and/or animal
encephalitis. It is noteworthy that most have ribonucleic acid (RNA) genomes. Many are
found worldwide although some, particularly those that are associated with an arthropod
vector, have a more limited distribution. Most are established causative agents of disease.
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2.1 Herpesviruses that cause encephalitis
Herpes viruses are one of the few groups that preferentially infect neurons or show
neurotropism. Herpes simplex virus type 1 infects trigeminal ganglia and establishes a
latent infection. Periodically, the virus reactivates and returns to the site which the ganglia
innervates, causing a vesicular rash. Virus is released into the exudate and can be
transmitted onwards through contact. This cycle occurs repeatedly through the life of the
infected individual but occasionally this can develop into encephalitis in both
immunocompetent and particularly immunocompromised individuals (KleinschmidtDeMaster and Gilden, 2001). A recent investigation into the causes of encephalitis in
England found that 42% could be attributed to infectious disease with 19% being caused by
herpes simplex virus and 5% being caused by varicella zoster virus (Granerod et al., 2010). A
further 30% were caused by immune-mediated encephalitis. However, the largest group
(42%) were of unknown origin, some of which could have had a viral aetiology but not
diagnosed. Similar findings were made from a retrospective study of encephalitis in
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Australia with Herpes simplex viruses being the most common virus associated with human
encephalitis (Huppatz et al., 2010), although in this study, flaviviruses such as Murray
Valley encephalitis virus and Kunjin virus were also reported.
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2.2 Arthropod-borne viruses that cause encephalitis
Prominent amongst the viruses that cause encephalitis are the flaviviruses (Gould and
Solomon, 2008). These are transmitted by an arthropod vector (mosquitoes and ticks) and
thus disease characteristically occurs in human populations in synchrony with seasonal
peaks in vector abundance. In the Northern Hemisphere this is typically late summer for
mosquito-borne infections. Infection with arthropod-borne viruses usually results in
replication in lymphoid tissue close to the bite site that results in a transient viraemia and
febrile illness. The viraemia following infection with some viruses, either through its
transient nature or low titres, does not result in onward transmission to the vector such as
the case of West Nile virus and humans are a dead end host. However, in other cases,
human infection is critical to maintaining the infection such as in outbreaks of chikungunya
virus (see below). Encephalitis usually occurs subsequent to the resolution of viraemia. The
flavivirus genus includes viruses such as mosquito-borne West Nile virus, which following
its introduction into the United States in 1999 resulted in a sharp increase in human cases of
encephalitis as it rapidly spread west (Granwehr et al., 2004). In experimental studies, West
Nile virus is highly neurovirulent in mice, spreading rapidly though the brain. Figure 1
illustrates the rapid spread of West Nile virus following intranasal infection. The
morphology of infected cells indicates that they are predominantly neuronal. Another
prominent member of this genus is Japanese encephalitis virus, present throughout Asia.
Mortality rates can reach 30% with a further 50% having severe neurological sequelae
(Tyler, 2009a). In addition to mosquito-borne viruses, the flaviviruses also include tick-borne
viruses of which the most prominent is tick-borne encephalitis virus (TBEV) found in an
uninterrupted belt from Western Europe to the far east of Asia (Mansfield et al., 2009). The
virus is transmitted by Ixodes species of ticks and is currently increasing in many countries,
likely through changes in human behaviour such as leisure pursuits that bring humans into
areas inhabited by ticks. TBEV causes asymptomatic infection in wildlife but can result in
severe encephalitis in humans. The exception to this is a variant of TBEV named louping ill
virus found almost exclusively in the United Kingdom that has been rarely associated with
human illness but causes fatal encephalitic disease in sheep and grouse (Sheahan et al.,
2002).
Another group of mosquito-borne viruses capable of causing encephalitis is the genus
Alphavirus (Zacks and Paessler, 2009). Prominent among these are the equine
encephalitides of North, Central and South America Although less rarely associated with
human encephalitis, infection with Eastern equine encephalitis virus can be devastating
with mortality rates ranging between 50 and 75%. As the names of these virus indicates,
they also cause severe encephalitis in horses with mortality rates reaching up to 90%. This
group also includes emerging viruses such as chikungunya virus, that has caused explosive
outbreaks of febrile disease in countries around the Indian Ocean that have sporadically
been transported back to Europe by infected individuals. In one year this resulted in
autochthonous transmission of chikungunya virus in Italy potentially vectored by the
invasive mosquito species Aedes albopictus (Seyler et al., 2008).
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Fig. 1. Spread of West Nile virus through the murine brain following intranasal infection.
Individual mice were inoculated with West Nile virus and sampled at the time points
indicated. Serial 4 m sections were cut and stained with a monoclonal antibody specific for
the West Nile virus envelope protein. Brown staining indicates detection of West Nile virus
within regions of the brain indicated.

DR
.R

2.3 Lyssaviruses that cause encephalitis
One group of viruses of special note are the lyssaviruses of which every member is believed
to be neurotropic and capable of causing encephalitis. This group is dominated by the rabies
virus, a virus that infects all mammals and is transmitted by animal bites that with rare
exceptions cause fatal encephalitis in all those where infection reaches the brain (Rupprecht
et al., 2002). Estimates are vague on the actual number of annual deaths due to rabies,
particularly in regions of the world with poorly developed public health infrastructures but
figures upwards of 50,000 are regularly quoted. Transmission of rabies virus occurs when
virus is deposited within skin or muscle following a bite and if not treated either by wound
cleansing or vaccination, infects neurons close to the wound. The virus then ascends rapidly
to the CNS by retrograde axonal transport leading to replication within the spinal cord and
brain (Schnell et al., 2010). Vaccination post-bite is highly effective and has virtually
eliminated rabies as a human disease in the Americas and Europe. The main human burden
of this disease falls in Asia and Africa where the cost of treatment or ignorance prevents its
use. The lyssavirus genus also contains viruses that are associated with certain bat species
and that on occasion have resulted in human fatalities following contact with an infected
bat. These viruses appear to have a limited geographical distribution (Fooks et al., 2003;
Johnson et al., 2010).
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2.4 Emerging viruses that cause encephalitis
Others species are considered emerging viruses (Tyler, 2009a). Human immunodeficiency
virus is a prime example of a virus emerging as a recognised disease in the 1970s. The virus
emerged in the human population following a jump from primates into man in Africa at a
much earlier point in the century (Zhu et al., 1998; Tebit and Arts, 2011). It has spread
rapidly and continues to be a global public health problem. In addition to progressive
immunodeficiency, up to one third of individuals infected with HIV-1 develop encephalitis
(Lipton and Gendelman, 1995).
Another virus that has emerged, particularly in Italy as one of the major causes of encephalitis,
is Toscana virus and the closely related virus Naples sandfly fever (Tyler, 2009a). The virus is
transmitted by sandflies (Phlebotomus perniciosus) during the summer months causing mild
febrile illness that can develop into severe encephalitis (Dionisio et al., 2001).
Further examples include the recently described Hendra and Nipah viruses (Tyler, 2009b).
Hendra virus was first isolated in 1994 as a result of disease affected horses in Brisbane,
Australia, that in turn lead to disease amongst veterinarians who treated the animals
(Tulsiani et al., 2011). Subsequent investigation demonstrated that the virus had made the
jump from its natural host, pteropid fruit bats, into an amplifying host, the horse, from
which it then made the jump to humans. A similar sequence of events occurred with the
emergence Nipah virus that caused an outbreak of acute encephalitis among Malaysian pig
handlers in 1998, with farmed pigs acting as the amplifying host. Immunohistochemical
analysis of autopsy specimens observed extensive parenchymal necrosis with widespread
Nipah virus antigen staining associated with the smooth muscle of blood vessels (Wong et
al., 2002). Again, fruit bats were identified as the original host of the virus and the Malaysian
outbreak was controlled by mass slaughter of pigs. Repeated sporadic outbreaks of Nipah
virus infections continue to occur in Asia.
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2.5 Rare viral encephalopathies
Although more commonly associated with haemorrhagic fever, Lassa fever virus can cause
encephalopathy during the course of infection (Cummins et al., 1992). A related virus,
lymphocytic choriomeningitis virus, is used as a model for encephalitis in mice. Measles
virus is a common childhood infection which usually resolves rapidly with no neural
involvement. However a small number of cases develop subacute sclerosing panencephalitis
(SSPE), a fatal condition in which the virus persists in the brain, spreading through the CNS
causing progressive demyelination and destruction of neurons (Allen et al., 1996).

3. Innate response to viral infection of the Central Nervous System
Entry of virus into the CNS can be haematogenous, resulting from changes in the
vasculature that enable virus to cross the blood-brain-barrier either directly or within
infected cells crossing the endothelium. Alternatively entry can be neuronal of which rabies
virus and herpes viruses are the best characterised. By the haematogenous route there is
likely to have been prior virus replication in the periphery often resulting in a detectable
viraemia and an opportunity for systemic immune activation and an adaptive response
demonstrable by the presence of anti-virus antibodies in serum. There is usually a febrile
phase that often resolves and the appearance of virus-neutralising antibodies in the blood
that rapidly controls viraemia. Entry by the neuronal route may occur with minimal virus
replication in the periphery and therefore the first contact between the immune response
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Virus Family
Adenoviridae
Arenaviridae

Geographical
Distribution

Virus Species

Double-stranded
Adenovirus
DNA
Single-stranded RNA
(negative sense,
Lassa fever virus
segmented)
Lymphocytic
choriomeningitis virus
Single-stranded RNA
California encephalitis
(negative sense,
virus
segmented)
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Bunyaviridae

Genome

Rift Valley fever virus
Toscana virus
La Crosse virus

AK

Single-stranded RNA
(negative sense, non- Japanese encephalitis virus
segmented)
Kyasanur Forest virus
Louping ill virus
Murray Valley
encephalitis virus
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Flaviviridae

St. Louis encephalitis

Orthomyxoviridae

Paramyxoviridae

Picornaviridae

Double-stranded
DNA
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Herpesviridae
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Tick-borne encephalitis
virus
West Nile virus
Human herpes virus 1
(Herpes simplex virus)
Human herpes virus 3
(Varicella zoster virus)
Human herpes virus 6

Single stranded RNA
(negative sense,
Influenza A virus
segmented)
Single stranded
RNA, (negative
Mumps virus
sense, nonsegmented)
Measles virus
Nipah virus
Hendra virus
Single stranded RNA
(positive sense, non- Poliovirus
segmented)

Worldwide
West Africa
Worldwide
North America
Worldwide
Africa
Europe
North America
Asia
India
United Kingdom
Australia
North and South
America
Europe and Asia
Worldwide
Worldwide
Worldwide
Worldwide
Worldwide

Worldwide
Worldwide
Asia
Australia
Africa
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Genome

Geographical
Distribution
Worldwide
Worldwide

Virus Species
Coxsackie virus
Echovirus

Worldwide
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Retroviridae

Single stranded RNA
(positive sense, nonsegmented). Capable
of integration into
Human
the host genome
Immunodeficiency virus
through a DNA
intermediate
genome.
Single-stranded RNA
(negative sense, non- Rabies virus
segmented)
Duvenhage virus
European bat lyssavirus
type 1
European bat lyssavirus
type 2
Australian bat lyssavirus
Single-standed RNA
Eastern equine
(negative sense, nonencephalitis virus
segmented).
Western equine
encephalitis virus
Venezuelan equine
encephalitis virus
Chikungunya virus

Worldwide
Africa
Europe
Europe
Australia
North and South
America
North America
North and South
America
Africa and Asia

Table 1. Viruses that cause encephalitis

DR
.R

and infecting virus occurs within the CNS and can provide a direct challenge to the survival
of the host. In this case, the earliest response to the appearance of virus within the CNS is
the innate-immune response.
Innate immune responses are activated by recognition of pathogen-associated molecular
patterns or PAMPs. For viruses, this includes surface glycoproteins and structures
associated with single- or double-stranded RNA. Recognition is mediated by a number of
protein families, the most prominent being the toll-like receptors (TLRs), NOD-like
receptors and RIG-I helicases (Creagh and O’Neill, 2006; Rehwinkel and Reis e Sousa, 2010).
These receptors are expressed in many compartments of the cell and trigger the production
of type I interferons, a key element in controlling virus replication and spread (Randall and
Goodbourn, 2008). Type 2 interferons are produced exclusively by lymphoid cells, which are
absent early in infection but contribute to later control of pathogens. Interferons in turn
activate the up-regulation of a large number of proteins that act to control infection at the
cellular level and attract immune effector cells. Three mechanisms of direct inhibition of
virus replication have been identified. Activation of protein kinase R (PKR) in response to
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double stranded RNA (e.g. virus replication intermediates) which inhibits eukaryotic
translational factor 2 that in turn restricts synthesis of viral proteins. Activation of 2’5’
oligoadenylate synthetase (OAS), which activates RNase L and in turn degrades viral RNA.
Finally, the Mx family of proteins are activated that target nucleocapsids (viral structures
that contain the genome bound to viral proteins including the nucleoprotein, a protein
encoded by many viruses). Whilst the CNS has unique immunological status there is
increasing evidence that there is a vigorous innate immune response to viral infection of
cells within it (Savarin and Bergman, 2008). For example, TLRs are selectively up-regulated
in the brain in response to infection with different viruses (McKimmie et al., 2005). Neurons
can produce a range of innate immune-associated proteins including type 1 interferons in
response to infection with rabies virus (Prehaud et al., 2005), Theilers virus and La Crosse
virus (Delhaye et al., 2006). Microglial cells are capable of producing a wide range of
inflammatory mediators in response to activation (Rock et al., 2004) or direct infection
(Nakamichi et al., 2005).
Unsurprisingly, viruses have evolved a range of mechanisms to subvert the innate immune
response, particularly through inhibition of the interferon system (Randall and Goodbourn,
2008). These often involve direct interaction of virally expressed proteins with signaling
intermediates that would normally trigger the expression of interferon or interferon-induced
proteins. Many such viral proteins have multiple roles, both in viral replication and
subversion of the immune response. The influenza virus NS1 protein inhibits export of host
mRNA from the nucleus during infection (Satterley et al., 2007) whereas the La Crosse virus
nonstructural protein NSs targets inhibition of type 1 interferon production (Blaqori et al.,
2007). The rabies virus phosphoprotein blocks interferon signaling through interaction with
interferon regulatory factor 3 (Brzozka et al., 2005) and STAT proteins (Chelibi-Alix et al.,
2006; Brzozka et al., 2006; Vidy et al., 2007).
Whilst innate immune inhibition occurs within the cell, neuroinvasion by viruses rapidly
induces immune responses across the CNS (See Figure 2). A key family of proteins
produced in response to infection are the chemokines whose primary role is to attract
immune effecter cells to sites of infection. The chemokine family consists of a growing
number of small proteins (<100 amino acids) that are produced at sites of pathology. They
contain four conserved cysteine residues that form structurally critical disulphide bonds.
The position of the first two cysteines, either adjacent (CC) or separated by a single amino
acid (CXC) dictates the current naming of chemokines (Baggiolini, 1998). These in turn bind
to specific receptors expressed on target cells. A summary of a number of well-characterized
chemokines is shown in Table 2.
Current name

Former name

Receptors

Receptor expressed on

CCL2

MCP1

CCR2

Monocytes, activated T cells

CCL3

MIP-1

CCR1,4,5

Activated T cells

CCL4

MIP-1

CCR5

Monocytes, activated T cells

CCL5

RANTES

CCR1,3,4,5

Monocytes, activated T cells

CXCL10

IP-10

CXCR3

Activated T cells

Table 2. Summary of a small number of human chemokines and their receptors
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Studies of in vivo models generally show transcriptional up-regulation of a wide range of
chemokines in the CNS following viral infection. Numerous studies using murine models of
infection have consistently shown up-regulation of chemokines including those on rabies
virus (Wang et al., 2005) and this is associated with infiltration of mononuclear cells,
particularly T cells (Johnson et al., 2008). Likewise, West Nile virus infection up-regulates a
wide range of pro-inflammatory genes within the murine brain (Venter et al., 2005),
prominent among these is CXCL10. Figure 2 shows the transcriptional up-regulation of a
small panel of chemokines from time-points that correspond with those in Figure 1. Most
show a detectable up-regulation by day 4 with CXCL10 showing the greatest increase both
temporally and in magnitude. Functionally, expression of CXCL10 leads to recruitment of
CD8+ T-cells and control of infections such as West Nile virus and lymphocytic
choriomeningitis virus (Klein et al., 2005; Christensen et al., 2006). Conversely, the majority
of T cells entering the CNS express the CXCL10 receptor CXCR3 (Stiles et al., 2006) and
expression of this receptor is critical for targeting CD8+ T cells to specific regions of the CNS
(Zhang et al., 2008).

Fig. 2. Expression of interferon  and selected chemokine transcripts following intranasal
infection with West Nile virus. Groups of three mice were infected with West Nile virus by
the intranasal route and sampled at the time points indicated. Total RNA was extracted
from whole brain and the level of transcript was measured by quantitiative real-time reverse
transcription polymerase chain reaction as previously described (Johnson et al., 2008).
Many cytokines are toxic to neurons and oligodendrocytes including IL1, TNF-and
interferon-. Uncontrolled cytokine expression would inevitably lead to tissue damage, a
situation that occurs in auto-immune mediated encephalopathies such as multiple sclerosis
and Alzheimer’s disease. It is therefore not suprising to find mechanisms for controlling
inflammation within the CNS. Innate immune responses are suppressed by TGF-,
produced by resting and active astrocytes (Constam et al., 1992). During inflammation, the
family of suppressors of cytokine signaling (SOCS) proteins are induced by cytokine
expression and block signal transduction activated by these same cytokines providing
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feedback inhibition of inflammation (Yoshimura et al., 2007). There is also evidence that
these proteins are selectively expressed in the brain to control inflammation in response to
viral infection (Mansfield et al., 2010). A delicate balance is required to ensure that
inflammation, a natural response to infection and vital to initiate the process of infection
resolution does not result in excessive cellular destruction. It is also clear that innate
immune responses are not alone capable of controlling and eliminating the cause of
infection and that an adaptive response is required.

4. Antigen presentation, lymphatic drainage and the development of the
adaptive immune response
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The adaptive immune response to CNS infection is presented with a unique challenge
compared to other sites within the body. There appears to be limited antigen presentation
capacity within the CNS and no lymphatic drainage vessels. There is no lymphoid tissue
within the CNS in which antigen responses can develop and activated immune cells that
develop externally to the CNS need to cross the BBB in order to reach locations where they
are required. Direct viral infection can lead to disruption of the BBB such as the infection of
endothelial cells by Semliki Forest virus in a murine model of disease (Soilu-Hanninen et al.,
1994). However, during the early stages of most infections the BBB remains intact, indeed it
is possible that failure to open the BBB may be a contributory factor in the failure to control
rabies virus infection (Roy et al., 2007). The ability to detect, present and rapidly respond to
the presence of virus are critical determinants in controlling infection.
Throughout the body, the principal cell-type that detects non-host antigens are
plasmacytoid dendritic cells that present antigen on the cell surface to other cell-types of the
adaptive immune system. They are also the main type 1 interferon producing cells.
However, cells with dendritic cell morphology and phenotype are absent from the CNS
(Hart and Fabre, 1981). A possible alternative within the CNS is the microglia cell
component, which in some areas of the CNS form over 15% of the cellular composition
(Rock et al., 2004). In their resting form, microglia express very low levels of MHC class II
molecules, but this along with a range of co-stimulatory molecules are up-regulated when
microglia enter an activated state enabling antigen presentation (Constam et al., 1992;
Fischer and Reichmann, 2001). In addition, there appears to be a discrete population of
dendritic cells associated with the vascular endothelium within the brain that could provide
antigen-presenting function (Gieber et al., 2005) and could act to draw immune effectors into
the CNS.
A key challenge to understanding the development of the adaptive immune response is to
find appropriate means of introducing antigen or pathogen into the CNS without disruption
of the BBB. It has long been recognised that direct injection of large volumes (upto 30l)
causes a dramatic increase of intra-cranial pressure leading to the expulsion of most of the
inoculum into peripheral locations (Cairns, 1950; Mims 1960). One means of overcoming this
has been the inoculation of laboratory animals with stereotactically guided small volumes of
virus (< 2 l). Stevenson and co-workers used this approach to study influenza virus
infection in mice. Inoculation of virus into the CSF or intranasally resulted in a rapid
induction of IgM (2-4 days) and IgG (3-5 days), and proliferative responses from cells
prepared from cervical lymph nodes were observed 10 days after inoculation. However,
direct inoculation of virus into the brain parenchyma failed to induce either antibody of
cellular responses despite demonstration of virus replication within the brain (Stevenson et
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al., 1997). This scenario reflects the antibody responses observed in rabies patients. Infection
of peripheral nerves occurs in the skin or muscle, subsequent retrograde axonal transport
enables the virus to ascend directly into the CNS accompanied by a rapid increase in
replication. It is possible in most infections with rabies virus that no replication occurs
within the periphery and thus rabies virus bypasses normal immune surveillance and
response. Hence few patients have detectable levels of antibody on admission with disease
(Noah et al., 1998; Hunter et al., 2010). These observations suggest that under some
circumstances, the adaptive immune response to antigen or whole virus is delayed.
A further obstacle to development of the immune response is the absence of a discrete
lymphatic vasculature. This has gradually undergone revision with the recognition that this
must occur. There is a net influx of fluid into the CNS that requires some form of drainage
(Cserr and Knopf, 1992). Up to 50% of protein introduced into the brain of laboratory
animals could be detected in the cervical lymphatics and that this can be extremely rapid
with tracer being detected in deep cervical lymph nodes within six hours (Yamada et al.,
1991). It is now recognised that there are discrete drainage routes from the CNS and these
include passage through the arachnoid villi into the blood supplying the dural sinus. There
is also drainage to the lymph system along spaces adjacent to the cranial and spinal nerves,
and through the Virchow-Robin perivascular spaces surrounding brain blood vessels
(Knopf et al., 1995; Kida et al., 1995). Antibody secreting cells responding to CNS antigen
can be detected in cervical lymph nodes and removal of these lymph nodes in experimental
animals following introduction of antigen ablates the antibody response (Knopf et al., 1995).
However, it is not clear that the response to virally infected cells and thus cellular associated
virus will have the same dynamics and kinetics as soluble antigen. Recent studies have
shown that activated CD4+ cells can traffic from the brain parenchyma to the nasal mucosa
and cervical lymph nodes, using a similar route to that of soluble antigen (Goldmann et al.,
2006). This opens the possibility that classical antigen presentation is possible from within
the CNS leading to development of virus specific immune cells within lymphoid tissue that
are external in the presence of an intact BBB. Although this fails to explain the late
emergence of antibodies to rabies virus in patients that present with disease (Noah et al.,
1998).

5. Leukocyte recruitment and immune control of infection
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The mechanism that directs activated immune cells from lymphoid tissue to particular
organs has not been elucidated. However, some form of targeting is likely to occur in order
to achieve successful resolution of infection and it is likely that chemokines play a key role
in this. Activated T cells can enter the CNS in an antigen-independent manner and rates of
entry do increase when inflammatory responses are triggered in the periphery. However
retention and anti-viral function are dependent on MHC restricted antigen recognition. Cells
can enter the CNS through a number of routes (Ransohoff et al., 2003). The first is to cross
the choroid plexus stromal venules, the region of the brain where CSF is produced, and can
lead to an influx of cells within the CSF. Secondly, lymphocytes can enter through the
vasculature supplying the pia membrane. Finally, lymphocytes can migrate into the
parenchyma across vascular endothelium throughout the brain. This leads to the common
histological feature observed during encephalitis of the perivascular cuff (Figure 3).
Lymphocyte entry through the vasculature is divided into a series of events controlled by
the expression of a range of adhesion molecules expressed on the lymphocyte and
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endothelium (Ransohoff et al., 2003). The first stage is rolling or tethering as the cell becomes
attached to the blood vessel. Critical amongst these are the intercellular adhesion molecules
(ICAMs) that are stimulated within vascular endothelium by a range of cytokines directly or
through positive feedback once adhesion has occurred between the lymphocyte and the
endothelium (Dietrich, 2002). Finally the lymphocyte undergoes diapedesis, where
processes extend between the endothelial cells, driven in part by chemokine-induced
chemotaxis.

DR
.R

Fig. 3. Example of a perivascular cuff forming around a parenchymal blood vessel observed
within the brain following infection with a lyssavirus. The fixed section of murine brain has
been paraffin mounted and stained with haematoxylin and eosin. There is distinct
accumulation of mononuclear cells around the vessel Further details can be found in Hicks
et al. (Hicks et al., 2009).
The current understanding of effector cell infiltration of the CNS suggests that the earliest
responders to viral infection are T cells, whereas B cell development takes longer and these
enter the CNS later in the course of infection (Savarin and Bergmann, 2008). T cells control
virally infected cells whereas antibody is critical in controlling virus spread. However, in
some instances there may also be antibody-mediated control of infected host cells through
antibody-dependent cellular cytotoxicity. This mechanism may be more prominent in
humans than in mice.
B cells originate in the bone marrow and after development in this site, migrate as immature
cells to secondary lymphoid tissues to complete the maturation process. B cells that
encounter protein antigens through their B cell receptor can interact with primed T cells in a
cognate-dependent manner (MacLennan et al., 2003). Productive contacts with T cells result
in the B cell differentiating into antibody-secreting plasma cells in extrafollicular sites such
as the splenic red pulp or medulla, in lymph nodes or entering the germinal centre reaction
(MacLennan et al., 2003; Cozine et al., 2005). There are differences between these two

108

Pathogenesis of Encephalitis

DR
.R

UP
NA
TH
J

I(

DR
.

RU
P

AK

NA
TH

)

pathways. Extrafollicular responses develop to T-dependent and T-independent antigens
and produce the first wave of IgM and IgG, the latter of which is generally of modest
affinity. High affinity persisting, effective life-long antibody responses and memory B cells
derive from germinal centres. In germinal centres B cells undergo somatic hypermutation
with subsequent competition for antigen, and require further survival signals from T cells.
Plasma cells that derive from this response then usually migrate to sites such as the bone
marrow and secrete antibody. Thus, these effector cells can contribute to protection from
sites distal from the sites of infection. Nevertheless, cells generated through the response
may also be able to migrate to sites of inflammation, possibly through mechanisms such as
their expression of CXCR3 resulting in migration to sites with elevated levels of CXCL10.
What is significant in the context of the current discussion is that the type of B cell response
induced and the kinetics in which it develops can vary markedly between different
pathogens. Fundamental work on the development of antibodies has focused on the
response to bacterial infection. For instance, in responses to alum-precipitated proteins
extrafollicular and germinal centre responses develop in parallel, with both detectable
within the first 5 days of immunization in mice. In contrast, extrafollicular responses to
Salmonella infection are detectable within 3 days of systemic infection yet germinal centre
responses do not develop until the infection has all but resolved (Cunningham et al., 2007).
Furthermore, after infection with mycobacteria antibody responses may not be detectable
until weeks after infection. This means that there are likely to be host-dependent and
pathogen-dependent factors that shape the type and timing of the antibody response that is
induced during infection. For rabies infection of humans this is likely to be important and
possibly more influenced by pathogen-intrinsic factors, since post-exposure antibody is
clearly able to control the infection if present early enough.
The majority of cells undergoing migration across the CNS vasculature appear to be CD3+ T
cells (Man et al., 2007). This is illustrated in Figure 4 where the average counts of T or B cells
have been compared across three regions of the brain of a mouse infected with rabies virus.
In each region over 90% of cells counted are T cells. Under normal conditions, low numbers
of B cells can be detected in the CNS with an activated phenotype (Anthony et al., 2003).
These presumably provide a low level of immune surveillance. The development of
inflammation within the CNS causes this proportion to increase. The explanation for this
may be in the longer development and maturation of B cells compared to other cell types
prior to migration to the CNS.
The evolution of intrathecal production of antibody has been demonstrated through
introduction of antigen through a permanent cannula (Knopf et al., 1998). This study
demonstrated trafficking of B cells into the CNS and detection of antigen-specific intrathecal
antibody 14 days after injection. It was also observed that there was localisation of
mononuclear cells at the site of antigen introduction suggesting a homing process. Similar
kinetics have been demonstrated for antibody secreting cell entry into the CNS following
viral infection with mouse hepatitis virus (Tschen et al., 2002). Four pathways have been
proposed to account for the presence of antibody secreting cells within the CNS (Meinl et al.,
2006). These include migration of plasmablasts to the CNS, migration of memory B cells that
subsequently differentiate into antibody-secreting cells, development of antibody secreting
cells within lymphoid follicles in the meninges and antigen independent differentiation of B
cells within the CNS itself. Recruitment and survival within the CNS is controlled by
chemokines particularly CXCL12 / CXCL13 (Krumholz et al., 2006), and B cell promoting
factors such as BAFF produced locally by astrocytes (Avery et al., 2003; Schneider, 2005).
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The presence of antigen secreting cells can have both positive and negative effects within the
CNS (Meinl et al., 2006). B cell secretion of cytokines such as TGF- can down-regulate
inflammation whereas expression of IL-6 and IL-12 can increase tissue destruction.
Similarly, secretion of antibodies that bind to autoantigens can lead to tissue damage as
observed in multiple sclerosis lesions where B cells are prominent. However, secretion of
antibodies against viruses will have a direct beneficial impact by controlling virus spread.
One critical observation of B cells within the CNS is that they have undergone hypersomatic
mutation, confirming that they have at some stage been present within a lymphoid germinal
centre (Baranzini et al., 1999). This in turn suggests that the development of mature antibody
secreting B cells requires a distinct period of time before it eventually reaches the CNS and
that if excessive cell death has occurred during this period permanent damage may result.

6. Conclusions
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Fig. 4. Illustration of the proportion of T and B cells present with different regions of the
brain following infection with rabies virus. Sections of murine brain were prepared and
stained with anti-CD3 for T cells and anti-CD45R/B220 for B cells.
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This review has attempted to follow the course of events that lead to the development of
viral encephalitis from the viruses that cause it, through the early and late events of the host
response. The proposed mechanisms that viruses use to cross the blood-brain barrier are
limited and evidence for each is incomplete. The first, and one used by the most devastating
viruses, is through direct infection of neurons within the periphery and effectively
bypassing the BBB to infect neurons within the CNS. Examples include rabies virus and
herpes viruses. Pulzova and co-workers suggested three further methods by which
pathogens can cross the endothelial barrier (Pulzova et al., 2009). The first involves direct
infection of endothelial cells although this appears to be rare for viruses that invade the
CNS. Secondly crossing between cells, again this is likely to be rare in the absence of other
factors that might lead to a breakdown of the BBB although it has been proposed for West
Nile virus (Verma et al., 2009). Finally, entry may result following transit within an infected
cell, the so-called Trojan horse mechanism suggested for infection with HIV. Once within
the CNS, viruses can spread rapidly. The consequences of uncontrolled viral-induced
damage and subsequent un-regulated inflammation within the CNS can have severe
consequences to the host. The brain is enclosed within the skull and the tough dural
membranes so that there can be no increase in brain-case volume. This could occur in
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response to increases in extracellular fluids or cellular content during inflammation with
consequences for arterial influx and the possibility of ischaemia (Ransohoff et al., 2003).
Furthermore, destruction of non-replaceable neurons can leave the patient with permanent
disability, commonly observed following infections with Japanese encephalitis virus and
West Nile virus, or death as happens following infection with rabies virus. Indeed, T cell
infiltration has been associated with paralysis in experimental models of rabies virus
infection (Sugamata et al., 1992).
Infection and cellular destruction triggers the innate immune response that attracts immuneeffector cells with the aim of controlling virus replication. Viruses, in turn, possess
mechanisms to inhibit the innate immune response, or in the case of herpesviruses are able
to remain latent within infected neurons. This delays the host reponse providing a window
for early rounds of virus replication. A further delay occurs through limited antigen
presentation within the CNS. Early responders tend to be T cells and often appear to
dominate the response when viewed at a single time-point (see Figure 4), whereas B-cells
tend to enter later during the course of infection (Savarin and Bergmann, 2008). CD8 cells in
particular have been shown in experimental models to be critical for clearance of some viral
infections (Borrow et al., 1992) and control of others such as Herpes simplex infection (Lang
and Nikolich-Zuglich, 2005). By contrast, antibody production within the CNS is considered
critical to the control of rabies virus (Hooper et al., 2009).
The difficulty in identifying the aetiological agent of encephalitis presents a real challenge to
treatment. Herpes simplex viruses are the most common viral cause of encephalitis and are
readily treatable with nucleoside analogues such as acyclovir. However, resistance has been
observed leading to the development of alternatives such as helicase inhibitors and TLR
agonists (Grauer et al., 2008; Wilson et al., 2009). Nitric oxide inhibitors have been suggested
as a possible therapy in HIV to inhibit BBB disruption during HIV encephalopathy
(Giovannoni et al., 1998). Recently, the use of therapeutic coma has been promoted as a
method for treating rabies virus infection, particularly following the survival of a teenager
using this treatment (Willoughby et al., 2005). However, numerous attempts to replicate this
have not met with success (Maier et al., 2010; Hunter et al., 2010). Effective prevention for
rabies, as with many other virus infections is best achieved by prior vaccination. Future
alternatives to treatment of viral encephalitis may focus on innate immune agonists that will
assist in the early anti-viral response.
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A critical factor in the host immune response to invading pathogens, such as viral infections, is
the recruitment and infiltration of immune cells to infected tissues. Although the goal of the
recruited leukocytes is to eliminate the invading pathogens, collateral tissue damage may be
induced in the process, and, in certain circumstances, may pose a serious threat to the survival
of the host. The central nervous system (CNS) is a unique site with limited regenerative
potential and therefore a low threshold for inflammation-induced tissue damage. However, as
the CNS may become the target of life-threatening viral infections, it is imperative that
immunological surveillance and efficient effector responses occur in this organ to aid in
pathogen clearance. Although traditionally characterized as a site of “immune privilege,”
evidence suggests that immune surveillance and antiviral immunity does occur in the CNS
(Carson et al., 2006). Understanding how the local inflammatory response within the CNS is
regulated is a key to understanding the pathogenesis of viral infections in the CNS and
developing therapies that promote protective and limit pathogenic responses.
Leukocyte recruitment to any organ site is generally a complex, multistep process. Under
normal conditions, leukocyte migration into the CNS is maintained at low levels (Hickey,
2001). During virus-induced inflammation, however, the extravasation of leukocytes is
increased and targeted to specific compartments of the CNS depending on the inflammatory
stimulus and the infected region. Chemokines and chemokine receptors have been
identified as pivotal players in regulating immune cell trafficking into the CNS. Chemokines
consist of a large family of small, structurally related, chemotactic cytokines that are
involved in regulating the normal lymphocytic traffic to both the lymphoid and
nonlymphoid organs and leukocyte emigration into sites of injury and infection (Rossi &
Zlotnik, 2000). Chemokines select leukocytes for tissue entry based on their expression of
chemokine receptors, G-protein-coupled cell surface receptors, which have a characteristic
seven transmembrane structure (Premack & Schall, 1996). In addition to targeting distinct
leukocyte populations during inflammation, chemokines and their receptors have emerged
as crucial mediators of a variety of biological processes including development and tissue
homeostasis. With regard to virus-induced inflammation in the CNS, chemokines and
chemokine receptors are in a strategic position to coordinate immune responses through
both the regulation of leukocyte extravasation and also in the final positioning and
activation of infiltrating cells.
Immune surveillance of the CNS and the effector function of infiltrating leukocytes into the
CNS dictate the host-pathogen relationship during viral pathogenesis of the CNS. The
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challenge of viral pathogenesis research in the CNS has been to define how immune cells
traffic in and out of the CNS to recognize foreign antigen and their effect on the biology of
the CNS. In this chapter, clinically relevant viral infections of the CNS that cause meningitis
or encephalitis in humans and the murine models used to study these infections will be
discussed as well as the current understanding of the role of chemokines and chemokine
receptors in host protection and/or in neuropathology. Because many viral infections of the
CNS are rare and without animal models, we have chosen to discuss those for which
chemokine studies exist and have shed light on important aspects of antiviral and
immunopathologic responses. A clearer understanding of how chemokines and chemokine
receptors impact the inflammatory response to viral infections within the CNS will lead to
the identity of targets that can potentially be manipulated for either host defense or
recovery.

2. Flaviviruses
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2.1 WNV
Viruses of the family Flaviviridae consist of approximately 70 members, of which four, West
Nile virus (WNV), St. Louis encephalitis virus (SLE), Japanese encephalitis virus (JEV) and
Murray Valley encephalitis virus (MVE) comprise the neurotropic Japanese encephalitis (JE)
serogroup (Mukhopadhyay et al., 2005). These viruses are primarily spread through
arthropod vectors. For instance, West Nile Virus (WNV) is a neurotropic virus that exists in
nature as a zoonosis and is transmitted by the Culex mosquito to humans and other
vertebrates (Hayes & Gubler, 2006). Most humans infected with WNV are asymptomatic,
yet approximately 20% may develop a minor flu-like illness, known as West Nile Fever
(Mostashari et al., 2001). Less than 1% of these patients develop severe neurological
complications, such as encephalitis, that may potentially be lethal (Petersen & Roehrig,
2001). Increased age and defects in cell-mediated immunity are risk factors for developing
WNV neuroinvasive disease (Campbell et al., 2002; Murray et al., 2008), which provides
clues to mechanisms of viral clearance within the CNS.
A mouse model of WNV has contributed to the understanding of the pathogenesis of WNV
encephalitis. Typically, mice are infected intra-dermally with WNV where it is taken up by
Langerhans dendritic cells and brought to draining lymph nodes where replication results
in primary viremia (Johnston et al., 2000). The virus continues to replicate in the spleen,
kidney, and epithelial tissues before it enters the CNS (Chung et al., 2007). After entering the
CNS, through both retrograde axonal transport and hematogenous dissemination (Samuel &
Diamond, 2005; Hunsperger & Roehrig, 2006), WNV typically infects the brain stem,
hippocampal, and spinal cord neurons (Eldadah & Nathanson, 1967; Omalu et al., 2003;
Shrestha et al., 2003; Fratkin et al., 2004). Following infection of the CNS, CD4+ and CD8+ T
cells, as well as NK cells and infiltrating monocytes/macrophages accumulate in the CNS
and localize primarily in the vicinity of WNV-infected neurons. To clear virus from infected
brain tissues, T cells, particularly virus-specific CD8+ T cells, monocytes, macrophages and
γδ T cells as well as key cytokines, IFN-γ and TNF-α, are necessary and aid in the immune
response during WNV infection of the brain. The murine model of WNV encephalitis
exploits age-related differences in virologic control. While eight week-old mice exhibit 5070% survival due to both peripheral and CNS control of viral replication, five week-old
animals exhibit only a 10-20% survival rate due to inadequate virologic control within the
CNS (Diamond et al., 2003).
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2.2 Role of chemokines in WNV-induced encephalitis
The recruitment of effector cells into the infected regions of the CNS is crucial for host
defense against WNV and successful viral clearance within this compartment. Increased
expression of inflammatory chemokines and their receptors (including CCR1, CCR2, CCR5,
CXCR3 and CX3CR1) have been detected in the WNV-infected brain of 8 week-old mice
(Glass et al., 2005). One of the first chemokine receptors identified to have a clear functional
role in the mouse model of WNV is CCR5. WNV infection of mice with targeted deletion of
CCR5 results in a fatal outcome due to the loss of virologic control in the CNS. In addition,
loss of CCR5 was associated with reduced infiltration of CD4+ and CD8+ T cells, NK cells
and macrophages in the CNS of WNV-infected mice (Glass et al., 2005). Thus, CCR5depedent influx of leukocytes into the virally infected CNS is fundamental to viral clearance
and recovery from WNV encephalitis.
One of the most highly expressed chemokines in the CNS in response to WNV infection is
CXCL10, which is known to recruit NK and activated T cells (Muller et al., 2010). CXCL10 is
expressed relatively early in the course of neuroinvasion of WNV, primarily because WNVinfected neurons are the source of this chemokine (Klein et al., 2005). In the mouse, CXCL10
expression exhibits a caudal-to-rostral pattern of expression, first found within Purkinje and
granule cell neurons of the cerebellum and then detected within neurons of the
hippocampus, frontal cortex and olfactory bulb. In mice with targeted deletion of CXCL10,
the ability to control viral replication within the CNS is lost and mortality is enhanced (Klein
et al., 2005). The receptor for CXCL10, CXCR3, is also strongly upregulated by WNV in the
mouse model and CXCR3 knockout mice demonstrate a similar increased susceptibility to
the virus (Zhang et al., 2008). The loss of the ability of neurons to express CXCL10 or the loss
of CXCR3 resulted in decreased leukocyte trafficking, specifically CD4+ and CD8+ T cells,
particularly within the cerebellum. Thus, WNV differentially induces CXCL10 within the
brain, which results in the recruitment of effector T cells via the chemokine receptor CXCR3.
These studies demonstrate the ability of resident cells of the CNS to generate antiviral
immune responses in a region-specific manner.
Of interest, CXCL10 has also been shown to induce apoptosis of CXCR3-expressing neurons
(Sui et al., 2006). During WNV, elevated levels of CXCL10, however, promote lymphocyte
entry and do not appear to simultaneously enhance neuronal death (Zhang et al., 2010).
Using in vivo and in vitro systems, it was determined that WNV-infected neurons also
express TNF-α, which leads to down-regulation of CXCR3 mRNA levels and loss of surface
expression of CXCR3 on neurons. Neuronal loss of CXCR3 in the context of WNV-infection
promoted bystander survival of uninfected neurons, suggesting an adaptive mechanism to
prevent CXCL10-mediated neuronal damage in the face of viral infections that require the
entry of antiviral lymphocytes.
Monocytes also play an important role during CNS injury and infection as precursors to
macrophages and microglial cells (Getts et al., 2008). The accumulation of monocytes in the
CNS occurred following a lethal intranasal inoculation with a non-neurotropic strain of
WNV. Following treatment with an anti-CCL2 antibody, infiltration of these cells was
delayed and survival was prolonged, suggesting a CCR2-dependent, pathogenic role for
monocytes in the brain in this model (Getts et al., 2008). In contrast, monocyte depletion in
mice challenged intraperitoneally with a neurotropic strain of WNV resulted in increased
mortality (Ben-Nathan et al., 1996), suggesting a protective role for these cells. The ligands
for CCR2, CCL2 and CCL7, are induced following WNV infection in the CNS (Glass et al.,
2005; Lim et al., 2010) and in mice with targeted deletion of CCR2, increased mortality and
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increased viral burden occurs (Lim et al., 2010). Monocytosis occurs following WNV
infection in WT mice and peaks just before monocytes begin to traffic into the brain (Lim &
Murphy, 2011). This appears to be dependent on CCR2 since the numbers of recruited CD4+
and CD8+ T cells and NK cells in the brain of CCR2 knockout mice following WNV infection
are similar to wild-type mice, whereas, the accumulation of inflammatory monocytes in the
CNS is severely deficient. Thus, monocytes may be beneficial or harmful depending on the
infection model.
Studies of WNV infection in five week-old WT mice, which exhibit a 10-20% survival rate,
indicated that impaired viral clearance and survival may be partially due to lack of
migration of antiviral CD8+ T cells into the CNS parenchyma. Normally, infiltrating T cells
are retained in perivascular spaces through the interaction of CXCR4 with its ligand
CXCL12, which is found along abluminal surfaces of the entire CNS vasculature
(McCandless et al., 2006; McCandless et al., 2008). Following WNV infection in eight weekold mice, CXCL12 levels decline by day two post-infection, allowing egress of antiviral T
cells (Durrant, unpublished data). In contrast, five week-old mice do not exhibit downregulation of CXCL12 until eight days post-infection, which is associated with perivascular
accumulation of CXCR4-expressing T cells and increasing numbers of WNV-infected
neurons. These data suggest that developmental changes in regulation of CXCL12
expression at the blood-brain barrier may contribute to antiviral immune responses. In
support of a critical role for CXCL12 in limiting egress of virus-specific CD8+ T cells,
administration of the specific CXCR4 antagonist, AMD3100, was associated with increased
migration of effector T cells into the CNS and enhanced viral clearance (McCandless et al.,
2008). CXCR4 antagonism was also associated with a rapid decrease in immune cell
trafficking as virologic control ensued, suggesting that an early increase in virus-specific
immune cell trafficking that controls viral infection ultimately leads to a rapid dampening of
inflammation that would otherwise have pathologic consequences.
Taken altogether, these studies support a role for chemokines in the final positioning of
effector cells that dictates outcome of immune responses in response to viral invasion within
the CNS. Since resolution of CNS infection is often a balance between immune-mediated
pathogen clearance and the deleterious effects of inflammation, studies utilizing the murine
WNV encephalitis model suggest that if the appropriate cells reach critical regions at the
appropriate time, virologic control may be accomplished and less severe disease occur.
2.3 CCR5 in human WNV disease
Studies of patients that carry a 32 base-pair deletion within the coding sequence of CCR5
(CCR5Δ32) indicate that human CCR5 is important in WNV pathogenesis. A genotypephenotype association study of patients carrying CCR5Δ32, who lack functional CCR5,
suggested that WNV-infected CCR5Δ32 homozygous individuals exhibit higher incidences
of symptomatic infection. Ultimately, CCR5 deficiency resulted in 100% susceptibility to
severe symptomatic disease (Glass et al., 2006). This genetic deficiency supports the
observations in the WNV mouse model that functional CCR5 is critical for viral control and
disease progression.
2.4 JEV
Japanese encephalitis virus (JEV) is a mosquito borne pathogen that occurs throughout most
of Asia. JEV causes infection of the CNS with a high mortality rate (Parida et al., 2006).
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Clinical manifestation of JEV include fever, headache, vomiting, altered consciousness, and
severe meningo-encephalitis (Kumar et al., 1990). Children appear to be at greatest risk of
infection in endemic areas for unknown reasons. Following entry into the host, JEV
generates a rapid inflammatory response, which results in infiltration of neutrophils into the
CNS. JEV is highly neurotropic, infecting neuronal rather than non-neuronal tissues in
humans (Vaughn & Hoke, 1992) with neuronal precursors as the major target cells for
infection (Kimura-Kuroda et al., 1993). The course of disease for JEV in humans is faithfully
replicated in murine models. Following extraneural inoculation with JEV, young mice are
highly susceptible to neuroinvasion and rapidly die soon after virus is detected within the
CNS (Johnson et al., 1985; Hase et al., 1990). Thus, viral titers of JEV in the brain generally
peak at five days post-infection with death occurring between five and six days postinfection.
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2.5 Chemokines and JEV-associated encephalitis
Expression of the chemokines CXCL10 and CXCL1 is upregulated in neuroblastoma cells
infected with JEV (Gupta et al., 2010). In a JEV-infected mouse model, similar chemokines
were significantly upregulated including CXCL9, CXCL10 and CXCL12 (Gupta et al., 2010).
In addition to the robust expression of proinflammatory chemokines there was also
increased numbers of infiltrating inflammatory cells into the brain at day five post-infection.
Similar to WNV, JEV-infected neurons were found to be the source of CXCL10. CCL5 was
also detected in JEV-infected neuroblastoma cells, indicating a possible role for this
chemokine in the early stages of infection. Interestingly, neuronal death and mortality rate
increases in patients with elevated levels of proinflammatory cytokines and chemokines,
including CCL5, in the serum and cerebrospinal fluid (Winter et al., 2004). Whether this is
simply correlative data or whether these chemokines actually contribute to pathogenesis is
currently unknown. An improved understanding of the proinflammatory effects responsible
for immune-mediated control of viral infection and neuronal injury during JEV infections is
essential to determine the viral pathogenesis of JEV in the CNS.
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2.6 TBEV
Tickborne encephalitis virus (TBEV) is an additional member of the Flaviviridae family that
causes Tickborne encephalitis (TBE), a severe infection of the CNS. TBEV is usually
transmitted to patients by infected Ixodes ricinus ticks (Gunther & Haglund, 2005). Infection
with TBEV is characterized by a biphasic clinical course with early nonspecific influenza-like
symptoms and subsequent development of neurological symptoms or meningoencephalitis
(Haglund & Gunther, 2003; Holzmann, 2003). In most fatal cases, TBEV can be found in the
brain tissue (Gelpi et al., 2005). An animal model for TBEV has not been established to date.
The pro-inflammatory cytokines CCL2, CCL5, CXCL10 and CXCL11 have been detected in
the CSF of TBE patients (Grygorczuk et al., 2006; Lepej et al., 2006; Michalowska-Wender et
al., 2006). Although these chemokines exhibit known anti-viral roles in WNV encephalitis,
their specific role in TBE is yet to be fully determined. One significant study, however,
demonstrated an association between carriage of the CCR5Δ32 allele and TBE (Kindberg et
al., 2008). Similar to WNV, an association between severe TBE and CCR5Δ32 homozygosity
was observed. Therefore, loss of CCR5 function in humans is a risk factor for TBE in patients
exposed to TBEV. Increased expression of CCL5 in the CSF of patients with TBE suggests it
may indeed play a role in leukocyte trafficking within TBEV-infected patients. Thus, CCR5
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may be essential for limiting viral replication within the CNS through effective antiviral
immune responses that shorten the course and limit the lethality of encephalitis.

3. HSV
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Herpes simplex virus (HSV) types 1 and 2 establish latent infection in dorsal root ganglia for
the entire life of the host. From this reservoir they can reactivate to cause human morbidity
and mortality. HSV-1 is the causative agent of encephalitis and several disorders of the
peripheral nervous system. HSV-2 is responsible for meningitis in neonates and in adults
(Steiner et al., 2007). HSV encephalitis is considered the most frequent cause of sporadic
encephalitis in North America (Whitley, 1981). In a murine model of HSV-1 infection, the
intracranial inoculation of a neurotropic HSV-1 strain causes encephalitis and death by day
six after infection (Vilela et al., 2008). In a murine model of HSV-2 infection, intraperitoneal
inoculation with a neurovirulent HSV-2 strain causes meningoencephalitis (Kristensson et
al., 1978) and death occurs 10-14 days after infection. Pathology of HSV-2 infection has been
shown to be T-cell mediated, due specifically to the actions of Th2 cells (Ikemoto et al., 1995).
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3.1 Chemokines and HSV
Following intracranial inoculation of HSV-1, early chemokine expression is dominated by
CCL2, CCL3, CCL5, CXCL9 and CXCL10 (Wickham et al., 2005; Carr et al., 2006). CCL2, in
particular, exhibits an important role in the early immune response to CNS infection with
HSV-1 as monocyte recruitment to the CNS is significantly diminished in mice with targeted
deletion of CCL2, thus hindering viral clearance (Kodukula et al., 1999). CXCR3-deficient
mice similarly exhibit elevated CNS viral titers of HSV-1, but only on day seven postinfection. Interestingly, survival was enhanced in CXCR3-deficient mice compared with
wild-type mice following HSV-1 infection (Wickham et al., 2005), suggesting a more
complex role for CXCR3. Coinciding with increased viral titer, protein levels of CCL5,
CXCL9, CXCL10 and IFN-γ were increased in the CNS as well as CD8+ lymphocytes,
suggesting a role for this receptor in antiviral adaptive immunity. In the absence of CXCR3,
a transient increase in viral burden facilitates an elevated protective immune response.
In HSV-1-infected, CCR5-deficient mice, viral load was decreased in the CNS but associated
with greater neuropathology and increased lethality (Teixeira et al., 2010). Following
infection, CCR5-deficient mice exhibited increased chemokine levels, including CCL5 and
CCL2; enhanced expression of cytokines, such as TNF-α; and a significant increase in
leukocyte migration into the brain (Teixeira et al., 2010). Thus, in the absence of CCR5,
greater control of viral replication was achieved, but at the cost of enhanced neuropathology
and ultimately death. Generally, CCR5 deficiency would lead to decreased leukocyte
infiltration; therefore, these results are surprising and may be unique to HSV-1 encephalitis.
Treatment with anti-CCL5 antibodies or with small molecule antagonists of CCR1 and
CCR5, both CCL5 receptors, had no effect on viral titers but led to significant reduction of
the number of leukocytes infiltrating into the brain (Vilela et al., 2009). Therefore, blocking
CCR1 and CCR5 did not affect HSV-1 replication, suggesting that other immune
mechanisms are involved in the process of viral control.
CCL2 has been identified as an initiator of Th2 responses and has a pathogenic role in the
development of disease in HSV-2-infected mice (Karpus et al., 1997; Hogaboam et al., 1998).
In the absence of CCL2 the severity of disease decreased dramatically, and the amount of
Th2 cytokine production also decreased (Nakajima et al., 2001). It appears that a population
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of macrophages in mouse CSF is the primary producers of CCL2, which are postulated to
increase severity of disease through induction of Th2 responses. Of note, CCL2 has been
detected in the CSF from patients with herpes simplex encephalitis and has been correlated
with clinical severity of herpes simplex encephalitis (Rosler et al., 1998).

4. LCMV
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Lymphocytic choriomeningitis virus (LCMV) is spread by the common house mouse and
can cause aseptic meningitis in children and adults, neurological dysfunction in newborns
and may induce spontaneous abortion in pregnant women (Enders et al., 1999). Infection
with LCMV can present with two separate clinical phases. Symptoms of the first phase
include fever, malaise, headache and nausea, which resolve after several days and are then
followed by the second phase of illness, which is characterized by symptoms of meningitis
(Bonthius, 2009) with an abundant number of lymphocytes within the CSF (Chesney et al.,
1979). Although recovery from CNS disease is common, severe neurological disease as well
as death, although rare, may occur. Congenital infection with LCMV is often fatal for the
fetus or newborn (Biggar et al., 1975). Survivors of congenital LCMV infection usually
experience severe visual and cognitive impairment (Barton et al., 1995). LCMV infection of
the brain parenchyma may extend specifically to neuronal precursor cells, especially in
prenatal or neonatal infections (Bonthius et al., 2007).
LCMV is essentially a noncytolytic virus (Hotchin & Weigand, 1961) and in murine models of
LCMV-induced meningoencephalitis (LCM), intracranial infection of LCMV into healthy adult
mice results in fatal meningitis between seven and ten days after viral infection (Cole et al.,
1972; Allan et al., 1987). Symptoms of disease are accompanied by a massive infiltration of
mononuclear cells into the meninges, choroid plexus, CSF, and ependymal membranes
(Doherty & Zinkernagel, 1974; Buchmeier et al., 1980; Ceredig et al., 1987; Doherty et al., 1990).
CD8+ T cells and macrophages dominate the cellular infiltrate (Allan et al., 1987; Ceredig et al.,
1987), whereas CD4+ T cells and polymorphonuclear leukocytes are present in limited
numbers (Ceredig et al., 1987; Dixon et al., 1987; Christensen et al., 1995). It appears that the T
cell response is a critical component for LCM because lethal meningitis does not occur in
immunodeficient (irradiated or T-cell-depleted) mice following intracranial infection (Doherty
et al., 1974; Christoffersen et al., 1976). Moreover, in the absence of CD8+ T cells, mice will
invariably survive intracranial LCMV infection (Christoffersen et al., 1976; Leist et al., 1987),
suggesting that virus-specific CD8+ cytotoxic T lymphocytes mediate fatal tissue damage
(Buchmeier et al., 1980; Doherty et al., 1990). The role of virus-specific CD8+ T cells during
lethal LCM appears to be dependent on the strain of virus. Mice infected with the Armstrong
strain of LCMV leads to killing of virus-infected cells in the meninges via a perforin-dependent
mechanism (Kagi et al., 1994), which leads to increased immunopathology. Whereas, mice
infected with the Traub strain of LCMV exhibit lymphocytic infiltration of the
neuroparenchyma rather than meningeal inflammation, which leads to a more fatal outcome
(Christensen et al., 2004). Overall, pathogenesis and death may be directly related to the influx
of virus-specific T cells into critical regions of the CNS.
4.1 Chemokines and Lymphocytic choriomeningitis
During the mouse model of LCMV infection, expression of the T cell chemoattractants
CCL2, CCL4, CCL5 and CCL7 as well as CXCL9, CXCL10 and CXCL11 is detected in the
virus-infected tissues, as well as in the meninges, as early as day three post-infection
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(Asensio & Campbell, 1997; Nansen et al., 2000; Nansen et al., 2002; Lindow et al., 2003). On
days six to seven post-infection, expression of these chemokines is significantly increased
and accompanied by increased expression of granulocyte chemoattractants including XCL1
and CXCL2, CXCL6, CXCL16, and CCL3 (Asensio & Campbell, 1997; Nansen et al., 2000).
The main chemokine-producing cell types are resident cells of the CNS, particularly the
meninges and choroid plexus together with astrocytes (Loetscher et al., 2001). This surge of
chemokine activity coincides with immune cell infiltration into the infected tissue. An
analysis of chemokine receptor expression revealed local expression of receptors for these
chemokines including CCR1, CCR2 and CCR5 as well as CXCR3 around day six to seven
post-infection. (Nansen et al., 2000; Lindow et al., 2003). The analyses of cells from the
inflammatory exudate of LCMV-infected mice indicate that T cells express CCR2, CCR5, and
CXCR3, whereas macrophages are the predominant cell type expressing CCR1 (Nansen et
al., 2000; Lindow et al., 2003; Christensen et al., 2004). Thus, the elevated expression of these
chemokines and chemokine receptors is likely to result in T lymphocytic and macrophage
infiltration to the inflammatory site.
The chemokines CXCL9, CXCL10 and CXCL11 are the three known ligands for the receptor
CXCR3 (Loetscher et al., 2001). CXCL10 is rapidly upregulated in the virus-infected CNS
(Asensio et al., 1999; Nansen et al., 2000), which results in the recruitment of CXCR3+ cells
into critical regions of the CNS. CXCL9 and CXCL11 are also expressed, but their role
appears to be redundant (Christensen et al., 2006). The majority of cells found to be
expressing CXCR3 were activated IFN-γ-producing CD8+ T cells (Homann et al., 2001;
Christensen et al., 2004). A strong positive feedback loop is established through the local
production of IFN-γ, which brings about further, marked upregulation of CXCL10
expression and therefore continued recruitment of CXCR3+ effector cells. This robust
recruitment positions CXCL10 as a key mediator of severe LCMV-induced CNS disease. In
the absence of CXCL10, approximately half of LCMV (Traub) intracranially infected mice
are protected from a lethal viral dose (Christensen et al., 2006). CXCL10-deficient mice show
no impairment of effector T cell generation or of immune cell infiltration, except for reduced
CD8+ T cell accumulation in parenchymal regions such as the corpus callosum (Christensen
et al., 2006). On the other hand, CXCL10 appears to be dispensable for the development of
fatal neuroinflammation following infection with LCMV (Armstrong) (Hofer et al., 2008).
This highlights that there are underlying differences in viral strains and chemokine
utilization with regards to disease outcome.
The chemokine receptor CXCR3 is upregulated in LCMV-infected CNS (Lindow et al., 2003),
and is predominately expressed on activated CD8+ T cells (Christensen et al., 2004). During
intracranial infection with LCMV (Traub), CXCR3 deficiency leads to partial protection from
immunopathology and death (Christensen et al., 2004). In immunocompetent mice infected
with LCMV (Traub), CD8+ T cells preferentially traffic to the leptomeninges and choroid
plexus and are also found in some parenchymal regions, such as the corpus callosum
(Christensen et al., 2004). However, in the absence of CXCR3, trafficking of these cells to
specific regions was significantly delayed (Christensen et al., 2004). This suggests that during
LCMV infection, the expression of certain chemokines is necessary to target effector cells
into infected CNS regions. However, this targeting, while important for viral control, may
cause neuropathology. In addition, it is apparent that not only the recruitment of effector
cells but the over-accumulation of the cells in infected regions of the CNS through the
establishment of a CXCL10-mediated positive feedback loop may lead to immunopathology
in these critical regions.
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In addition to CXCR3, other chemokine receptors may also contribute to effector T cell
recruitment, since in the absence of CXCR3 only partial protection is achieved. The
expression of CCR1, CCR2, and CCR5, has also been associated with meningeal
inflammation (Nansen et al., 2000). A subpopulation of activated CD8+ T cells expresses high
levels of CCR2 and CCR5 (Andersson et al., 1995). Yet, when CCR5 expression is absent
there is no impairment of the LCMV-induced inflammation (Nansen et al., 2002), supporting
the notion that other chemokine receptors contribute to T cell recruitment. Overall, in
addition to CXCR3, virus-activated CD8+ T cells were found to express CCR2 and CCR5,
whereas activated macrophages expressed CCR1 (Nansen et al., 2000).
LCM is essentially the result of anti-viral effector T cells unable to control rapid replication
of LCMV in the brain. Following viral infection, a highly potent T cell response is induced.
There is a rapid and robust infiltration of effector T cells into the meninges of the CNS,
which leads to increased local expression of IFN-, which leads to increased chemokine
production and amplification of effector T cell infiltration. Lack of effective viral clearance
contributes to persistent chemokine expression, which promotes excessive inflammation
within the meninges and eventually the brain parenchyma, leading to a fatal outcome.
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4.2 CXCL10/CXCR3 in human LCMV infection
One characteristic of LCMV infection in immunocompetent adults and children is the
abundance of lymphocytes in the CSF (Bonthius, 2009). CD8+ T cells are thought to infiltrate
into the CSF to primarily clear the virus, which subsequently leads to the symptoms of
aseptic meningitis during LCMV infection (Buchmeier & Lane, 1999). A predominant
chemokine found in the CSF of patients with viral meningoencephalitis is CXCL10 (Lahrtz et
al., 1997). CXCL10 and its receptor CXCR3 have integral roles in the development of
neuropathology in the mouse model of LCMV infection and may also have similar roles in
the LCMV-infected CNS of certain patients. The infiltration of effector T cells into the CSF,
CXCL10 expression and the resulting neuropathy are reminiscent of the mouse model,
however the host factors that contribute to disease severity and, in some cases, lethality are
not currently understood. Overall, chemokines appear to be important in viral control but,
as seen with murine models of LCMV, also contribute to neuropathology.
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Human immunodeficiency virus-1 (HIV) targets CD4+ cells and macrophages. Infection of
the CNS by HIV-1 occurs in about 80% of infected individuals. HIV-1 arrives in the CNS via
infected macrophages that cross the blood-brain barrier. Neurological symptoms include
meningitis, encephalitis, neuropathies, and HIV-1-associated dementia (HAD), with
cognitive, motor, and behavioral dysfunctions (Marcotte et al., 2003). Chemokine
involvement in HIV-1 neuropathogenesis is well recognized because of their roles in the
recruitment of HIV-1 infected immune cells, inflammatory responses, and as ligands for the
HIV-1 coreceptors, CXCR4 and CCR5, which are expressed by neurons and directly mediate
neurotoxicity and cell death (Hesselgesser et al., 1998; Klein et al., 1999; Hosking & Lane,
2010).
Chemokines that recruit monocytes/macrophages and lymphocytes into the brain, such as
CCL2, have been detected in the CSF of individuals with HIV-1 infection (Kolb et al., 1999).
CCL2 levels are significantly increased during HIV-1-induced encephalitis (HIVE) and the
chemokine accumulates in the CSF and brains of patients with HAD and HIVE, as well as in
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macaques with Simian immunodeficiency virus (SIV)-induced encephalitis (SIVE)
(Mankowski et al., 2004; Monteiro de Almeida et al., 2005; Monteiro de Almeida et al., 2006).
The expression of CCL2 in the CNS is associated with enhanced progression of HIV
encephalitis, due to its ability to recruit monocytes and lymphocytes (Dhillon et al., 2008). In
addition to CCL2, CXCL10 also can attract inflammatory cells and has been detected in the
CSF of HIV-1-infected patients (Kolb et al., 1999). CXCL10 is chronically expressed within
the brains of patients suffering from HIV-associated neurological disorders (Christo et al.,
2009). In addition, HIV-1 envelope glycoprotein gp120 can induce CXCL10 gene expression
in astrocytes independent of IFN-γ (Asensio et al., 2001). The encephalitic brain from SIVinfected animals exhibits elevated immunohistochemical expression of CCL3, CCL4, CCL5,
CCL7 and CXCL10 (Sasseville et al., 1996), suggesting a role for one or multiple chemokines
in the pathogenesis of acquired immune deficiency syndrome encephalitis. Elevated levels
of CCL7, another ligand for CCR2, are also detected within activated astrocytes in the brains
of SIV-infected macaques, and are increased further in response to TNF-, which thus
initiates neuroinvasion by SIV/HIV-infected monocytes (Renner et al., 2011). The prevention
of monocyte infiltration into the brains of HIV-infected patients is therefore a critical step in
limiting the ability of the CNS to act as a viral reservoir.
Chemokines may also act as neuromodulators within the HIV-infected CNS. The HIV
glycoprotein gp120 may induce neuronal death via excitotoxicity during activation of
CXCR4 receptors (Ohagen et al., 1999; Chen et al., 2002) and the CXCR4 ligand, CXCL12 may
be converted into a neurotoxic agent via proteolytic cleavage with the resulting peptide
capable of inducing neurotoxicity and apoptosis through engagement of the chemokine
receptor CXCR3 (Vergote et al., 2006). Thus, in addition to attracting inflammatory cells that
contribute to neuropathology, CXCL10 can also synergize with CXCL12 cleavage products
to induce neuronal cell death (van Marle et al., 2004).
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An effective anti-viral immune response is vital to maintain a balance between pathogen
control and immunopathology during viral infection resolution within the CNS. While
chemokines may contribute to viral clearance through focused amplification of
inflammatory responses, they may also contribute to immune-mediated damage that
depends on the type of virus and affected CNS compartment or region. However, targeting
chemokines to abrogate all CNS infiltration may lead to untoward effects on
immunosurveillance, as evidenced by the recent increase in opportunistic CNS viral
infection with JC virus in patients treated with the anti-α4-integrin monoclonal antibody,
natalizumab. Natalizumab treats multiple sclerosis, a chronic, inflammatory demyelinating
disease, by preventing leukocyte entry at CNS endothelial barriers (Kleinschmidt-DeMasters
& Tyler, 2005). A side effect of this treatment is the occurrence of progressive multifocal
leukoencephalopathy (PML), a fatal opportunistic viral infection of the CNS caused by the
reactivation of latent JC virus infection (Havrdova et al., 2009). Thus, blockade of immune
cell trafficking into the CNS interferes with essential components of immune surveillance
that prevent opportunistic infections. PML underscores how vital immune cell trafficking in
the CNS is for monitoring and regulating immune responses.
In summary, chemokines are integrally involved in recruiting targeted leukocyte
populations to critical regions of the CNS that contribute both to host defense and the
pathogenesis of disease. It is clear that these proinflammatory molecules exert
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nonredundant roles in contributing to neuroinflammation following viral infection of the
CNS thus meriting further studies on chemokines with regards to viral-induced disease.
Finally, it is clear that chemokines and their receptors may represent viable targets in
modulating the severity of human neuroinflammatory diseases.
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Subacute Scerosing Pan Encephalitis (SSPE), a devastating brain disease of young children
was frequently taken into account in the differential diagnosis of the so-called
"neurodegenerative diseases of childhood" by paediatricians, child neurologist and
psychiatrists during the second half of the last century. Fortunately, this diagnosis is
considered very rarely today in well developed countries, mainly in the western
hemisphere. This does not mean that the disease "vanished" although its incidence
dramatically declined.
One of the reasons to include SSPE in a book dedicated to "encephalitis " is not only for
historical purposes, but also to remind the young generation of physicians dealing with
neuro-psychiatric disorders of children and young adults, that SSPE still exists.
Another goal of this chapter is to point out the reasons why SSPE is one of several disorders
which fulfil the concept of "slow virus infection", a term brought up by Bjorn Sigurdsson in
1954, after he and his co-workers discovered that three sheep diseases, scrapie, visna, and
sheep pulmonary adenomathosis are all caused by the same retrovirus. This revolutionary
concept was later utilized by D. Carleton Gajdusek to study "infections of unknown origin"
such as Kuru and Creuzfeldt-Jacob disease. The new generation of paediatricians and child
neurologists who most probably have never seen a case of SSPE, will quite naturally skip the
paragraph in the text-book which is dedicated to this disease. For those young colleagues
this chapter may be more than "interesting" or "informative". It is written for them and
hopefully may help them to diagnose correctly their first case and offer the present available
palliative drug treatment. Regarding the readers in the field of public health, it may enhance
their drive to achieve widespread and complete coverage of measles immunization of
populations at risk.

2. History
The suggestion that SSPE may be a viral infection was raised by Dawson who published 2
consecutive papers in 1933 and 1934 in which he described 2 children from Tennessee who
died after a progressive course characterized by involuntary jerking of the limbs and mental
deterioration. In their brains he noted encephalitic changes with intracellular eosinophilic
inclusion bodies in numerous cortical neurons which reminded him of viral inclusions.
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(Dawson, 1933; 1934). In 1939, an additional case was described in Germany. This was a 17
year old boy who died after 2 years of progressive neurological deterioration.In his brain
nodular changes in the white and gray matter resembling "encephalomyelitis with
characteristics of Japanese Encephalitis", were observed. (Pette & Döring, 1939, Case 3). In
1945, Van Bogaert described a clinically similar case in whom the dominant
neuropathological features consisted of demyelination and glial proliferation in the white
matter which were summarized by him as “subacute sclerosing leukoencephalitis” (Van
Bogaert, 1945). Thus, at this stage, 4 children with similar clinical features of progressive
fatal neuro- behavioural deterioration and "jerks", have been described. However, in their
brains variable and non uniform pathological findings including inflammatory changes,
intraneuronal inclusion bodies, nodular "sclerotic" changes both in the white and gray
matter were reported and demyelination with glial proliferation in the white matter.
During the next few years children with diverse clinical features resembling progressive
encephalitis have been described. However, only in 1957, Poser and Radermecker reached
the conclusion that all those patients suffer from a similar disorder which they called
Subacute Sclerosing Leucoencephalitis. (Poser & Radermecker, 1957). They based their
conclusion on a study of 7 cases including 3 post- mortem examinations. Finally, the term
SSPE was coined by Greenfield in 1950 (Greenfield, 1950). Boutellie should be credited for
his significant contribution to the understanding of the true nature of SSPE. With the aid of
the electron- microscope he identified structures which resembled nucleocapsids of
paramyxovirus in SSPE (Boutellie et al., 1965). This finding was soon followed by a search
for antibodies to paramyxovirus in the blood and CSF of patients with SSPE which yielded
very high titers of anti- measles antibodies in the blood and CSF of all patients studied
(Connolly et al., 1967). These pivotal findings led to the crucial conclusion that SSPE is
related to infection with measles virus (MV). Later, the mechanisms by which this virus is
able to persists in nerve cells for long periods of time in a dormant form were elucidated
and shed light on the processes involved in "slow virus infection". The conclusion reached
by epidemiological observations that there is a relation between early measles infection and
SSPE led to a world-wide measles immunization program followed by a dramatic decline in
the incidence of SSPE, up to the present situation where in most of the western developed
countries, SSPE was almost completely eradicated.
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3. The clinical spectrum of SSPE

There are 2 forms of encephalitis following measles infection. The first is the relatively
common acute post infections measles encephalitis which develops in about 0.1 percent of
immunocompetent patients and carries a 20 percent mortality rate. This form of encephalitis
is not caused by direct invasion of the brain by MV. Indeed, only with highly sensitive
methods could MV specific nucleic acids be detected in the brains of patients with this form
of encephalitis. Those findings are in line with the assumption that this is a true example of
measles virus induced pathological immune mediated "post-infectious" encephalitis. In
contras, MV is present in the brains of the immunocompetent patients and causes SSPE
while in immunocompromized patients it causes Measles Inclusion Body Encephalitis. Both
conditions are fatal and present clinically months or years after the initial measles infection.
The clinical presentation of SSPE is often insidious and frequently attributed to
psychological or behavioural problems. The exception to this are those cases who present
acutely with focal neurological signs and progress rapidly to coma and death.
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The following case report is a classical example of the fulminant form of SSPE which affects
about 10% of all patients (PeBenito et al., 1997).
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3.1 Case report 1
This 7 year old, previously healthy boy was born in 1970 to healthy unrelated parents of
Jewish –Yemenite origin. He was brought to the emergency room (ER), at the Beilinson
Medical Center in the state of semi- coma.Past medical and family history were noncontributory. He was well until 2 days prior to admission when mild fever was followed by
complains of right sided difficulties in using his hand and leg. He was previously seen by a
local physician who diagnosed " common cold ". In the ER his Glasgow Coma Scale Score
was 6/15 (eye opening 1, best verbal response 1, best motor response 4). The abnormal
neurological findings were lack of withdrawal from deep pain with brisk DTR's and
extensor plantar response on the right side. There were no involuntary movements.
Immediate brain CT followed by 4 vessel cerebral angiography were normal. An EEG
disclosed rhythmic periodic delta generalized discharges with flat electrical background. A
lumbar puncture disclosed normal opening pressure, crystal clear sterile CSF with slightly
increased protein, normal glucose and negative Gram stain. Serum measles antibody titer
by complement fixation was 1:256 and that of the CSF 1:16. There were no clinical signs of
measles. The boy died on the 3rd hospital day and the autopsy confirmed the clinical
diagnosis of SSPE. He had measles at the age of 2 years and did not receive measles
vaccination.
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The following case report represents the protracted and peculiar clinical course of SSPE
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3.2 Case report 2
This 16 year old girl was born in 1963 to healthy Jewish parents who immigrated to Israel
from Morocco in 1949. Her past medical and developmental history was unremarkable.
There was no history of clinical measles or an exanthematous early febrile illness. She
received measles immunization soon after it was initiated in Israel during 1967. At the age of
7 years, during the second elementary school year, an unexplained decline in her school
performance was noted. A paediatric neurological assessment was summarized as Attention
Deficit Disorder for which supplementary teaching and Methylphenidate (RitalinR) 10 mg
daily was prescribed. An EEG showed right sides periodic delta wave discharges and for
that brain CT with contract enhancement was done and read normal. The EEG findings
were attributed to "sweating artefact".The clinical course was stable for 18 months during
which a slow deterioration was noticed in her general alertness and vigilance according to
the mother. This was however denied by her school teachers who thought that she did quite
well in school and received excellent school reports. The anxious mother consulted several
child neurologists and psychiatrists who failed to find any abnormalities. A repeated EEG
showed generalized periodic slow delta bursts with slow background activity. Serum and
CSF measles antibody titers by complement fixation were 1: 256 and 1:32 respectively. A
diagnosis of SSPE was considered for which daily Isoprinosine and several courses of
intravenous "Thymic Humoral Factor" (THF), were given as part of 2 experimental
treatment trials which were at that time done in Israel. That was followed by clinical
improvement in her vigilance. She enjoyed the routine daily life of a young girl until the age
of 11 years when frequent falls, schoolwork deterioration and sudden brief neck and back
flexion movements associated with the falls were noted. She started to behave "strangely",

138

Pathogenesis of Encephalitis

NA
TH

)

and had difficulties in recognition of familiar faces and objects. When examined by me for
the first time she had marked visual agnosia and neck and axial myoclonus. Her EEG
showed additional background slowing with "metronomic" delta bursts resembling "Burst
Suppression" pattern. Clonazepam (clonexR) was helpful only for a short period of time.
Both serum and CSF measles antibody titers, and brain CT were almost unchanged.
Her condition gradually deteriorated. She spent her last 2 years of life in a nursing home
during which continuous very high fever unresponsive to a variety of antipyretics, bouts of
sweating accompanied by brady-tachy arrhythmia, and generalized rigidity were present.
Her EEG was almost isoelectirc without evidence of periodic bursts during the last weeks of
her life. She died of aspiration pneumonia. Autopsy was not permitted for religious reasons.
Those 2 cases represent the wide spectrum of the clinical features and course of SSPE and
also the difficulties of considering SSPE in the differential diagnosis at the early stags of the
disease, a fact which explains the delay in the diagnosis in some cases.
The classical clinical diagnostic features of SSPE are shown in Table 1, and the clinical
staging of the disease is shown in table 2.

UP
NA
TH
J

I(

DR
.

RU
P

AK

Childhood onset of mental and behavioral regression with :

Myoclonic Jerks

EEG- Generalized bilateral rhythmic synchronous bursts of spike-wave or slow wave
complexes

Elevated measles antibody titers in serum and CSF without concomitant evidence of
clinical measles

Elevated CSF IgG, presence of oligoclonal IgG bands
In the brain, presence of perivascular inflammatory cuffing, cortical and subcortical
white matter astro-microgliosis, neurophagia and Cowdry type A, eosinophilic
intaranuclear inclusion bodies
Table 1. SSPE - Clinical and laboratory diagnostic criteria

Personality changes accompanied by school failure and bizarre behavior
Axial (Especially characteristic rapid neck flexion) massive myoclonus causing
frequent and violent falls
iii. Generalized rigidity with extarapyramidal features and progressive
unresponsiveness
iv. Minimal conscious state progressing to akinetic mutism with severe progressive
autonomic failure
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Table 2. Clinical staging of SSPE

4. Characteristic clinical features
The majority of the patients the initial symptoms are noted between the ages of 8-11 years,
about 6-7 years after measles infection. Zilber et al. initiated a country survey of SSPE in
Israel by obtaining information from the Israeli National Neurological Diseases Register
(INNDR), the Central Virus Laboratory which at that time tested sera and CSF for measles
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antibodies throughout the country and the medical records of patients diagnosed with SSPE
from all hospitals in the country between the years 1960-1973 (Zilebr at al., 1983). Hundred
and eight such patients were detected, 40 of them were followed by the author of this
chapter. The onset of SSPE accrued during 1968-1979. The mean age of onset was almost
identical to that reported for children in USA (9.5 y.) and UK (9.8 y.). The interval (in years)
between clinical measles and onset of SSPE in the Israeli children (7.4 y.), was also similar to
that of USA and UK children (7.0 and 6.8 y. respectively). However, the interval (in years)
between the time of measles vaccination and SSPE varied between 6.5 years in Israel, and 3.3
and 3.0 in the USA and UK respectively.
All Israeli children with SSPE had progressive neurobehavioral deterioration, myoclonic
jerks and characteristic EEG. Sixty eight percent had elevated serum measles antibodies and
89% had increased titer of those antibodies in the CSF. A quite surprising finding was the
low percentage of patients (13%) with brain pathology characteristic of SSPE.
True epileptic seizures were a rarity. We have seen only 6 out of our cohort of 40 patients
who had true epileptic seizures. Those were 5 boys and 1 girl who had a similar age of onset
and disease features. The mean interval between SSPE onset and the first seizure was 15
months (3 – 24). The EEG was mostly focal and the response to Anti Convulsive Drugs
(ACD) varied from excellent in 2 patients, good in one and poor in 2. One patient who failed
to respond to ACD was given a ketogenic diet which was beneficial. The common
denominator of these patients was antecedent neurological impairment. Four suffered from
viral encephalitis at one year of age, one had severe learning problems diagnosed prior to
the onset of SSPE and the sixth had severe congenital sensory-neural deafness. Two similar
cases have been recently reported (Demir et al., 2009). In few patients focal seizures in the
form of epilepsia partialis continua and an EEG showing Periodic Lateralizing Epileptic
Discharges (PLED) were reported. This pattern was associated with a fulminant course
(Santoshkumar & Radhakrishnan 1996, Cherian et al., 2009). As mentioned above, earlier
publications indicated that epileptic seizures are rare and appear at late stages of the
disease. More recent publications such as the paper by Kissani (Kissani et al., 2001), indicate
that epilepsy is rather frequent. In a series of 70 patients with SSPE from Morocco, 30 had

Fig. 1. Patients with SSPE and partial seizures. Note the slow background activity,
continuous fronto-central delta activity, periodic non-rhytmic delta bursts and left anterior
temporal spikes.
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true epileptic seizures.In two-thirds of them the seizures started during the first year of the
disease and in 23%, were the presenting symptom. Partial seizures with secondary
generalization were most common in the very early stages of the disease and frequently led
to the correct diagnosis. When seizures appeared late in the course of the disease (43%), they
were mainly generalized tonic-clonic (GTCS). The "heralding" partial seizures are most
probably indicators of focal onset of encephalitis with generalized spread later on.
The diagnosis of SSPE is quite straight forward and easily reached in children if the
attending paediatricians and child neurologists are familiar with the disease. This is quite
different when the disease affects adults. The occurrence of SSPE in subjects older than 18
years is quite rare, comprising 1-12.7% of all patients (Prashanth et al., 2006). Adult onset
SSPE presents at an average age of 25 years and rarely follows the classical clinical stages
mentioned above. Visual symptoms at presentation are frequent (Singer et al., 1997), while
myoclonus may be absent. About 30 % of 52 such patients lacked a history of measles
(Fabian et al., 2010).

5. Electroencephalographic and neuroimaging features
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The most characteristic EEG feature is the periodic, stereotyped, high voltage discharges
which appear concomitantly with the appearance of the myoclonic jerks. At early stages of
the disease, the EEG may be normal or show moderate non-specific generalized slowing. As
the diseases progresses, the periodic discharge pattern emerges, at first only during sleep,
before myoclonic jerks are evident. In early stages, administration of IV diazepam can bring
out the typical bursts. Somewhat later in the course and concomitantly with the appearance
of typical myoclonus, the characteristic periodic discharge pattern can be seen also during
wakefulness. This pattern consists of bilateral synchronous symmetrical bursts with an
amplitude of 200-500 mV. Each burst consists of polyphasic, monomorphic delta waves. The
bursts appear every 4-10 seconds with an identical morphology in any recording lead and
are rhythmic ("metronomic"). The bursts are "time locked" with the myoclonic jerks. The
interval between the bursts becomes shorter with disease progression. In advanced stages
this pattern is replaced by disorganized slow delta rhythm. The voltage of the recording gets
smaller and at stage IV it may became almost iso- electric (Figure.2)
In a relatively recent study from India (Praveen-Kumar et al., 2007), the EEG features of 58
patients with SSPE (stage I: 10.2%; II: 64%; III: 25.8%), were analyzed and related to the stage
of disease and neuroimaging findings. Bursts as defined above were found in 98% of the
patients. Those were periodic in 55%, "quasi-periodic" in 36% and non-periodic in 6%. The
periodic bursts were asymmetrical in 33%. The burst morphology, frequency and inter-burst
interval were not influenced by hyperventilation, photic or sensory stimulation. Normal
background was recorded in all patients in stage I, and slow background in all other stages.
Spike and sharp wave epileptiform discharges were present in 72.4% of the patients. Those
were mostly generalized and only in 10 patients epileptiform activity was lateralized or
multifocal. The focal discharges were mostly fronto-parietal. Periodic Lateralizing Epileptic
Discharges (PLED's), were present in 10 recordings. Asymmetry of background activity or
bursts were associated with lateralizing neurological deficits. However, there was no
correlation between the EEG asymmetry and CT or MRI findings. Brain neuroimaging was
performed in 44 patients and both CT and MRI in 11 patients only. The main neuro-imaging
findings consisted of brain oedema and atrophy seen in all stages of the disease while signal
intensity changes were present in stages II-III. Parieto-occipital white matter was affected in
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Fig. 2. EEG in various stages of SSPE. A: The background activity is disorganized with few
repetitive high voltage delta bursts with fronto-central amplitude accentuation in the early
stages of the disease. B: Typical "metronomic" delta burst pattern with almost flat amplitude
during burst intervals recorded during the advanced stages of SSPE C: A uniform pattern of
monomorphic slow waves at a very advanced stage of SSPE.
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stage II while diffuse fronto-parteital changes were more common in stage II-III. There was
no contrast enhancement by Iodine or Gadolinium. Although there was no correlation
between the imaging features and focal EEG changes or the abnormal neurological findings,
a significant association between visual deficits and parieto-occipital signal changes on MRI
was found. In a more recent study (Aydin et al., 2009), 17 patients with SSPE who had a
routine normal MRI and 30 healthy matched controls underwent T1-weighted
magnetization-prepared rapid acquisition gradient echo images. When optimized method of
voxel-based morphometry performed across-sectional analysis were applied to search for
gray matter volume differences between the patients and controls, a fronto-temporal
reduction of the cortical gray matter was found in the patients,regardless of the duration of
symptoms or the presence and nature of neurological deficits.

6. Neuropathology
In the early phase of the disease brain oedema with DNA and RNA oxidative damage
within infected cells are the typical findings. There is evidence of lipid peroxidation in areas
of early demyelination (Hayashi et al., 2002). The main histopathological findings in the
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acute phase are inflammatory and consist of the classical cortical and subcortical
"perivascular cuffing", spongiosis and demyelination, sparing the cerebellum (Figure 3).
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Fig. 3. Postmortem brain microscopy of SSPE. (a). Typical lymphocytic perivascular cuffing
within brain parenchyma (H&E, X100 ) (b). Cortical neurons with the characteristic
intranuclear eosinophilic Cowdry type-A inclusions surrounded by a clear hallo (H&E
X400). (c). Profound astrocytic proliferation (PAS X190). (d). Elecromicrograph of an
inclusion body showing curvilinear structures which are most probably viral nucleocapsids
(X 20000).
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Initially, posterior brain regions are the most affected. Pronounced changes are seen in the
medial thalamus and the deep structures. With disease progression more anterior areas,
brain stem and spinal cord are also affected. The inflammatory cellular response consists of
focal and/or diffuse perivascular infiltrates of lymphocytes, plasma cells and phagocytes
which are present within brain parenchyma as well as in the menings. The astrocytes,
oligodendrocytes and microvascular endothelium are the mostly infected cell types (Allen et
al., 1996).The nuclear and cytoplasmic inclusion bodies seen in neurons and
oligodendrocytes are Cowdry type-A inclusions which contain homogeneous eosinophilic
material. They are diffusely distributed mostly in the fulminant cases while the small
multiple Cowdry type-B inclusion bodies, are almost always present in the brainstem. The
nuclear inclusions correspond to measles viral particles and contain viral antigens.
Neurofibrillary tangles may be present within neurons and oligodendrocytes. The tangles
contain viral genome as shown by in-situ hybridization. Those findings suggest that the
tangles are the result of the viral infection. (McQuaid et al., 1994). The inflammatory reaction
and even the inclusion bodies are typical for the early stages of the disease and are hard to
find at the later stages. Typically for SSPE as a model for slow virus infection, it is very
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difficult to isolate even a small amount of infectious virus from the brain while viral
antigens can be quite easily identified.

7. Immunopathology
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A large number of major histocompatibility complex (MHC) class I-II positive cells were
seen by immunohistochemical methods in SSPE brains, especially in a perivascular
distribution. By morphological criteria, HLA –DR positive microglia and reactive astrocytes
were also identified. (Hofman et al., 1991). Although cell mediated immunity was found to
be abnormal in a small series of patients such as our own where 11/15 patients had some
evidence of such an impairment (Handzel et al.,1983), no specific immune defect was found
in SSPE (Schneider–Schaulies et al., 2003). The inflammatory perivascular cell infiltrates are
predominantly CD4+ T cells, while B cells are seen more frequently in parenchymal
inflammatory infiltrates. We have shown in 11 patients with SSPE, that similar to matched
controls, they had no detectable plasma interferon (INF) activity. However, their PBMC
failed to produce INF following stimulation with polyinosinic:polycytidilic acid (poly I:C
and Phytohemagglutinin (PHA) (Gadoth et al., 1989)
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One of the prevailing theories suggests that in spite of the lack of evidence for a specific
immune defect causing SSPE, impaired immune response plays an important role in its
pathophysiology. The observation that early infection with MV virus at the time when the
immune system is relatively immature, is associated with increased risk for SSPE (Tuxhorn,
2004), was a pivotal step in understanding the disease. Normally, during the incubation
phase of measles, the invading virus induces a cell mediated immune response with
activation of T-Helper 1 (Th1) lymphocytes, release of INF- α, and interleukin 2 (IL-2), which
is capable of eradicating the invading virus particles from the infected cells. Following the
characteristic measles papulo-macular skin rash, a humoral antibody mediated long term
immunity against future infection is established via the production of Th2 lymphocytes,
release of mainly IL- 4 and to a lesser extent INF-α and IL-2. (Griffin et al., 1994). Due to
genetic polymorphism, patients with SSPE have an inadequate cellular immune responses
to common antigens and produce markedly decreased amounts of IFN (Handzel et al.,
1983), and IL – 2,10,12, while producing increased amounts of IL -4 and IL-1b. (Yentür et al.,
2005). The induction of this set of humoral immune responses in patients with SSPE rather
than producing a cellular immune response which is capable of completely eradicate the
MV from the infected cells, is believed to play a major role in the pathogenesis of the disease
and contributes to the ability of the mutated measles virus to persist in a dormant form
within the brain. (Inoue et al., 2002).
The variable incidence rates of SSPE in different populations and ethnic groups can be
partially attributed to genetic polymorphism in addition to a number of epidemiological
variables which will be discussed below.
Measles virus uses the cluster of differentiation (CD) protein 46 and fusion protein (protein
F), to invade the neuron. The fact that high antibody titers to CD9 were detected in CSF of
patients with SSPE who had severe brain atrophy, indicates that this protein plays also a
role in neuronal invasion of the virus (Shimizu et al., 2002). After entering the cell the viral
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matrix protein undergoes mutations and cannot be recognized by the immune system. This
is followed by virus replication and persistence within the infected cell without being
eradicated by the immune system (Makhortova et al., 2007). In addition, a truncated protein
F receptor may also play a causative role. Neurokinin-1 is implicated in the spread of the
mutated virus to adjacent cells. After a variable period when the virus is dormant, it induces
an inflammatory immune mediated reaction directed against the infected cells, which
results in widespread CNS damage. Those mentioned immune mechanisms may also play a
role in other chronic demyelinating CNS disorders.

9. Treatment
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SPEE is always fatal. A relative beneficial effect was achieved with either daily oral
Isoprinosine or in combination with weekly intrathecal INF –α. Although this combination
is considered the most beneficial, approximately 22% of the treated patients suffered from
complications related to the intrathecal reservoir. Isoprinosine (InosiplexR), is a derivative of
Inosine and p-acetamidobenzoic acid salt of N,N-dimethylamydo-2- propanol. This drug is
considered as an immunomodulator agent capable of impairing viral replication. It is quite
safe when given for extended periods of time. The positive immunomodulation effect of
Isoprinosine was demonstrated by an experiment during which PBMC of patients with
SSPE failed to produce INF after stimulation with poly I:C and PHA. The patients were then
given oral Isoprinosine for several days which resulted in significant elevation of serum INF
and corrected the failure of INF production by the similarly stimulated PBMC. Moreover, 10
days after discontinuation of the drug, the INF system returned to its inactive state. Several
patients were treated for extended periods of time with a 20% remission rate and or 4 year
survival. (Gadoth et al., 1989). Other investigators have shown a beneficial effect of the drug
in up to 30-35% of the patients which is significantly higher than the reported 5%
spontaneous remission rate (Dyken et al., 1982).
Other agents such as Ribavirin, which blocks RNA polymerase without and in combination
with INF, Anti CD2O antibodies, THF, Amantadine, Steroids and plasmapehresis showed
some beneficial effect in selected non-randomized trials.
Several patients have been treated with intraventricular INF-α alone or in combination with
oral Isoprinosine but with no advantage over the intrathecal route (Yalaz et al., 1992).

10. Epidemiology

The dramatic changes in the epidemiology of SSPE in relation to the world-wide
immunization project against measles are fascinating. The reduction in measles incidence
especially in immunized infants was followed by a dramatic fall in the rate of SSPE in the
developed countries of the western hemisphere and in other world regions where measles
immunization became mandatory. In addition, some changes occurred in the previously
described "classical" characteristics of the disease such as the age of onset and a number of
clinical features. In a relatively recent world wide review of the rate of measles and SSPE
before and after the institution of measles immunization, the dramatic drop in the incidence
of SSPE due to immunization was clearly shown (Campbell et al., 2007).
Israel served and still serves as a good site for classical epidemiological studies because of
its heterogenic ethnic population, high standard of medical care and a well organized
medical and health system which enables the particular researcher to obtain well
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documented data throughout the country. For this reason data from Israel can provide an
excellent example of the role of mass measles immunization on the rate of SSPE. The
country has a wide-spread network of Mother and Child health clinics which serve the
entire county's population. The individual clinics keep careful records of each child's
immunization program, and the medical staff is alert to those who fail to show for their
clinic visits or to the immunization schedule, established by the Israeli Ministry of health.
Due to the nominal cost of those services, it can be assumed that the diagnosis and reports of
patients with SSPE are accurate and most probably complete. Population studies of SSPE
were carried out in Israel since 1960, while mass measles vaccination was introduced in
1967. Thus, most of the children born after February 1965 were immunized. Considering the
standard of medical care in Israel and the size of its population in 1975 (3.5 million), it can be
assumed that a rare disease such as SSPE was reported in sufficient numbers during those
years when the local and world wide SSPE "epidemic" suddenly emerged. All those factors
enabled an accurate analysis of SSPE incidence in regard to a number of variables including
the role of mass immunization against measles. Zilber (Zilber et al., 1983), obtained data on
SSPE rates from the Israeli National Neurological Disease Register which received
notification on all neurological disorders recorded in all hospitalized patients around the
country. Death certifications with a code for any neurological disorder were also retrieved.
Assuming that the varied and dramatic symptoms of SSPE will eventually lead to
hospitalization of the affected child, it is highly likely that the register was notified of almost
all patients with SSPE during the period of this study which covered the period of 19681979. The medical records of all detected cases were obtained. As the register was notified
also on cases of measles encephalitis, non-specific encephalitis, and degenerative
progressive neurological diseases in children, the charts of such cases were also obtained
and reviewed for possible SSPE. The records from the central virology laboratory which
performed serum and CSF measles antibody titers for the entire country since 1968 until
the publication of the mentioned study were searched for tests with increased measles
antibody titers and the patients details and medical records were obtained. In a previous
study by the same group (Soffer et al., 1975) the medical records of patients with the
diagnosis of SSPE from all Israeli hospitals for the period of 1960-1973 were reviewed. In
addition, the departments of paediatrics, neurology and the EEG laboratories across the
country were asked to provide information on additional patients. The multi-source
information thus gathered enabled to exclude multiple reports of the same patient and
provided a high level of ascertainment of the data obtained. The main findings of this
study confirmed the presence of a steep drop in incidence of SSPE in vaccinated Israeli
children noted mainly in 1977, 10 years after the initiation of mass immunization. The rate
of SSPE remained low at the completion of this study in 1979. The calculated rate of SSPE
(per 106 live births) during the period of 1965-1971 was 246 in non vaccinated patients
compared to 27 in vaccinated subjects. The rate of 27 included patients who developed
measles after immunization. When those patients were excluded the rate dropped to 17.
The relation between the rate of measles infection and SSPE in Israel is shown in Figure 4.
The rates of SSPE for Israeli Jews and Arabs were compared to rates for Arabs living in
Gaza and the west bank where measles immunization was not compulsory but available.
The rates dropped steeply for both Israeli Jews and Arabs in 1977 with a significant delay
in Gaza and the west bank. However, even in this particular population the decline in the
number of new cases was dramatic to the point that no new cases were reported in both
populations after 1986 (Figure 5).
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Fig. 4. The incidence of SSPE in relation to the rate of measles infection in Israel during the
epidemic years of SSPE.
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Similar to data from other countries, the age of onset in Israeli patients increased parallel to
the decrease in the rate of measles and SSPE, although in Arabs it remained around 10 years
of age. (Figure 6).
While new cases are a rarity today in counties with good measles control such as USA
where the rate is very low (0.01/106), it is still quite high in counties with poor measles
control (India; 21/106, Japan; 11/106, and Turkey; 0.461/106,(Gutierrez et al., 2010). One of
the highest rates of SSPE was found and is still present in Papua- New Guinea (PNG). This
rate is only partially related to poor immunization control. During the years 1988-1999, a
rate of 13-98/106 was found in individuals younger than 20 years of age. The rate of measles
immunization in this particular population was stable at a level between 50-60 % of the
population at risk during 1997-2008. A recent study from the referral hospital of the Madang
Province in PNG mentioned a rate of 54/106 in individuals younger than 20 years, during
2007–2009. The rate was much higher in 4 sub-districts with an annual incidence of
> 100/106 among the same age group. Those rates are the highest ever reported. The
patients in this study contracted measles during their first year of life in 2002 and presented
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with SSPE 6-7 years later. A possible explanation for that very high rate in spite of a 60%
rate of measles immunization in this region is the observation that only 36% of young
Melanesian children respond well to measles vaccine and develop immunity to
measles.(Manning et al., 2011).
From the above mentioned epidemiological data it is evident that SSPE is a "vanishing"
disease in well developed countries while the disease is still taking the life of children in
underdeveloped world regions. The variable incidence of SSPE can be explained not only in
relation to the variability in measles morbidity, the degree of immunization coverage, the
age of immunization, the different rates of virus mutations, male gender preponderance and
ethnic origin, but it is also related to genetic polymorphism which determines the individual
immune system reaction to measles vaccine as it happened in PNG.
The different ethnic susceptibility to SSPE was studied in the multiethnic Israeli population.
It was found that SSPE was more frequent among Sephardic than Ashkenazi Jews (3.4 vs.
0.5/106, respectively) (Zilber et al., 1998).

Fig. 5. Differences in incidence of SSPE between Israel and Gaza –West bank. Note the
dramatic drop in the incidence in both populations (Vertical broken line).
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Fig. 6. The increase in age of onset in Jewish Israeli patients with SSPE which followed the
steep decline in the incidence of SSPE.
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SSPE can be added to the past pandemics such as small pox and poliomyelitis which were
eradicated due to mass vaccination creating a world wide and an almost complete immunity
to those devastating diseases. Although SSPE is not an acute infection "per se " like those
mentioned above, this horrible disease was also eradicated due to mass immunization
initiated when the "old" traditional methods of keen clinical judgment, basic epidemiology
and the progress made by understanding the mechanisms involved in persistent viral
infections made it clear that early infection with measles can cause SSPE.
There is still an urgent need to lower the rate of SSPE in areas with poor measles
immunization coverage. Although we are at present unable to offer efficient treatment and
cure to patients with a variety of degenerative progressive neurological disorders there are
some hints to suggest that some of them might be the result of yet unknown "slow virus"
infections.
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Various clinical types of central nerve infection caused by herpes simplex virus (HSV) have
been identified, and the clinical features of not only encephalitis and meningitis, but also
Mollaret meningitis and Elsberg syndrome, have been clarified (Tyler, 2004; Eberhardt et al.,
2004). Myelitis is rare, and it has been mostly reported as ascending myelitis, necrotizing
myelitis or myeloradiculitis (Klastersky et al, 1972; Koskiniemi et al., 1982; Britton et al.,
1985; Tucker et al., 1985; Wiley et al., 1987; Ahmed,1988; Nakagawa et al., 1991; Iwamasa et
al., 1991). The initial symptoms of herpes simplex myelitis (HSM) are sensory-motor
disturbance of lower limbs and urinary disturbance. Then, transverse myelopathy ascends
from level of the lumbosacral spinal cord to level of the cervicothoracic spinal cord. As
ascending necrotizing form of HSM often accompanied encephalitis, quadriplegia, or
respiratory muscle paralysis, the prognosis of this condition is poor (Table 1). In terms of
pathological features, necrotic changes are common, and hemorrhagic lesions are
occasionally seen. As a result of technical advances in the 1990s, including diagnostic
imaging using MRI and virological diagnosis using PCR, HSM is now more frequently
identified. Consequently, in addition to acute ascending myelitis, patients with transverse

Table 1. Characteristic of acute ascending necrotizing myelitis
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myelitis that arises in the cervicothoracic spinal cord and does not ascend, mild myelitis,
and recurrent myelitis, have been reported. The present article summarizes the clinical
features of HSM and discusses diagnosis and therapy.

2. Case presentation
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2.1 Case 1: Acute ascending myelitis by HSV-2
A 44-year-old man with diabetes mellitus presented with urinary retention and weakness in
both legs following scrotal numbness. He had genital herpes, and sensory-motor
disturbance of his lower limbs ascended to the level of thoracic spinal cord in 5 days.
Neurological examination revealed paraparesis and sensory disturbances below the T6
level. The urodynamic study showed atonic contraction. Analysis of his CSF showed 105
WBC (all mononuclear cells), protein of 68 mg/dl, and the test for serum antibody to human
T lymphotropic virus type I (HTLV-I) antibody and results of collagen vascular screening
test were both negative. He was treated with acyclovir (1,500 mg/day) and betamethasone
(8mg/day) for 4 weeks. He showed some improvement in urinary retention, but the
paraparesis persisted as sequelae. The anti-HSV antibody (neutralizing test) in his serum
antibody was 1:4, and did not change in paired samples. On admission, the test for anti-HSV
antibody (ELISA) in the CSF showed positive IgM-HSV 2.000 (4+) and negative IgG-HSV
IgG 0.076 (-). Following CSF tests showed the decrease of the IgM-HSV level 0.234(+) and
the increase of the IgG-HSV 0.366(+). HSV-2 DNA was detected in his CSF sample by PCR.
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2.2 Case 2: Recurrent HSM by HSV-2
A 49-year-old female presented with urinary retention, back pain, numbness and a sudden
onset of weakness in both legs. Neurological examination showed paraparesis, positive
Babinski sign, and sensory disturbances below the T5 level on the right and below the T7
level on the left. The urodynamic study showed atonic contraction. Analysis of her CSF
showed 30 WBC (all mononuclear cells), protein of 79 mg/dl, IgG index of 0.32, myelin basic
protein of 3.1 μg/ml, and an absence of oligoclonal IgG bands. A myelogram revealed cord
enlargement at the levels of T3 to T7 segments. Anti-HSV antibody by EIA was positive in
her CSF. After treatment with intravenous acyclovir (1,500 mg/day) and betamethasone (8
mg/day) for 4 weeks, she recovered significantly. One year and 10 months later, she again
developed myelopathy at the T6 level, and she showed Romberg's sign. CSF analysis
showed 196 WBC (100% mononuclear cells), protein of 90 mg/dl, IgG index of 0.51, and
myelin basic protein of 6.7 μg/ml. MRI of her thoracic cord indicated an increased signal
intensity in the posterior portion of spinal cord at the 2nd thoracic vertebra Tl-weighted
image with Gd-DTPA enhancement. Brain MRI was normal. In her CSF, anti-HSV antibody
using EIA remained positive. No herpetic vesicles were observed in either episode. The test
for serum antibody to HTLV-I antibody and results of collagen vascular screening test were
both negative. Flow cytometry showed no abnormality in lymphocyte subset. She was
treated with acyclovir (1,500 mg/day) and betamethasone (8mg/day) for 3 weeks and again
showed complete recovery. HSV-2 DNA was detected at both first and second episode.
2.3 Case 3: Chronic myelitis by HSV-2
A 38-year-old male presented with progressive weakness in both legs, urinary retention,
and numbness, for one month. Neurological examination revealed paraparesis and sensory
disturbances below the T6 level. Babinski's sign was negative. His bladder was distended.
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Analysis of his CSF showed 11 WBC (all mononuclear cells), protein of 75 mg/dl, IgG index
of 0.44, and a positive oligoclonal IgG band. The myelogram revealed the cord enlargement
at the T2 to T6 segments. The anti-HSV-1 antibody in his CSF determined by
immunofluorescence (IF) was 1:4, and in serum it was 1:640. After administration of
intravenous acyclovir (750 mg/day for 4 weeks) and prednisolone (60 mg/day for 2 weeks),
his paraparesis improved. The anti-HSV-1 antibody in his CSF decreased 1:2, and serum
antibody was 1:320. Five months later, however, myelopathy developed again at the same
level. Analysis of his CSF showed 2 WBC (all mononuclear cells), protein of 42 mg/dl, IgG
index of 0.25, and negative oligoclonal IgG bands. Brain and thoracic MRI showed no
abnormalities. The anti-HSV-1 antibody (IF) in his CSF was 1:8, and serum antibody was 1:
1,280. Serum antibody against HTLV-I was negative. Intravenous methylprednisolone (1
g/day for 3 days) exerted beneficial effects. During the second episode genital herpetic
vesicles were observed, and antibody to HSV remained positive in the CSF. He was then
administered intravenous acyclovir (750 mg/day for 4 weeks), with improvement in
numbness and urinary retention, but the paraparesis persisted. HSV-2 DNA was detected
by PCR.

3. Clinical features
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Table 2 lists the clinical features of patients with HSM, including our own patients.
Klastersky and colleagues (Klastersky et al, 1972) reported the first patient with HSM in
1972, and HSM was only reported as ascending myelitis until the 1980s. The initial
symptoms of HSM included lumbar pain, leg pain, and urinary disturbance. Sensory and
motor disturbance has been observed to begin in the leg and ascend to the cervicothoracic
spinal cord in 1-2 weeks. Like encephalitis or meningitis caused by HSV, disease onset or
progression was sometimes accompanied by fever, and in about half of the patients, eczema
herpeticum was seen on the lips or genitals. In most patients, the cause of ascending myelitis
was HSV-2. During the 1970s and 1980s when these patients were reported, it was difficult
to diagnose HSM based on clinical findings. Therefore, pathological diagnosis based on
autopsy findings was required for the diagnosis of myelitis and the identification of the
causative virus. Many patients with ascending myelitis had such underlying disease as
AIDS or immunosuppression due to cancer or diabetes (Koskiniemi et al., 1982; Britton et al.,
1985; Tucker et al., 1985; Wiley et al., 1987; Nakagawa et al., 1991; Iwamasa et al., 1991), and
HSV-2 myelitis had poor prognosis. Hence, lethal ascending necrotizing myelitis due to
HSV-2 in an immunocompromised host was considered the typical clinical feature of HSM,
and also HSM was considered an opportunistic infection. In the 1990s, MRI began to be used
for diagnostic imaging of the spine, and PCR began to be used for virological diagnosis
(Aurelius et al., 1991; Nakajima et al., 2005), which greatly contributed to the diagnosis of
HSM. Consequently, clinical features associated with HSM, other than ascending myelitis,
were identified. Therefore, patients with transverse myelopathy in the cervicothoracic spinal
cord, myelitis without ascending inflammation (non-ascending myelitis), polio-like atrophy
that developed as unilateral arm sensory and motor disturbance (Kyllerman, 1993), or
recurrence (Shyu, et al., 1993), have been reported. In addition, the frequency of fever and
eczema herpeticum has decreased, and the frequency of HSV-1 has increased as a causative
virus. Today, it is generally accepted that the frequency of previously reported immuno-
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suppressive underlying diseases in HSM is somewhat low. Moreover, cases of HSM with
good prognosis have been reported because of the early diagnosis and the early induction of
antiviral agent, acyclovir.

Table 2. Clinical features of HSM
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4. MRI findings
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As MRI findings, spinal lesions of HSM are generally either hypointense or isointense on T1weighted images and hyperintense on T2-weighted images similar to images obteined in
HSV encephalitis (Ellie et al., 1994; Petereit et al, 1996; Nakajima et al., 1998; Kuker, et al.,
1999; Galanakis et al., 2001; Gobbi et al., 2001; Azuma et al., 2001) (Fig. 1). Furthermore,
spinal lesions occasionally accompany gadolinium enhancement (Fig. 2), and gadolinium
enhancement of spinal nerve root and dura mater has been reported (Kuker, et al., 1999). In
some cases, spinal lesions were exhibited as hyperintense on both T1 and T2-weighted
images, which show hemorrhagic lesions (Nakajima et al., 1998) (Fig. 2). The size of spinal
lesions varies, however, lesion in a patient with HSM is single and do not occur in multiple
as seen in acute disseminated encephalomyelitis (ADEM) or multiple sclerosis.

Fig. 1. MRI findings of HSM. Sagittal T2-weighted imageing of HSM (HSV-1) showed cord
swellineg and a hyperintense signal in thoracic spinal cord (a). Sagital (b) and axial (c) T2weighted imageing of HSM (HSV-2) showed hyperintense signal lesion in the posterior
portion of thoracic spinal cord.
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Fig. 2. MRI findings of HSM. Enhanced T1-weighted imageing of HSM (HSV-2) showed an
increased signal intensity in the posterior portion of spinal cord at the T2-T4 level (a). T1weighted imageing (TE600/TR20) (b) and T2-weighted imageing (TE3,000/TR60) (c) of
HSM (HSV-2). Both sequences showed a hyperintense signal lesion which was continuous
from the T7 level to the lumbosacral spinal cord.
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5. Pathogenesis
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All 8 reported cases of HSM that autopsy were performed were ascending myelitis
(Klastersky et al, 1972; Koskiniemi et al., 1982; Britton et al., 1985; Tucker et al., 1985; Wiley
et al., 1987; Nakagawa et al., 1991; Iwamasa et al., 1991; Shyu, et al., 1993). Myelitis was
caused by HSV-1 in 1 patient and HSV-2 in 7 patients. Pathological findings showed marked
necrosis of both gray and white matters, and such findings as hemorrhage, white blood cell
(macrophage) infiltration, perivascular lymphocyte infiltration, and vascular necrosis were
confirmed. These inflammatory changes and necrotic lesions were occasionally confirmed in
dorsal spinal nerve roots and dorsal root ganglia. Furthermore, in these areas, Cowdry A
inclusions, indicating HSV infection, were observed, and electronmicroscopy showed HSV
particles. Based on these pathological findings, the onset mechanism for HSM could be
deduced as follows: latent HSV-2 infection in the dorsal spinal nerve root of the lumbosacral
spinal cord is reactivated by immunosuppression, and the virus enters the spine via the
dorsal spinal nerve root. Since 1994, PCR-confirmed myelitis has exhibited various clinical
features, such as non-ascending myelitis, recurrent or mild myelitis, and the incidence of
HSV-1 has increased. While pathological analysis was not conducted, MRI showed
gadolinium enhancement of the spinal nerve root and meninges (Kuker, et al., 1999), thus
suggesting inflammation of the dorsal spinal nerve root. Regardless of clinical features and
HSV type, myelitis is believed to be induced when HSV enters the spinal cord via the dorsal
spinal nerve root or ganglion. It is difficult to ascertain whether HSM is caused by initial
infection or reactivation due to latent infection. Most patients with HSM are older than
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6. Immunological regulation in HSM (animal model)

)

middle age, and in patients in whom serum antibody titer was measured, anti-HSV
antibody titer was positive in the early stage, thus suggesting that reactivation of latent HSV
in a dorsal spinal nerve root ganglion induces myelitis. Since recurrence for HSV-2 is more
frequent than that for HSV-1 in genital herpes, recurrent myelitis may be due to HSV-2.
Diagnosis cannot be based solely on serum HSV antibody tier, because there was a case of
HSM in whom the progress of serum HSV antibody titer ashowed past infection, while that
of CSF titier indicated initial HSV infection (see Case presentation case 1). Recently, one
study reported a patient in whom HSV-2 caused genital herpes, while HSV-1 was detected
in the CSF from Elsberg syndrome (Yoritaka et al., 2005). This suggests that even in the same
host, different HSV types and strains repeat infection and reactivation.
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T-cell-mediated immunities have been shown to be involved in the pathology of HSM. Th1cell-associated cellular responses (Th1 responses) are known to be essential in the host
defence against systemic infections of HSV. Th1 responses are manifested by the increased
production of Th1 cytokines (IL-2, IFN-1, etc.) from Th1 cells, while Th2-cell-associated
cellular responses (Th2 responses) are manifested by the production of Th2 cytokines (IL-4,
L-10, L-13, etc.) released from Th2 cells. Th2 cytokines are known to be inhibitors for the
differentiation and expression of Th1 cells. Previously, the pathogenic role of Th2 responses
on the severity of HSM was investigated in mice exposed to footpad injection of HSV-2
(Nakajima et al., 2000). Morbidity and mortality of mice with HSM increased when they
were treated with a mixture of Th2 (IL-4/IL-10) cytokines (Fig. 3a). The mortality rates of
HSM mice were significantly influenced by the IL-4/IL-10 mixture at doses ranging from 1
to 100 pg per mouse. High doses (more than 1000 pg per mouse) of the IL-4/IL-10 mixture
did not show significant effects on the mortality of HSM mice. There is an optimum effective
dose of the cytokines in these experimental methods (Fig. 3b). Patients with AIDS,
malignancy, diabetes mellitus or psychosomatic stress reaction commonly carry dysfunction
in T cell functions, and a shift from Th1 responses to Th2 responses has been reported in
these patients. Thus, The regulation of Th1/Th2 balance may be a key on the immunological
control of HSM.

Fig. 3. a: Effect of the IL-4/IL-10 mixture on the morbidity and mortality of HSM mice. b:
Effect of various doses of the IL-4/IL-10 mixture.
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7. HSV subtyping
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Retrospective clinical data was collected on 10 cases of herpes simplex myelitis from 5
institutions in Japan. All cases were diagnosed by using PCR. We assessed differences in
clinical presentation, laboratory findings, MRI images, and treatment outcome between
HSV-1 and HSV-2 (Table 3).
In most cases, herpes simplex myelitis occurred in immunocompetent persons. In 7 cases,
disease onset was marked by sensorimotor disturbances of the lower extremities and
urinary disturbances, with the transverse myelopathy ascending to the cervicothoracic

Table 3. Clinical features of 10 patients with HSM
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spinal cord level. The other 3 cases demonstrated transverse myelopathy without an
ascending pattern. Two cases exhibited recurrent episodes. Nine out of 10 patients had CSF
pleocytosis, and MRI demonstrated single lesions that were longitudinal or limited. HSV-2
was detected by PCR at an early stage in all 7 patients with ascending myelitis. HSV-1 DNA
was detected in 2 and HSV-2 DNA was detected in 1 of the 3 cases with a non-ascending
pattern. All recurrent cases were caused by HSV-2. Anti-herpetic drugs, notably acyclovir,
improved mortality. However, because severe sequelae, such as paraplegia, persisted in 7
out of 10 patients, early introduction of acyclovir is necessary. These results demonstrate
diverse clinical manifestations of herpes simplex myelitis. The cases of herpes simplex
myelitis with an ascending pattern or recurrent course are caused by HSV-2, while those
with a non-ascending pattern are mainly caused by HSV-1. Furthermore, a recurrent course
is considered to be characteristic of HSV-2 infection (Table 4).

8. PCR methods
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Table 4. Distinction between HSV-1 and HSV-2

PCR represents an important technique for diagnosis and therapeutic planning. PCR is
widely utilized by medical institutions and private testing companies. However, because
CSF samples collected by lumbar puncture from patients with encephalitis contain very
small amounts of HSV DNA, the sensitivity of PCR, nested PCR or real-time PCR must be
improved.
8.1 Nested PCR assay
Retrospectively PCR assays were performed as described (Nakajima et al., 1998). The CSF
samples were stored at -80°C until PCR. Template DNA was extracted from 300 μl of CSF
and HSV DNA was amplified by nested PCR assay. The primer sequences were chosen to
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flank a conserved region in the HSV-I and HSV-2 DNA polymerase gene. The primers used
in the first PCR were as follows: 5'-CAGTACGGCCCCGAGTTCGTGACCGGG-3' and 5'TACTCGCCGATCACCCCGCG-3'. For the nested PCR, 5'- CATCATCAACTTCGACTGGCCC-3' and 5'-GGCGTAGTAGGCGGGGATGTCGCG-3' were constructed as the inner primer
pair. On the first round of PCR, the profile consisted of DNA denaturation at 94°C for I min,
primer annealing at 60°C for 1 min and primer extension at 72°C for I min for 35 cycles. On
the second round of PCR, l μl aliquots of the first PCR products were added to 49 pl ofa
freshly prepared reaction mixture, followed by 30 cycles of amplihcation at 95°C for 30s,
60°C for 30s, and 72°C for 30s. When HSV-I or HSV-2 DNA was present in the mixture, a
298-bp sequence was amplified by nested PCR. Within this sequence, individual virus
strains have unique restriction sites so that amplification product could be typed by
digestion with Bgl II and Xho I. As shown in Fig 4, agarose gel electrophoresis showed
nested PCR amplified products of HSV-I and HSV-2 strains at a sequence of 298 bp (a). The
specific recognition sequence for Xho I is only present in HSV- I DNA, and that for Bgl II is
only present in HSV-2 DNA. Xho I yields 209- and 89-bp fragments for HSV-I, whereas Bgl
II yields 45- and 253-bp fragments for HSV-2 (b). 1 = HSV-I strain; 2 = HSV-2 strain; 3 = CSF
sample from HSM case; 4 = CSF sample from negative control; M = molecular weight
makers (Hae III digest of ΦX174).

Fig. 4. Defferenciation of HSV-1 and HSV-2 by restriction pattern of PCR pruducts.
8.2 LightCycler PCR
Real-time PCR was performed using a LightCycler (Roche Diagnostics, Mannheim,
Germany) and a LightCycler HSV 1/2 Detection Kit (Roche Diagnostics, Mannheim,
Germany), which contains the necessary primers, fluorescent-labeled probes, Taq DNA
polymerase and reaction buffers for Hybri-probe PCR. Using 20 μl reaction solutions, each
containing 2 μl of CSF sample that had been boiled at 100°C. PCR was performed with
preprocessing, temperature cycle (amplification) and melting curve analysis. Cycling
conditions were as follows: initial denaturation /FastStart Taq DNA polymerase activation
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at 95°C/10 min, 45 cycles of denaturation at 95°C/10 sec, annealing at 55°C/15 sec and
extension at 72°C/15 sec. After amplification was complete, melting curve analysis was
performed as follows: starting at 40°C followed by a gradual increase in temperature
(transition rate of 0.1°C/sec) to 80°C with continuous fluorescence acquisition. The fragment
selected for amplification and detection using the HSV 1/2 Detection Kit includes areas
specific to HSV-1 and HSV-2 subtypes and an area common to the two subtypes (the primer
region of the DNA polymerase gene is highly conserved for both HSV-1 and HSV-2).
Sequence differences between the PCR product and hybridization probes resulted in shifts
in the melting temperatures Analysis of the PCR amplification and probe melting curves
was accomplished through the use of LightCycler software.
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8.3 Sensitivity and selectivity (Comparison with nested PCR)
Using plasmid DNA carrying the HSV DNA polymerase gene that was included in the
LightCycler HSV 1/2 Detection Kit as a positive control, serially diluted samples were
analyzed. Results showed that fluorescent signals can be detected even at a concentration of
1 copy/tube, and determination was possible up to 103 copies/tube (Fig. 5a). Melting
analysis was conducted by measuring fluorescent intensity at different melting
temperatures after amplifying HSV-1- and HSV-2-positive samples. Fig. 5b shows
cumulative fluorescent intensity per unit temperature. Peak melting temperature was 54 °C
for HSV-1 and 67 °C for HSV-2, and HSV subtypes could be differentiated based on this
difference in melting temperature. By the analysis of CSF samples, detection sensitivity of
LightCycler PCR is comparable to that of nested PCR. In addition, subtype differentiation
based on melting curve analysis matched that based on restriction band patterns of nested
PCR products (Table 5). The process of LightCycler PCR including melting curve analysis
took about 50 min to complete.

Fig. 5. a: Amplification of HSV DNA by LightCycler PCR. b: Defferenciation of HSV-1 and
HSV-2 by melting curve analysis matched.

164

NA
TH

)

Pathogenesis of Encephalitis

Table 5. Comparison of conventional PCR and LightCycler PCR
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9. Diagnosis
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Table 6 shows the guide for the diagnosis of HSM. In terms of clinical symptoms, ascending
myelitis, back pain, and fever can indicate HSV, but it is essential to conduct neurological
and virological tests. In the past, eczema herpeticum was identified during disease onset or
progression, and as a result, eczema herpeticum is considered a diagnostic clue for HSM.
However, according to recent reports, the frequency of eczema herpeticum is not been high,
and there has been a report of a patient with Elsberg syndrome in which different HSV
types were found in genital rash and cerebrospinal fluid (Yoritaka et al., 2005). Thus, it is
considered essential to diagnose HSV infection using a cerebrospinal fluid sample. Table 7
lists diseases that must be differentiated from HSM. If clinical symptoms and MRI findings
indicate myelitis and a cerebrospinal fluid test suggests an infection, it is important to
conduct a virological test using a cerebrospinal fluid sample in order to rule out HSM. As
HSM is rare disease, HSM were previously reported as case presentation, and there is no
large-scale epidemiological survey. In Japan, There was a regional questionary survey of the
central nervous infection caused by HSV (Kyushu/Okinawa area (the southwestern Japan):
1993-1996). That questionary survey was performed among approximately 100 pediatric

Table 6. Diagnosis of HSM
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and/or neurology institutions in Kyushu/Okinawa District between 1993-1996. There were
4 HSM cases among 39 HSV–induced central nerve infections diagnosed by PCR and HSV
antibody titers (Table 8). HSM have been increasingly recognized by the diagnostic use of
the PCR and the accumulation of the case report. In patients with spinal lesions suggesting
the myelitis, virologic examination using CSF specimen should be performed.
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Table 7. Differential diagnosis

Table 8. The clinical form of the central nervous infection caused by HSV: Questionary
survey of Kyushu/Okinawa area (the southwestern Japan) (1993-1996)

10. Therapy
HSM was once considered a lethal disease, but in recent years, there have been reports of
survival and recovery, primarily due to the use of anti-herpes agents. If HSM is suspected
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based on clinical findings, diagnostic imaging, and cerebrospinal fluid findings, then
acyclovir should be administered. If acyclovir is not effective, even when HSM is confirmed
or strongly suggested, concurrent use of vidarabine should be considered. In the past, an
antiviral agent and a steroidal agent were concurrently administered in many patients. Of
the 9 patients in the above mentioned study, a steroidal agent was administered
concurrently: methylprednisolone pulse therapy in 4 patients, betamethasone in 2 patients
and predonine in 1 patient (Nakajima et al., 1998). Regarding the use of steroids, while
steroids were used after confirming HSM in some patients, they were also used in
combination with antiviral agents because of suspected demyelinating disease, such as
ADEM or multiple sclerosis; autoimmune/inflammatory diseases, such as, vasculitis; or
cryptogenic transverse myelopathy. Due to their anti-edema action, steroids can be used to
treat HSM and herpes encephalitis, however, the immunosuppressive effects of steroids
may enhance HSV proliferation. In studies using an animal model of herpes encephalitis,
steroid administration did not increase the amount of HSV in the brain or exacerbate
encephalitis (Thompson et al., 2000; Meyding-Lamade et al., 2003), but because there has not
been a controlled clinical study on the concurrent use of steroids for the treatment of herpes
encephalitis, no clear therapeutic guidelines for the treatment of herpes encephalitis using
steroids have been established. However, one recent study investigated the use of steroids
in herpes encephalitis in clinical settings (Kamei et al., 2005). In order to clarify the
prognosticators for herpes encephalitis, the study examined age, background factors, clinical
symptoms, and treatment, and the results showed that prognosis was more favorable with
antiviral and steroid combination therapy than with antiviral monotherapy. Therefore,
steroids can improve prognosis by suppressing edema formation, inflammatory cytokine
production, and secondary autoimmune mechanisms. As a result, we believe that steroids
should be actively combined with antiviral agents for the treatment of HSM.

DR
.R

Initially, HSM was reported to be lethal acute ascending myelitis that was likely to occur in
immunocompromised hosts; however, with the recent improvements in viral diagnosis,
including PCR and diagnostic imaging, it has been shown that the clinical features and onset
of HSM greatly vary. With the use of antiviral agents, there have been more reports of
survivors, but many patients have experienced severe aftereffects, such as paraplegia and
quadriplegia, thus suggesting the importance of early diagnosis and therapy.
Immunological mechanisms are involved in the onset and pathogenesis of HSM (Nakajima
et al., 2000; Nakajima et al., 2001), and establishing a treatment that suppresses viral
proliferation using an antiviral agent and reduces inflammation through immunological
control is useful for alleviating organic damage to the central nerve, improving survival, and
reducing aftereffects.
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Central nervous system (CNS) HIV-1 infection can lead to encephalitis (HIVE), which
compromises brain function and presents clinically as HIV-associated dementia [HAD,
(Navia et al., 1986; Price et al., 1988; Wiley and Achim, 1994; Brew et al., 1995; Grant, 2008;
Letendre et al., 2008; Price and Spudich, 2008)], the most serious form of HIV-associated
neurocognitive disorders [HAND, (Grant, 2008; Letendre et al., 2008)]. HAND is associated
with various cognitive, behavioral and motor dysfunctions [for details refer (Ances and
Ellis, 2007; Grant, 2008)]. Although initiation of combined antiretroviral therapy (cART) has
been linked to cognitive improvement and decreased incidence of HAD (Brodt et al., 1997;
Sacktor et al., 1999; Foley et al., 2008), the yearly incidence rates for milder forms of HAND
are still as high as 10-25% (Woods et al., 2009), and the prevalence of HAD is on the rise due
to longer life expectancy of HIV-1-infected individuals (Lindl et al., 2010).
The neuroinflammatory cascade associated with HAND, beginning with the infiltration of
HIV-1-infected macrophages and immune activated microglial cells, likely reaches the
endpoint of neurodegeneration via glial activation and changes in glial inflammatory
responses (Kaul and Lipton, 2006). Reactive astrogliosis, the recruitment to and proliferation
of astroglial cells at injury sites, is commonly observed during HIVE (Gonzales and Davis,
1988; Persidsky et al., 1996; Ridet et al., 1997; Wu and Schwartz, 1998; Petito et al., 1999).
Astrocytes are the most abundant cell type in the CNS; and yet, their specific roles continue
to be unraveled. Thus, characterization of molecules/pathways involving the activated
astrocytes during HIVE and HAND, is of high interest.
CD38 expression on peripheral T lymphocytes is a marker for disease progression in HIV-1infected patients (Savarino et al., 2000; Vigano et al., 2000; Kolber, 2008; Sinclair et al., 2008).
CD38 is a 45-kD ectoenzyme involved in the synthesis of potent calcium- (Ca2+) mobilizing
agents, cyclic ADP ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP+) (Heidemann et al., 2005b; Banerjee et al., 2008). CD38 expression has been
detected both in neurons and astrocytes in the cerebral cortex (Mizuguchi et al., 1995;
Yamada et al., 1997), while it is primarily expressed by astrocytes in culture (Pawlikowska et
al., 1996). Our group has shown that CD38 is one of the most upregulated molecules in IL1-activated astroglial cells in vitro and is also expressed by astrocytes in HIVE brain tissues
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(Kou et al., 2009). However, very little is known about the role of CD38 in HAND. In this
review, we will explore the possible mechanistic links between, astrocyte-CD38
upregulation, Ca2+ homeostasis and HIV-1 neuropathogenesis.

2. Neuroinflammation during HIVE and astrocytes
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HIV-1 enters the brain early, after systemic infection of circulating T cells and macrophages,
by crossing the blood brain barrier [BBB (Bell et al., 1998; Bell, 2004)]. Neurons are rarely
infected by the virus (Price et al., 1988; Kaul et al., 2001; Ellis et al., 2007), thus most neuronal
damage is due to indirect toxicity mediated by activated astrocytes and virus-infected
and/or activated mononuclear phagocytes (MP, macrophage/microglia). However, viral
proteins like HIV-1 Tat and gp120 released by infected MP may show direct neurotoxicity
(Mauermann et al., 2008; Li et al., 2009). Pro-inflammatory cytokines such as tumor necrosis
factor (TNF)-, interleukin (IL)-1 and IL-6, have been implicated in HIV-1
neuropathogenesis (Dickson et al., 1991; Sebire et al., 1993; Gendelman and Tardieu, 1994;
Persidsky et al., 1999). Indeed, IL-1 production is one of the first responses observed upon
activation of immune cells including MP (Pellegrini et al., 1996). This suggests that immune
cell activation during peripheral HIV-1 infection may provide soluble IL-1 that penetrates
the BBB (Vitkovic et al., 2000a; Vitkovic et al., 2000b). Brain tissue and cerebrospinal fluid
from HIVE patients (Gallo et al., 1991; Tyor et al., 1993; Vitkovic et al., 1995; Boven et al.,
1999), as well as brain tissue from simian immunodeficiency virus infected rhesus monkeys
(Lane et al., 1996), demonstrated elevated IL-1 levels. Various studies have shown links
between IL-1 and astrocyte activation during HIVE (Blumberg et al., 1994; Kaul and
Lipton, 2006; Peng et al., 2006). IL-1 is also known to stimulate release of neurotoxic
molecules like reactive oxygen species and inducible nitric oxide synthase by astrocytes
(Jana et al., 2005; Sharma et al., 2007). Our previous work showed IL-1-mediated astrocyte
Fas ligand expression and subsequent caspase activation in surrounding neurons in vitro
(Deshpande et al., 2005). We have also shown the effects of IL-1 and HIV-1 gp120, leading
to CD38 upregulation in primary astrocyte cultures (Banerjee et al., 2008) and increased
CD38 mRNA and protein expression in HIVE brain (Kou et al., 2009). IL-1-activated
astrocytes are known to release cytokines like IL-6 and chemokines like CCL2, CXCL8 and
RANTES (Lee and Aarhus, 1993; Zhao and Brinton, 2004; Sharma et al., 2007). Our work
showed that CD38 is a partial regulator of chemokine and cytokine signaling by IL-1activated astrocytes, thus affecting the inflammatory milieu during HIVE (Kou et al., 2009).
IL-1 has also been shown to mediate activation of mitogen activated protein kinases
(MAPKs) in primary astrocyte cultures (Parker et al., 2002; Zhao et al., 2004). MAPKs belong
to a family of serine threonine kinases [for details refer (Davis, 1995; Chang and Karin,
2001)]. These kinases are involved in inflammation, cell proliferation and differentiation in
astrocytes (Rajan and McKay, 1998; Hua et al., 2002; Morita et al., 2003). It is also well
established, that the prolonged activation of MAPKs and nuclear factor (NF)-B may
mediate inflammatory conditions during HIVE (Yi et al., 2004; Kaul and Lipton, 2006). Our
studies have shown direct involvement of MAPK and NF-B in the regulation of CD38
expression and signaling in primary astrocytes, thus indicating that CD38 may be a major
molecule in astrocyte-mediated inflammatory signaling in HIVE brain (Mamik et al., In
Press).
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3. Calcium in glial biological functions and HAND
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Astrocytes can sense, respond to, and modulate neuronal activity (Cotrina and Nedergaard,
2005; Heidemann et al., 2005a). They provide crucial support for neurons and the other CNS
cells through diverse functions, ranging from the production of neurotrophic factors to the
elimination of neurotoxins (Ransom et al., 2003). Their ability to respond vigorously to
diverse neural insults is commonly referred to as reactive astrogliosis, astrocytosis or
astrocyte activation (Eng and Ghirnikar, 1994). Astrogliosis is associated with HAND and
also observed in HIV-1 gp120 transgenic mice (Kaul et al., 2001). Since astrocytes are not
electrically excitable, they sense changes in the microenvironment through receptors on
their plasma membranes. Activation of these transmembrane receptors or ion channels and
intracellular endoplasmic reticulum (ER) receptors, as well as mitochondrial Na+/Ca2+
exchangers, increases intracellular calcium concentration ([Ca2+]i) [for details review (Cotrina
and Nedergaard, 2005; Reyes and Parpura, 2009)]. Depending on the amplitude, spatial
resolution and duration of Ca2+ response, genes are up or downregulated (Berridge et al.,
2003). Change in free [Ca2+]i also results in secretion of glutamate and other neuro-active
compounds (peptides, eicosanoids, neurotrophins) into the microenvironment. These
substances modulate the activity of juxtaposed neurons and other astrocytes (Cotrina and
Nedergaard, 2005). In addition, Ca2+ waves are also used for long-distance communication
between astrocytes via gap junction proteins, which in turn can be modulated by IL-1 (John
et al., 1999).
After a physiological task is completed, the cytosolic Ca2+ levels return to normal by
extrusion of Ca2+ either via Na+/Ca2+ exchangers or plasma membrane Ca2+-ATPases (Rojas
et al., 2004; Rojas et al., 2007), while Ca2+ mobilized from internal stores return to normal via
sarco/ER Ca2+-ATPase (Bers, 2002; Wang et al., 2006; Liu et al., 2007). Some recent reports
show that mitochondrial Ca2+ uniporter may also act as a sink to trap off the excess [Ca2+]i
(Reyes and Parpura, 2008, 2009). Thus, the physiological levels of free [Ca2+]i are tightly
controlled. However, Ca2+ overload triggered by excessive influx through plasma
membrane voltage and receptor-operated channels, by metabotropic receptors or Ca2+
released from intracellular pools, may lead to HIV-1-induced neurotoxicity (Nath and
Geiger, 1998; Holden et al., 1999). Mobilization of intracellular Ca2+ pools is an important
modulator of apoptosis in various cells, including T cells, ventricular myocytes, and
cerebellar granule cells (Khan et al., 1996; Jayaraman and Marks, 1997; Lin and Leonard,
1997; Felzen et al., 1998; Herbein et al., 1998). Furthermore, it has been associated with HIV-1
gp120-induced neuronal cell death in vitro (Meucci et al., 1998).

4. CD38 function and Ca2+ homeostasis
It has been suggested that there is more than one substrate for the enzymatic activity of
CD38, including nicotinamide adenine dinucleotide (NAD+) and nicotinamide adenine
dinucleotide phosphate (NADP) in astrocytes (Berthelier et al., 1998; Deaglio et al., 2001;
Antonelli and Ferrannini, 2004; De Flora et al., 2004; Heidemann et al., 2005a). The CD38catalyzed cleavage of the nicotinamide-ribose bond eventually leads to the production of
cADPR (Berthelier et al., 1998). Despite the fact that CD38 is a very inefficient cyclase
because ADPR produced by hydrolysis of cADPR is the major end product (Lee and
Aarhus, 1993), it has been demonstrated that this small amount of cADPR is still biologically
relevant (Partida-Sanchez et al., 2003).
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NADP+, the major alternate substrate to NAD+, leads to the formation of NAADP+ by
CD38 primarily in acidic conditions (Heidemann et al., 2005b). While some recent reports
have shown that hydrolysis of NAD+ to adenosine may increase [Ca2+]i in astrocytes
(Doengi et al., 2008; Okuda et al., 2010), both cADPR and NAADP+ are potent Ca2+
mobilizing metabolites (Lee, 2001; Antonelli and Ferrannini, 2004; De Flora et al., 2004;
Heidemann et al., 2005a). These secondary messengers generated by CD38 lead to
intracellular Ca2+ release by various mechanisms. NAADP+ has been shown to mobilize
Ca2+ from inositol 1,4,5 trisphosphate (IP3) receptors (IP3R) in astrocytes (Heidemann et al.,
2005b), ryanodine (Ry) receptors (RyR) in T cells (Dammermann and Guse, 2005; Steen et al.,
2007), or from other uncharacterized intracellular Ca2+ stores (Mandi and Bak, 2008).
However, cADPR is primarily involved in release of intracellular Ca2+ through RyRs in
various cell types including myocytes, fibroblasts, smooth muscle cells, T cells, neuronal
cells and astrocytes (Bruzzone et al., 2003; Partida-Sanchez et al., 2003; Kunerth et al., 2004;
Hashii et al., 2005; Fliegert et al., 2007; Jude et al., 2008). cADPR can also be involved in the
extracellular Ca2+ influx in T cells and neuroblastoma-derived neuronal cells (PartidaSanchez et al., 2001; Amina et al., 2010). These evidences suggest that CD38 is a primary
regulator of Ca2+ signaling in various cell types, including astrocytes.
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5. Astrocyte glutamate production vs. glutamate uptake in HAND
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Astrocytes are known to regulate glutamate homeostasis in CNS [for details review
(Hamilton and Attwell, 2010)]. In the HIV-1-infected brain, multiple factors may impair
astrocyte regulation of Ca2+ and glutamate levels. Gendelman and co-workers first reported
high levels of arachidonic acid and cytokines such as TNF- and IL-1, in HIVE brain tissue
(Gendelman et al., 1994), which likely lead to reduced glutamate uptake and increased Ca+2mediated release of glutamate by astrocytes (Parpura et al., 1994; Bezzi et al., 1998). It has
also been shown that HIV-1 gp120 may indirectly contribute to impaired astrocyteglutamate uptake in vitro (Schneider-Schaulies et al., 1992; Benos et al., 1994). Thus, in
addition to glutamate release, dysreguation of [Ca+2]i in astrocytes may also contribute to
HIV neuropathogenesis through impaired glutamate uptake. Impaired glutamate uptake
can lead to further increases in the extracellular glutamate levels. Enhanced glutamate levels
in turn activate N-methyl-D-aspartic acid (NMDA) receptors causing increased levels of
intracellular Ca2+ in neurons as shown both in cultured neurons and acute brain slices (Kaul
et al., 2001), and can eventually lead to neuronal apoptosis or necrosis. Excess glutamate
may also lead to lipid peroxidation and eventually affect both astrocyte and neuronal
viability (Visalli et al., 2007).
Under normal physiological conditions, astrocytes selectively regulate extracellular levels of
glutamate to maintain homeostasis in the neuronal microenvironment mainly through
glutamate transporters (Rothstein et al., 1996). Previous work on primary human astrocytes
has shown downregulation of excitatory amino acid transporter 2 (EAAT2) upon activation
of astrocytes with HIV-1 gp120, leading to reduction in glutamate uptake (Wang et al.,
2003). Glutamate transporter activity and inhibition of glutamate uptake can also be
mediated by MAPKs and NF-B in astrocytes (Abe and Saito, 2001; Jayakumar et al., 2006).
Our laboratory showed that CD38 expression and function in astrocytes, is primarily
regulated by NF-B and MAPKs (Mamik et al., In Press). Thus, it is relevant to propose that
CD38 levels may affect astrocyte-mediated glutamate homeostasis during
neuroinflammatory conditions.
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Both RyR and IP3R blockers can reduce excess glutamate release by astrocytes (Hua et al.,
2004; Reyes and Parpura, 2009). This suggests that perhaps both IP3R and RyR may be
involved in the increase in [Ca2+]i, an event that plays a major role in glutamate release. We
have previously reported CD38-cADPR-mediated increase in [Ca2+]i in activated astrocytes.
Our data suggests that elevated CD38 level leads to production of excess cADPR, which
may eventually result in higher Ca2+ in activated astrocytes during HIVE (Banerjee et al.,
2008). As previously reported by De Flora’s group, this rise in [Ca2+]i by CD38 may lead to
increased release of glutamate by astrocytes (Verderio et al., 2001). Studies by Bezzi and coworkers showed that cultured astrocytes may trigger [Ca2+]i-dependent release of

Fig. 1. Schematic representation of CD38-mediated astrocyte-neuron interactions. In HIVE,
virus-infected macrophages cross the blood-brain barrier and initiate inflammatory
processes in the brain including microglial activation. Activated macrophages and microglia
produce IL-1β, which along with viral protein HIV-1 gp120 leads to activation of astrocytes.
Inflammatory responses of activated astrocytes may include upregulation of molecules
detrimental to neural homeostasis. One of these pathways includes CD38 upregulation,
which produces Ca2+-mobilizing metabolites like NAD+. NAD+ upon release through
Connexin 43 (Cx 43) hemichannels is hydrolyzed and transported back into the cell as
cADPR by membrane bound CD38. cADPR and NAADP+ may regulate release of [Ca2+]i.
Astrocyte-mediated release of glutamate and other inflammatory mediators (IL-6 and
CXCL8) into the synapse may ultimately lead to excitotoxic neuronal injury.
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glutamate, which may lead to NMDA receptor-mediated increased Ca+2 levels in neurons
(Bezzi et al., 1998). The above evidences suggest that the initial release of glutamate due to
increase in [Ca+2]i by astrocytes, may be influencing the prolonged higher Ca2+ levels in
neurons during HAND. Taken together, CD38/cADPR-mediated rise of [Ca2+]i in activated
astrocytes (Banerjee et al., 2008) may contribute to increased extracellular glutamate levels,
resulting in neuronal excitotoxicity during HAND.

6. Conclusion
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6.1 Role of astrocyte-CD38 in HAND: Possible mechanisms
Astrocytes are capable of generating complex changes in [Ca2+]i, allowing them to
communicate with each other and with neighboring neuronal cells. The CD38/cADPR
system is involved in regulating [Ca2+]i homeostasis in astrocytes (Banerjee et al., 2008). A
paracrine model of interaction has been suggested, involving NAADP+ and cADPR, leading
to glutamate-release by astrocytes, affecting neurons (Verderio et al., 2001; De Flora et al.,
2004). Our previous data demonstrate that in HIV-1 CNS disease, astrocytes express
elevated levels of CD38 (Kou et al., 2009), thus activating these paracrine pathways. The
possible connections between HIV-1 infection, neuroinflammation and astrocyte activation,
which result in CD38 upregulation and dysregulation of Ca2+/glutamate homeostasis and
culminate in neuronal injury (Fig. 1).
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Angiostrongyliasis, caused by Angiostrongylus cantonensis, is an emerging infectious disease
worldwide (Wang et al., 2008). A. cantonensis is a neurotropic nematode. The endemic areas
are Southeast Asia, East Asia, and the Pacific Islands. Sporadic outbreaks and report cases
are frequently reported globally.
There are three main clinical presentations of angiostrongyliasis including meningitic,
encephalitic, and ocular form (Sawanyawisuth & Sawanyawisuth, 2008). Meningitic
angiostrongyliasis is the most common form and has a good prognosis. In contrast,
encephalitic angiostrongyliasis occurs in a minority of angiostrongyliasis cases but has high
mortality rate. Clinicians worldwide should be knowledgeable and have low suspicious
level of this condition due to its high mortality.
The chapter will cover the life cycle of A. cantonensis and its route of transmission. In
addition, risk factors, pathology, clinical manifestations, treatment, prognosis, and
prevention of encephalitic angiostrongyliasis will be reviewed.

2. Life cycle and transmission (Figure 1)

DR
.R

The adult worms of A. cantonensis or the rat lung worm reside in rat's pulmonary arteries.
The young adults migrate to pharynx, pass the esophagus and expose to the environment
with the feces. The intermediate hosts are snails where the larvae become the later stages of
larvae. Rats ingest the contaminated snails or slugs and the larvae migrate to the brain via
gastrointestinal blood vessels. The worms then migrate back to the pulmonary artery and
complete its life cycle.
Humans are an accidental host of this parasite and get infected by eating raw snails or other
paratenic hosts such as shrimps, frogs, or monitor lizards. Contaminated slugs, vegetables,
or juices (Tsai et al., 2004) are other possible sources of the parasites. Similarly to rats, A.
cantonensis larva migrate to human meninges and brain causing eosinophilic meningitis and
encephalitis, respectively. There is a report showed that some larva migrated to human
pulmonary artery (Sonakul 1978) and died there.

3. Risk factors
Human angiostrongyliasis caused by A. cantonensis has three clinical presentations
including eosinophilic meningitis, eosinophilic encephalitis, and ocular angiostrongyliasis.
The vast of patients develop meningitic angiostrongyliasis. Gastrointestinal involvement is
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also possible (Sawanyawisuth et al., 2010). One patient presented with clinical symptoms of
gut obstruction and then developed encephalitic angiostrongyliasis afterward.

Fig. 1. Angiostrongylus cantonensis life cycle
Downloaded from http://www.cdc.gov/parasites/angiostrongylus/biology.html
There is a report comparing clinical presentations between meningitic and encephalitic
angiostrongyliasis. The study aimed to find the clinical factors predictive for encephalitic
angiostrongyliasis (Sawanyawisuth et al., 2009). The study was done in the Northeastern
part of Thailand, the endemic area of angiostrongyliasis. There were 14 encephalitic
angiostrongyliasis and 80 meningitic angiostrongyliasis patients in the study. Three
significant risk factors for developing encephalitic angiostrongyliasis were older age,
prolong headache and having fever with adjusted odds ratio (95% confidence interval) of
1.22 (1.05-1.42), 1.26 (1.03-1.55), and 37.05 (1.59–862.34), respectively.
Unlike bacterial meningitis, fever is not common in meningitic angiostrongyliasis. Fever and
neck stiffness are found only 10% and 50% in patients with meningitic angiostrongyliasis. In
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constrast to meningitic angiostrongyliasis, having fever and neck stiffness are more common
in encephalitic angiostrongyliasis (71% and 86%, respectively).
Even though coma is a presenting symptom for encephalitic angiostrongyliasis, patients
with encephalitic angiostrongyliasis always have preceding headache before an abrupt
onset of coma. The median duration of headache in encephalitic angiostrongyliasis was
significantly longer than those with meningitic angiostrongyliasis (18.5 vs 7 days). Finally,
every a year of age increases a risk of being encephalitic angiostrongyliasis for 22%
comparing to those who have meningitic angiostrongyliasis.
In summary, people who get infected with A. cantonensis may develop encephalitic
angiostrongyliasis if one is elderly or has fever or long duration of preceding headache.

)

4. Pathology
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A previous study showed that A. cantonensis larva might take about two or three days to
reach human brain from gastrointestinal tract. The patient developed encephalitic
angiostrongyliasis approximately two to three days after having localized peritonitis
(Sawanyawisuth et al., 2010).
There are at least eleven proved cases of encephalitic angiostrogyliasis (Ko et al., 1987; Nye
et al., 1970; Sonakul 1978). All cases had at least one A. cantonensis larva in the brain. The
numbers of worm in autopsy cases vary and range from one to numerous larvae. Worms
may be alive or dead and worm sizes are between 50-120 micron. Locations of worms were
random. Of those, worms were also detected in cerebrospinal fluid examination in two
cases. Seven cases were Thai and four cases were reported from Hong Kong.
Gross pathology showed diffused brain swelling, leptomeningitis, mild ventricular
dilatation, and several small focal hemorrhage. On microscopic examination, there are four
major findings including worm tracks, hemorrhagic spot, cell infiltration with granuloma,
and parts of worms. The worm track size are between 0.1-1 mm in length and
approximately 1 mm in diameter. Hemorrhagic spot may be found but not all cases, mostly
are small in size. The cell infiltrations may be plasma cells, lymphocytes, and eosinophils.
The granuloma is also presented. Charcot-Leyden crystals, an evidence of eosinophils, may
be found. Parts of worm may also be shown in particular section. Vascular changes such as
vessel wall edema, perivascular infiltration with lymphocytes and eosinophils. The
granuloma and vascular changes are identical to a case of gastrointestinal involvement of A.
cantonensis (Sawanyawisuth et al., 2010).

5. Clinical manifestations
The clinical manifestations of encephalitic angiostrongyliasis are similar to viral encephalitis
(Sawanyawisuth et al., 2009). The main symptoms are acute fever with abrupt onset of
alteration of consciousness to coma stage without significant motor weakness. Unlike viral
encephalitis, seizures are rare.
Clinical clues for encephalitic angiostrongyliasis are history of exposure to A. cantonensis
larva, cerebrospinal fluid eosinophils, and history of preceding headache prior to coma
(Chotmongkol & Sawanyawisuth, 2002; Sawanyawisuth et al., 2009). The first two factors
are very crucial. History of eating raw freshwater snails, slugs, frogs, shrimps, monitor
lizards, contaminated vegetables, contaminated juice or even playing with snails (Wan &
Weng, 2004) within the range of 90 days is the major risk factor for angiostrongyliasis.
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Baseline characteristics
Males
Age (years)
Summer season admitted
Incubation (days)
Duration of preceding headache (days)
Duration to coma stage (days)
Paresthesia
Vomiting
Physical signs
Fever
Sixth cranial nerve palsy
Seventh cranial nerve palsy
Papilledema
Stiff neck
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Cerebrospinal fluid eosinophils more than 10% of the total white blood cells is also
suggesttive for encephalitic angiostrongyliasis. Even though there are several causes of
cerebrospinal fluid eosinophils, history of exposure to A. cantonensis may support the
diagnosis of encephalitic angiostrongyliasis.
In some patients, history of preceding headache before developing coma may be obtained
from patients' relatives. This finding support the mechanism of developing encephalitic
angiostrongyliasis that encephalitic angiostrongyliasis may be the progression of meningitic
angiostrongyliasis. The median duration of headache is about 18 days (range 1-30 days).
The alteration of consciousness after the headache may take approximately two days to
coma stage (range 1-4 days). Fever may develop before or together with the occurrence of
alteration of consciousness. The duration of fever may range between 1-21 days.
The other histories or physical findings in encephalitic angiostrongyliasis are history of
paresthesia (8%), vomiting (8%), sixth cranial nerve palsy (14%), seventh cranial nerve palsy
(7%), papilledema (21%), and neck stiffness (86%) as shown in Table 1 (Sawanyawisuth et
al., 2009). Most affected patients are male in either encephalitic or meningitic
angiostrongyliasis (approximately 80%) due to habit of eating raw foods. Rare
manifestations include radiculomyelitis (Graber et al., 1997; Kliks et al., 1982), localized
peritonitis (Sawanyawisuth et al., 2009), or ocular blindness (Sawanyawisuth et al., 2007).
N (%) or median (range)

11 (79)
51 (26-78)
7 (50)
12 (1-30)
18.5 (1-30)
2.3 (1-4)
1/13 (8)
1/13 (8)
10 (71)
2 (14)
1 (7)
3 (21)
12 (86)

Table 1. Clinical manifestations of encephalitic angiostrogyliasis (Adapted from
Sawanyawisuth et al., 2009).
The laboratory tests in encephalitic angiostrongyliasis are not diagnostic with the exception
of the predominant of cerebrospinal fluid eosinophils. The median peripheral white blood
cell counts is 10,850 cells/mm3 (range 5,350-20,800) with percent of eosinophils of 8% (range
0-33) as shown in table 2. The cerebrospinal fluid findings are comparable with meningitic
angiostrongyliasis. The median opening pressure of cerebrospinal fluid was 225 mmH2O.
The median of cerebrospinal fluid white blood cell was 623 cells/mm3 but may be high as
1,500 cells/mm3. The percentage of cerebrospinal fluid eosinophils may range from 16-70%.
The cerebrospinal fluid protein and glucose range are 61-254 mg/dL and 17-240 mg/dL,
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respectively. The cerebrospinal fluid glucose/plasma glucose ratio can be low as 19%
(Sawanyawisuth et al., 2009).
Median (range)
10,850 (5,350-20,800)
8 (0-33)

)

225 (140-580)
623 (57-1,500)
44 (16-70)
133 (61-254)
41 (17-240)
35 (19-53)

NA
TH

Variables
Blood tests
White blood cell (cells/mm3)
Percent eosinophils
Cerebrospinal fluid findings
Opening pressure (mmH2O)
White blood cell (cells/mm3)
Percent eosinophils
Protein (mg/dL)
Glucose (mg/dL)
Cerebrospinal fluid glucose/plasma glucose ratio (%)

Table 2. Laboratory findings in encephalitic angiostrogyliasis (Adapted from
Sawanyawisuth et al., 2009).
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The measurement of serum and cerebrospinal fluid immunoglobulin may be an additional
diagnostic tool for encephalitic angiostrongyliasis. The intrathecal level of immunoglobulin
particularly immunoglobulin E by using quotient diagram (Reibergram) comparing
between cerebrospinal fluid and serum has been reported to be diagnostic (Dorta-Contreras
& Reiber, 1998; Padilla-Docal et al., 2008).
The neuroimaging studies in encephalitic angiostrongyliasis are not specific (Jin et al., 2005;
Jin et al., 2008; Kanpittaya et al., 2000; Tsai et al., 2003). The computed tomography of the
brain always shows diffuse brain swelling, small area of attenuation with surrounding
hypodense area, or meningeal enhancement. The magnetic resonance imagings may give
some information but still not diagnostic. The lesions might be scattered or diffuse high-, or
iso-, or low-signal on T1 weighted and high-signal on T2 weighted imagings. After the
gadolinium injection, the lesions usually become nodular or stick-shaped enhancement. The
involved area may be random in the brain such as basal ganglia, mudulla oblongata, globus
pallidus, or cerebral peduncles. High signal on periventricular area, linear small
hemorrhagic tract, or linear enhancement in the leptomeninges may be found. The MRI
intensity in T1-weighted imaging may correlate with severity of headache, cerebrospinal
fluid pleocytosis, and cerebrospinal fluid and blood eosinophilia (Tsai et al., 2003). Finally,
communicating hydrocephalus may be the late complication of encephalitic
angiostrongyliasis (Graber et al., 1997; Sawanyawisuth et al., 2006). Electroencephalogram in
encephalitic angiostrongyliasis may reveal abnormal slow dysrhythmia or slow alpha
rhythm (Ko et al., 1987; Wang et al., 2002).
Serological tests for A. cantonensis have been developed and are very useful in situations of
equivocal diagnosis between angiostrongyliasis and other parasites; mostly gnathostomiasis
and cysticercosis. There are various serological techniques for angiostrongyliasis such as
Enzyme-Linked ImmunoSorbent Assay (ELISA), polymerase chain reaction (PCR),
immunoblotting, or antigen detection (Chye et al., 2004; Eamsobhana et al., 2006;
Eamsobhana & Yong, 2009; Eamsobhana et al., 2009, Intapan et al., 2003; Maleewong et al.,
2001). The sensitivity, specificity, and cross-reaction are varied on each technique. Another
concern about serologic test is its availability in health-care facilities. Most serological tests
have very high specificity for human angiostrongyliasis. The two most common diagnostic
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bands are 29- and 31-kDa antigenic polypeptide of A. cantonensis (Eamsobhana et al., 2006;
Eamsobhana & Yong, 2009; Intapan et al., 2003).

6. Diagnosis
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The definite diagnosis of encephalitic angiostrogyliasis is the detection of A. cantonensis
larva in the cerebrospinal fluid or in any part of the brain by the pathological examination.
However, the chance of the identification of A. cantonensis larva in the cerebrospinal fluid is
extremely rare (Punyagupta et al., 1970). Therefore, the diagnosis of encephalitic
angiostrogyliasis can be made by clinical criteria.
For patients who presenting with clinical of acute encephalitis or acute fever with alteration
of consciousness, A. cantonensis may be the causative agent if meet the following clinical
criteria: cerebrospinal fluid white blood cell count of more than 10 cells/mm3, cerebrospinal
fluid eosinophils accounts for at least 10%, negative results of cerebrospinal fluid Gram,
acid-fast, and India ink staining, cryptococcal antigen, and cultures, plus history of expose
to A. cantonensis larva.
Some features may decrease the likelihood of encephalitic angiostrogyliasis including
history of eating raw fish, history of migratory swelling, clinical diagnosis of subarachnoid
hemorrhage or myeloencephalitis, positive serologic test for gnathostomiasis or
cysticercosis, brain computed tomography or magnetic resonance imaging suggestive of
gnathostomiasis, symptomatic or serology-positive HIV infection, and active or previous
history of tuberculosis or malignancy (Sawanyawisuth et al., 2009).
Serodiagnosis may be helpful tool for equivocal case between angiostrogyliasis and other
neuroparasitoses such as gnathostomiasis, cysticercosis, or paragonimiasis.
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There are several causes of cerebrospinal fluid eosinophils such as neurognathostomiasis,
cysticercosis, paragonimiasis, toxocariasis, tuberculosis, or malignancy. However, clinical
manifestations of each condition are quite obviously different.
Neurognathostomiasis is almost always presenting with radicular pain, bloody CSF, and
pertinent neurological deficit such as hemiparesis or paraparesis (Ramirez-Avila et al.,
2009 ; Schmutzhard et al., 1988). Seizures may be the predominant symptom of
neurocysticercosis. Eosinophilic cerebrospinal fluid due to Paragonimus infection is rare,
usually accompanied with pleuro-pulmonary lesions, and less likely to cause alteration of
consciousness (Solomon et al., 2006). Eating raw freshwater crab is a risk factor for
paragonimiasis. Exposure to dog and raccoon feces may be risk factor for neurotoxocariasis
and Baylisascaris procyonis infection, respectively. The last two diseases are predominant in
children (Solomon et al., 2006). Active tuberculosis and malignancy may also cause
eosinophilic cerebrospinal fluid but fluid, but they are rarely reported to have cerebrospinal
fluid eosinophils.

8. Treatments
Even though meningitic angiostrongyliasis will be successfully treated with corticosteroid
(Chotmongkol et al., 2000), there is no effective treatment for encephalitic angiostrogyliasis.
The combination between corticosteroid and anthelminthic agents may be beneficial.
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Albendazole may be the preferred combination regimen due to its high absorbable throgh
gastrointestinal tract and high concentration in cerebrospinal fluid. A report from China
showed that the regimen of dexamethasone (20 mg, qid), gamma-globulin (0.5 g/kg), 20%
mannitol, and Chinese herbs (Xing Nao Wan) was an effective treatment regimen for a
patient with encephalitic angiostrogyliasis. The patient recovered from coma stage quickly
and had only mild memory loss at discharge (Li et al., 2008).

9. Prognosis
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Generally, the prognosis of encephalitic angiostrogyliasis is poor (Ko et al., 1987; MartínezDelgado et al, 2000; Pascual et al., 1981; Chotmongkol & Sawanyawisuth, 2002). The
mortality rate is approximately 80% and the rest are likely to be bed-ridden stage. The
causes of death are hospital acquired infections or severe brain edema and herniation.

10. Prevention
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The effective prevention is to avoid contaminated foods particularly raw freshwater snails,
slugs, frogs, shrimps, contaminated vegetables and juice including playing or contact with
snails.

11. Conclusion

12. References
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Encephalitic angiostrongyliasis, a rare manifestation of human angiostrongyliasis, can be
diagnosed by clinical criteria. Clinical clue for this condition are history of exposure to A.
cantonensis larva, evidence of eosinophils in cerebrospinal fluid more than 10% without
other possible causes of eosinophils in cerebrospinal fluid. Serological tests may be used as a
confirmatory test. Currently, there is no effective treatment. Corticosteroid, anthelminthics,
or gamma-globulin may be optional treatments. Due to the high mortality rate, prevention is
the most important strategy.
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1. Introduction
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Cryptococcus meningitis is the most severe form of cryptococcal infections that infects the
brain parenchyma and sub-arachnoid space. It often progresses to fatal disease states when
it goes untreated. The clinical presentation and disease course of cryptococcal infection is
partially marked by changes that occur as a result of certain medical conditions including,
use of glucocorticoids or other immunosuppressive drugs, diabetes, as well as the immune
status of the host (Chuck, 1989; Dismukes, 1988). Mostly, the disease affects people with a
compromised immune system and is found in people with advanced HIV infection and
AIDS, with the major burden in South-East Asia and Africa (Mwaba, 2001; Maher, 1994;
Moosa, 1997).
The infection itself is caused by inhalation of a yeast-like round fungus with a
polysaccharide capsule, known as Cryptococcal neoformans, and disseminates from the lungs.
This fungus is the only pathogenic species of the genus Cryptococcus. Based on the capsule
components four serotypes of C. neoformans (A, B, C and D) have been isolated, and the
species is divided into two forms. Each serotype has different epidemiologic and pathogenic
profile and their presence suggests an environmentally unfriendly atmosphere for people
with a defective T cell function. Consequently, the common forms of C. neoformans that
affect humans in Europe and parts of US is C. neoformans var neoformans, whereas in tropical
areas such as the Far East, Africa and Australia, C. neoformans var gattii is the common form
of cryptococcal infection (Gari-Toussaint,1996). C. neoformans var gattii is also thought to be
ecologically resident on Eucalyptus trees (Ellis, 1990). An outbreak of Cryptococcosis in
healthy humans and animals in Vancouver Island, Canada, and the subsequent isolation of
C. neoformans var gattii in Washington and Oregon in the US, have now led to the
understanding that this species is not restricted to tropical and sub-tropical climates alone
(Datta, 2009). Rather it has a wider geographic distribution and can also thrive in temperate
climates, as well as on species of trees other than Eucalyptus (Datta, 2009).
Estimates indicate that worldwide, the burden of human cryptococcal infections ranges
between 2 to 30 % and most infected patients have HIV/AIDS (Bicanic, 2006; French, 2002).
An observation in the US in 1990 showed an increase to 5000 cases of cryptococcal meningitis
infection in AIDS patients, compared to 300 cases in 1980 where half of these cases were

196

Pathogenesis of Encephalitis

RU
P

AK

NA
TH

)

apparently without signs of immune suppression. In most nations, the effective adoption of
antiretroviral therapy (ART) has led to a dramatic decrease in C. neoformans infection (Mirza,
2003). In the US for instance, only 7 % of 2087 AIDS patients were found to have
cryptococcoses whereas, in France the incidence dropped to 100 cases per year due to the
introduction of triple antiretroviral therapy (Steven, 1989). In most parts of Africa however,
the HIV epidemic led to the emergence and resurgence of many opportunistic infections
including cryptococcal meningitis, mycobacteria, and cytomegalovirus. Lack of full access to
ART in West Africa, resulted in cryptococcal meningitis becoming the second opportunistic
infection to cause fatal disease, after mycobacteria in late stage HIV-infected patients
(Okongo, 1998; Mwaba, 2001). For instance, between 1993 and 2006, C. neoformans accounted
for 0.7 % of meningitis cases in Dakar, Senegal and 2.5 % at Point G Teaching Hospital in
Mali (Soumare, 2005c; Coulibaly,2005). By comparison, in 2006, 33 cases out of 3655 (0.9 %)
hospitalized patients were found to be infected with cyptococcal meningitis in Cameroon
(Mbuagbaw, 2006).
In West Africa, diagnosis and treatment of cryptococcal meningitis is particularly faced with
many difficulties including problems associated with efficiency of the healthcare system in
these countries, poverty rate and educational status of those infected In the text that follows
we summarize our understanding of the current challenges faced in the clinical diagnosis
and treatment of this disease in this region, and make suggestions for future consideration.

2. Epidemiology
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Although considerable efforts have been made to estimate the number of cases of cyptococcal
meningitis and the percentage of those infected by Cryptococcal neoformans, there is still gaps
in the knowledge of true estimates worldwide (Harrison, 2009). Current reports show that
globally there are approximately 957, 900 cases of cyptococcal meningitis occurring every year,
with majority of these infections found in areas of high HIV prevalence (Park, 2009). Of this
figure, lack of adequate resources and funding, lack of early diagnosis, access to treatment
and an ineffective distribution of ART results in the deaths of between 125,000 and 1,124,900
cases shortly (3 months) after the infection (Park, 2009). In Uganda cyptococcal meningitis
disease was found to cause 17 % of deaths among HIV-1-infected adults. In South Africa,
between 13-44% of all deaths among 3 HIV-seropositive cohorts were reported to be
associated with Cryptococcus neoformans infection (Bicanic, 2006). Globally, the incidence
rates among people with HIV/AIDS are estimated to have risen to 12 % per year (Park,
2009). Although HIV and other immune compromised individuals are implicated in this
disease, reports indicate that there are a few cases of cyptococcal meningitis unrelated to HIV
infection (Mirza, 2003).
With the introduction of antiretroviral therapy (ART) rates in parts of the US decreased
substantially from 23.6 per 1000 persons in 1993 to 1.6 per 1000 persons in the year 2000
(Mirza, 2003) despite ongoing debates about the best timing to start ART. Though the
optimal timing to initiate ART is not clear, it is known that current ART regimens and
adherence to treatment are capable of suppressing viremia and thereby create an
environment that enhances the functions of the immune system of patients undergoing
treatment (Bisson, 2008; Zolopa, 2009; Makadzange, 2010). Consequently, the effective
provision of ART has caused significant reductions in morbidity and mortality associated
with severe immune suppression and has led to a reduction in the incidence of cyptococcal
meningitis in HIV/AIDS patients. Such reduction is observed more in countries where there
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is early access to HIV care and prophylaxis for cyptococcal meningitis as well as early
diagnosis during initial stages of the infection.
Current trends indicate that, most cases of cyptococcal meningitis found in Africa are among
HIV-infected people with <100 cells/µl CD4 T cell count. Based on reported figures it is
known that cyptococcal meningitis causes between 10-20 % deaths in Africa (French, 2002;
Okongo, 1998; Park, 2009). Recently, a study in Malawi found cyptococcal meningitis to be the
most common cause of meningitis disease with 40 % of cases from HIV-infected people. In
West Africa, the disease is thought to be the most common opportunistic infection after
mycobacteria. Data from West Africa are scanty due probably to a number of logistic
problems and inefficiency with the health systems of the countries in this region, and as a
result only a few of the cases in this region are reported here. Based on 2009 estimates 6
countries can be ranked from first to sixth in terms of total numbers of cyptococcal meningitis
cases in West Africa. At the top of this hierarchy is Senegal, followed by Burkina Faso, Cote
d’Ivoire, Mali, Niger and Ghana, with approximately 0.7-2.5 % patients with AIDS having
cryptococcal infection.
Prevalence
(%)
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Years
of Study

Countries

Senegal
(Soumare,2005)

2005

Burkina Faso
(KiZerbo,1996;Millogo,2004)

1996 to
2004
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3.9 - 32.5

Study
Place
Infectious Diseases
department of the
Teaching Hospital of
Fan

2007

4.3 - 16.5

Internal medicine and
Infectious Diseases
departments of the
Teaching Hospital of
Coccody

Mali (Oumar,2008)

2008

8.3

Infectious Diseases of
the Teaching Hospital
of Point-g, Bamako

Niger (Seybou,2008)

2008

6.3

National Hospital of
Niamey

Ghana (Frimpong,1998)

1998

0

Microbiology
Laboratory of Kumasi
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Cote D’Ivoire
(Ouedraogo,2007)

I(

1.16 - 20.5

Internal medicine
department of the
Teaching Hospital of
Ouagadougou

Note: Hierarchical list showing prevalence of Cryptococcal meningitis in West Africa obtained from
different studies in this region.

Table 1. Prevalence of Cryptococal meningitis in West Africa
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3.1 Clinical features
Cryptococcal meningitis is an insidious disease. Following infection, cryptococcus spread to
other organs particularly the central nervous system (CNS) which is the main site in either
immune competent or immune suppressed individuals. Most patients present with no
symptoms and only report fever and mild headaches as a result of intracranial pressure.
Reports from Burkina Faso showed that between 1996 and 1998, the major symptoms in
patients with cryptococcal infection were headache and fever with 3 out of 7 patients having
no neck stiffness (Millogo, 2004). However, patients who reported with the same disease in
2004 showed signs of neck stiffness, and headache. For patients with HIV/AIDS, the
meningitis may spread rapidly to many organs. Records from Cote d’Ivoire showed that a
number of hospitalized patients on admission presented with nonspecific severe symptoms
that were associated with progression of cryptococcal meningitis disease including weight loss
(44-62 %), chronic diarrhea (22-44.2 %), fever (50-85 %), chronic coughs (14 %), coma,
convulsions and neck stiffness (24.4-85%) (Eholie, 2000). In Mali, 15 of 17 (88.2 %) cases with
cryptococcal meningitis had signs of some abnormality while the remaining 2 had isolated
fever. Overall, 14 of these patients had HIV-1 infection and their median CD4 T cell counts
were <200 cells/µl (range 1-237 cells/µl). The CD4 T cell counts for the remaining 3 immune
competent individuals were between 347 and 899 cells/µl (Minta, 2008). In Senegal,
common symptoms reported were headache (86.7 %), fever (73.3 %), vomiting (66.7 %) and
general weight loss (75.6 %). Most patients also presented with neurological signs including
altered consciousness, seizures, motor deficits (paraplegia, flaccid hemi paresis and
paraparesis), cranial nerve problems and coma at different stages of the disease. In 27
patients meningeal syndrome characterized by neck stiffness was followed by the presence
of positive Kernig and/ or Bradzinski sign (Soumare, 2005a). There were no records for CD4
T cell counts of the patients studied here (Soumare, 2005b; 2005c). Data from Niger showed
that all 8 HIV-1-infected patients with cryptococcosis had both fever and headache, 3 of 8
(37.5 %) had coma, and 1 (12.5 %) had seizures. The average CD4 T cell count for these
patients was 41 cells/µl.
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3.2 Diagnostic features
Diagnosis of the disease is easy and requires no sophisticated methods or equipment.
Specimens for laboratory diagnosis are collected based on the symptoms presented by the
patient. Although most body fluids, including cerebro-spinal fluid (CSF), sputum,
bronchoalveolar lavage (BAL), bronchial washings, biopsy tissues, prostatic fluid and blood,
can be used for performing the test, the most common specimen used in many areas around
the world is CSF. In West Africa, diagnosis is commonly performed by microscopic
examination of CSF for yeast cells.
3.2.1 Direct microscopy
The conventional method for laboratory diagnosis involves direct examination of CSF
deposits by use of Indian ink/Nigrosin wet mount coloration to detect yeast cells. Direct
microscopy of samples from HIV-infected individuals often yields positive results in 90% of
cases (Desmet, 1989). It is more useful to perform blood culture for disseminated cases. To
confirm diagnosis, CSF is cultured on Sabouraud agar plates for > 36 h. This allows cultures
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to grow and the method can be utilized for evaluating disease burden by diluting aliquots of
CSF and enumerating the number of colony-forming units for the fungal load in the
specimen (Eholie, 2000; Ki-Zerbo, 1996; Millogo, 2004; Soumare, 2005c). With a little
modification, the method can also be used for assessing efficacy of anticryptococcal
regimens (Bicanic, 2009).
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3.2.2 Serology
Some reports have indicated that, due to changes in the epidemiology of the infection,
detection of small capsules of the antigen make recognition difficult with India ink staining
(Bottone, 1986). A second method for diagnosing C. meningitis infection is therefore by use of
latex agglutination test to detect cryptococcal polysaccharide capsular antigens of C.
neoformans. This test can be performed on CSF and serum and there are commercially
available kits (example Crypto-LA [International Biological Labs. Inc., Cranbury, N.J.],
MYCO-Immune [American MicroScan, Mahwah, N.J.], and IMMY [Immuno-Mycologics,
Inc., norman, Okla], or CALAS [Meridian Diagnostics Inc., Cincinnati, Ohio]) with high
sensitivity and specificity for carrying out this test. In most AIDS or other severely immune
compromised patients, it is not useful to perform antibody detection tests.

Different Studies

Direct
Microscopy

+

-

+

+

-

+

-

+

+

Eholie, 2000

+

+

+

Eholie, 2004

+

+

+

Ouedraogo, 2007

+

-

+

Oumar, 2008

-

-

+

Minta, 2008

+

-

+

Soumare, 2005a

+

+

+

Soumare, 2005b
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+
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Soumare, 2005c

+
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Serology

Burkina Faso

Culture of
CSF

Diagnostic Methods

Note: (+) is Used and (-) not Used

Table 2. Different Methods Used for Cryptococcus Diagnosis in West Africa
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Much progress has been made in the management of Cryptococcal meningitis in the
developed world. For immune compromised patients with Cryptococcal meningitis three
phases of therapy (induction for 2 weeks, consolidation for 8 weeks and maintenance for
prolonged period) for receiving antifungal treatment have been suggested based on results
from a clinical trial (van der Horst, 1997). Also, based on guidelines endorsed by the
Infectious Diseases Society of America a higher dose of amphotericin B followed by
fluconazole can be used to treat AIDS patients with cryptococcal meningitis. Of importance
is that, although oral fluconazole is known to provide some initial relief from cryptococcal
meningitis, it takes a longer duration to cleanse the cerebrospinal fluid of its fungal
pathogens (Brouwer, 2004; Larsen, 1990; van der Horst, 1997).
It is now known that use of fluconazole alone, for treatment of the disease in AIDS patients
is not enough, and that other approaches such as the use of amphotericin B combined with
flucytosine, as well as increased immunological responses due to the use of antiretroviral
drugs, are also required (Larsen, 1990). Thus, for immune suppressed patients with
cryptococcal meningitis, treatment regimens include < 1.0 mg/kg/day amphotericin B
deoxycholate (AmB) given intravenously plus 100 mg/kg/day flucytosine for 2 weeks
followed by 400 mg oral Fluconazole for 8 weeks. In most countries in Africa however, due
to a number of reasons including, cost, lengthy regulatory approval to import antifungal
drugs, difficulty of administration and blood monitoring of amphotericin B-based therapy
to avoid toxicity, fluconazole is used as primary therapy for the treatment of the disease
(Bicanic 2009; Bicanic, 2005). Fluconazole causes fewer, less severe side effects, including
skin rashes and liver enzyme abnormalities. Even with the use of fluconazole alone,
problems with access to expert medical care and the management of complications of AIDS
still exist in this region (Mwaba, 2001; Wertheimer, 2004). In most countries of West Africa
fluconazole monotherapy was used.
Some reports have suggested that initial monotherapy with fluconazole led to relapse of
HIV-associated cryptococcal meningitis. To prevent relapses, most doctors recommend that
people who have had cryptococcal meningitis take fluconazole daily. Other drugs used
include intravenous amphotericin B taken weekly or biweekly (Jackson, 2010).
Amphotericin B has many side effects, including kidney damage, high fever, low blood
pressure, decreased numbers of red or white blood cells, nausea, vomiting, and chills. A
newer formulation of the drug, in which the active compound is encased in a fatty
substance, has been under study for a while and may have fewer side effects (Sharkey,
1996). However, more research is needed to assess the safety and effectiveness of this new
form of amphotericin B. Flucytosin also may cause serious side effects, including decreased
numbers of red or white blood cells, liver damage, nausea, diarrhoea, seizures, abdominal
discomfort, or rash. In Mali treatment with amphotericin B and fluconazole injection is
known to have had such side effects in 13 out of 17 patients (Oumar, 2008). Before the
administration of amphotericin B, patients were injected with chlorpromazine (one hour
before) and acetylsalicylic acid (30 min earlier). Then the infusions of amphotericin B were
followed by an infusion of between 1.5-2 liters of 0.9% saline. This procedure was to reduce
adverse effects associated with the use of amphotericin B (Oumar, 2008). In immune
competent people, treatment is done using injectable amphotericin B alone, or followed by
infusion of fluconazole treatment for some cases. In other cases, patients received
amphotericin B in association with injectable ceftriaxon (Minta, 2008).
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In Senegal fluconazole alone was the most commonly used antifungal in at least 93% of
cases. It was used together with amphotericin B in one case (Soumare, 2005c). Here, the
treatment strategy was the administration of fluconazole at 400 to 800 mg/day by
intravenous infusion for 8 weeks, followed by a maintenance dose of 200 mg daily for a
month. The maintenance treatment was however, continued until the CD4 count rose above
200 cells/µl for a period of 6 months (Soumare, 2005a). In Niger 3 out of 4 patients
diagnosed in 2007 received monotherapy consisting of 400mg/day fluconazole (Seybou,
2008). The average duration of treatment was 25.2 days (range, 2-72 days). Although no
HIV patients died during emergency periods, 165 cases (53%) were hospitalized and 147
patients were allowed to return home after the emergency care (47%) (Tanon, 2006). In a
patient aged 66 years, cognitive functions declined partly from the 10th day. The delirium in
a second patient aged 49 years, declined by the 10th day, and complete neurological
recovery was observed at 3 months (Kouame, 2007). Overall, hospital stay period lasted for
25 days and between 1-50 days for those associated with cryptococcal meningitis. The
severity of the prognosis was related to the combination of two or more opportunistic
infections (Ouedraogo, 2007). In Burkina Faso, fluconazole was initially effective in two
patients with a dose of 400mg/day, which was started on the eve of the death of a patient
(Millogo, 2004).
The paucity of prospective data on the management of cryptococcal meningitis in patients
without AIDS is the most challenging aspect of formulating treatment guidelines, but the
principles of induction, consolidation, and maintenance were still applied. For patients with
a predisposition to renal dysfunction a combination antifungal therapy with a lipid
formulation of amphotericin B plus flucytosine was generally indicated.
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5. Early diagnosis, Importance and challenges of ART initiation in the
management of cryptococcal meningitis
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During HIV infection, because the CD4+ T cells are the primary target of the virus,
progressive loss of these cells leads to increasing immunodeficiency and risk of
opportunistic diseases, progression to AIDS and ultimately death (O’Brien, 1996) The
resurgence of HIV in resource poor settings in Africa and the complications associated with
management of AIDS has led to a number of deaths attributable to cryptococcal meningitis.
The good news is that reduction in CD4 cells can be reversed with effective antiretroviral
therapy early in the course of infection and slow down its spread (Bisson, 2008). Despite
this, it is important to note that often some proportion of patients who start therapy when
their CD4 T cell counts are below 100 cells/µl are unable to gain restoration of their cells
with ART and therefore pose additional challenges in treatment (Kelley, 2009). In addition
to an increase in CD4 cell count, early initiation of therapy also increases general immune
function, is cost-effective and facilitates the reduction in a number of clinical events,
including lowering of incidence or risk of opportunistic infections. And although a number
of guidelines are available for early initiation of ART in patients with AIDS-defining
illnesses, the implementation of these guidelines in itself is a further challenge for resourcelimited regions such as West Africa. Here, treatment poses additional financial burden
because, under such guidelines ART will have to be provided for a large number of patients.
Another concern is that, the use of ART comes with some complex challenges. Most notably
is the possibility of developing immune reconstitution inflammatory syndrome (IRIS), a
condition that occurs following rapid restoration of immune function after ART
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No Treatment as they didn’t recovered the fungus

(+) is Used and (-) not Used

AmB : Amphotericin B ; FCZ : Fluconazol ; KTZ: Ketoconazole; CPMZ: Chlorpromazin;
ASA: acetyl salicylic acid; SS: Saline solution
Table 3. Treatment Regimens used for Cryptococcus in West Africa
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administration. In South Africa, cryptococcal reconstitution disease was associated with 6 of
22 deaths in a HIV-infected cohort within 3 months of starting ART (Bicanic, 2009; Lawn,
2005). Recent data also suggests potential drug interactions between nevirapine-based ART
and high levels of fluconazole and the handling of any toxicities associated with this
interaction may pose additional management difficulties in the West African context
(Manosuthi, 2007).

6. The lethality of cryptococcal meningitis in West Africa

7. Conclusion
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Cryptococcal meningitis is a disease that has a high chance of causing death. In West Africa,
reported deaths associated with this disease are between 42 and 80% (Sow, 1998; Millogo,
2004, Eholie, 2000, Bissagnene, 1994, Ki-Zerbo, 1996, Soumare, 2005a, Kadjo, 2007, Oumar,
2008). The disease progresses to fatal states quickly. In 80% of cases, patients died before day
15 after hospitalization (Millogo, 2004, Seybou 2008). Such high mortality is correlated with
an increased number of Cryptococcal pathogens similar to that seen with Mycobacterium
tuberculosis (Eholié, 2000, Ouedraogo, 2007). One study noted that a lowered CSF glucose
provides poor prognosis for Cryptococcal meningitis in West Africa (Ki-Zerbo, 1996).
Pronounced immune deficiency and hematological abnormalities such as hyponatremia are
also factors of poor prognosis (Eholié, 1997; Ki-Zerbo, 1996). Others noted that the lethality
of the disease is significantly higher in patients with a CD4 T cell count below 20 cells/µl
(Ki-Zerbo, 1996; Soumare, 2005a). Recent studies in the region indicate that the lethality of
Cryptococcal meningitis is significantly associated with delay in diagnosis and initiation of
appropriate treatment as well as non-compliance to drug therapy due to financial reasons
(Eholié, 2000; Kadjo, 2007; Millogo, 2004; Ouattara, 2007; Oumar, 2008; Soumare, 2005b). The
high lethality may also be due to inadequate treatment regimens used in the region (Oumar,
2008, Soumare, 2005a, Kadjo, 2007). The high fatality rate found in most countries of West
Africa could be due to the fact that people consult with end-stage disease.
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Impaired immunity associated with HIV infection has led to many complications. Effective
introduction of anti-retroviral therapy has played a significant role in the reductions of
Cryptococcosis in HIV/AIDS patients in most developed nations. The resurgence of HIV in
developing countries has however, exposed many inadequacies in the management and
control of cryptococcal meningitis in West Africa and elsewhere. Inadequate resources and
an ineffective distribution of ART in this region could lead those with HIV to be more at risk
of infection with Cryptococcus species. For those already having Cryptococcus disease, lack
of early diagnosis offers an environment to progress to more fatal disease states.
Given that laboratory diagnosis of Cryptococcal meningitis is easy to perform and does not
require extensive equipment, it is vital that the resources and capacity to perform this test is
made available in centers of HIV care. An increasing number of studies have shown that
relapses to initial treatment to cryptococcal disease is a possibility and can lead to further
complications, including immune reconstitution inflammatory syndrome. Despite this
knowledge, little is known of surveillance studies related to drug susceptibility to resistant
cases of Cryptococcal meningitis in West Africa. More education at community and other
grass root levels must be stepped up to increase awareness of the importance of early
screening for Cryptococcus disease. In most resource-poor settings studied in West Africa,
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the standard of care for HIV/AIDS patients with acute cryptococcal meningitis are
dependent on availability of resources and access to anti-fungal drugs. Logically, as a first
step, and if available it is necessary to sterilize the CSF of patients with amphotericin B, since
this regimen is known to minimize resistance to fluconazole (Bicanic, 2006). As an
alternative approach, it will be beneficial in this setting to give higher doses of fluconazole
bearing in mind that better clinical and microbiological responses to fluconazole have been
observed in some studies (Berry, 1992; Hossain, 2002). In addition, there is an urgent need
for policy makers to step up capabilities for managing complications associated with HIV
patients progressing to AIDS. Finally, given the impact of effective antiretroviral therapy in
reducing HIV-associated morbidity and mortality it will be more supportive if in West
Africa, governments and care-givers find easier alternative ways to reach patients with these
drugs (ART) taking into consideration travel times to the health care centers which often
deters patients from seeking care. Clearly, more work is needed in this region for the
management of cryptococcal meningitis and includes a focus on effective diagnosis,
therapeutic use of available medications and monitoring to avoid toxicity levels.
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Clostridium septicum is one of the agents causing gas gangrene, and was notorious in
injuries in battlefield. Infections of the CNS are very rare. Here, we present a 69year-old
patient who died from a cerebral clostridium septicum infection.
Clostridium septicum is an anaerobic, spore-forming, gram-positive bacillus. Its virulence
depends on toxin building. Spontaneous clostridium septicum infections are rare and are
associated with a high mortality (Khan AA et al., 2006, Marangou et al., 1992). Associations
with this bacterium and colorectal malignancies have been reported (Khan et al., 2006,
Kolbeinsson et al., 1991, Mirza et al., 2009). C. septicum causes disease in mammals and
birds, and it was recognized historically as one of the causes of gas gangrene arising from
battlefield injuries (Smith, 1984). In the 1960s and 1970s, it became apparent that those
patients with hematologic malignancies were susceptible for this kind of infection
(Alexander et al., 2010). The number of cases attributable to other malignancies, particularly
colonic neoplasms, has increased.
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A 69-year-old man suffering from myelodysplastic syndrome developed chills, fever and
altered state of consciousness within a few hours. The patient was admitted at the intensive
care unit in a comatose state with hypotension and tachycardia, intubation was necessary.
The neurological examination did not show focal signs. The patient´s past medical history
revealed in addition to the myelodysplastic syndrome diabetes mellitus and chronic renal
insufficiency. Laboratory data showed leukocytosis and high-elevated CRP. The CT-scan of
the brain showed two atypical intracerebral hemorrhages located right parietally and left
occipitally, and two gas-filled lesions right frontal and left occipital. There were no
traumatic injuries or cranial fractures. The patient received antibiotic therapy with
metronidazol, ceftriaxon, fosfomycin and ampicillin. A cerebral abscess or bleeding
metastasis had been considered as differential diagnosis.
The next day the cranial MRI showed enormous gas-filled inclusions on both parietal sides,
right frontal and of the periventricular white matter on each side. Both anterior horns of the
lateral ventricles showed levels of a fluid gas border. Gas lesions were also found in the
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venous sinus. The size of all lesions showed progression compared to the previous scan.
Twelve hours after admission the blood culture revealed clostridium septicum. The
echocardiography was normal. Ultrasound of the upper abdomen revealed a
cholecystolithiasis and the kidneys were unremarkable.
Developing a septic shock the patient died of multiple organ failure three days after
admission.
The autopsy showed a hyperemic brain. The brainstem and cerebellum were unremarkable.
In the frontal sections there was a diffluent area near the left central sulcus, the anterior
horns of the lateral ventricles were filled with blood. There was a remarkable crepitation by
palpation of the unfixed brain tissue, particularly in the left parietal and occipital region. We

Fig. 2. Gas-filled lesions on both parietal sides.
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Fig. 1. Levels of fluid-gas in both anterior
horns of the lateral ventricles.

Fig. 3 and 4. Gas-filled lesions in the periventricular white matter and on both parietal sides
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Fig. 5. Hemorrhagic areas on both parietal sides and left temporal
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assume this crepitation was caused by escaping of gas bubbles due to the infection. The
dissection of the brain revealed hemorrhagic lesions on both parietal sides, left temporal and
left occipital. The left parietal lesions also showed suppurative components. These lesions
corresponded with the lesions described in the cranial MRI. The swabs we obtained from
the parietal lesions verified a clostridium septicum infection. Considering the clinical course
and results of the MRI multiple cerebral abscesses must have been assumed.
The autopsy of the body revealed a rectal ulcerated adenoma with low-grade dysplasia
associated with an extensive colitis. This colitis is considered a possible source of infection.
Interestingly, no further organs had been affected by clostridium septicum.
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3. Conclusion
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Due to these atypical gas lesions we primarily assumed a traumatic event, which could not
be verified. The intracerebral hemorrhages and gas lesions increased within 2 days, an
infection with a gas-forming organism was likely. The results of the swabs and blood
cultures confirmed the suspicion and revealed clostridium septicum.
Pneumocephalus is commonly seen after head and facial trauma, tumors of the skull base,
after neurosurgery or otorhinolaryngology, and rarely spontaneously.
Clostridium septicum is an anaerobic, gas-forming, gram-positive organism, which is found
ubiquitous in the soil but is usually not present in the human intestinal flora (Moore et al.,
1974). Its virulence is based on protein toxicity. Clostridium septicum is forming alphatoxin, a lethal and necrotizing pore-forming cytolysin (Kennedy et al., 2005).
Clostridium septicum is a highly virulent but poorly characterized pathogen that is being
increasingly recognized as a major contributor to serious clostridial infections. It is the
primary aetiological agent of spontaneous gas gangrene or atraumatic myonecrosis. Often
malignancy is identified as a result of an investigation following the diagnosis of a
clostridium septicum. It is suggested that under such conditions the bacterium is allowed to
entry the bloodstream and to establish an infection at a distant site in the body (Kennedy et
al., 2005). The condition is rapidly fulminating and often fatal, with reported mortality rates
of approximately 60%. A possible explanation for this association is that the anaerobic
glycolysis of the tumor may provide a hypoxic and acidic environment that favors
proliferation of clostridium septicum (Alpern and Dowell, 1969).
A review of clostridial bacteremia examined blood cultures of 24 hospitalized patients. The
review demonstrated that the source of clostridium species was a gastrointestinal site in 24
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patients (52.2%). The most frequently identified clostridium species was Clostridium
perfringens (in 10 [21.7%] of patients), followed by Clostridium septicum (in 9 [19.6%]).
Thirty-one patients (67.4%) were aged > 65 years, 13 patients (28.3%) had diabetes mellitus,
and underlying malignancy was present in 22 patients (47.8%) (Rechner et al., 2001).
Although nontraumatic infections in normal hosts do occur, they would appear to be quite
rare, based upon our review of the available literature.
In this case the rectal ulcerated adenoma and extensive abscesses of the rectal wall are
considered being the source of infection. It would appear likely that our patient's infection
arose from his compromised gastrointestinal tract. The rapid progression of disease
associated with these atypical gas lesions possibly depends on the immunosuppression by
the myelodysplastic syndrome.
In summary, the coincidence of the immunosuppressed situation and the rectal ulcerated
adenoma as source of infection just can be suspected. In the long run we do not know the
exact coherences between the infection and its real cause in this case.
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Key points:

Clostridium septicum is a gram-positive, spore-forming organism, which is not
usually present in the normal intestinal flora of humans. Infection with this organism
is most commonly associated with spontaneous gas gangrene.

Clostridium septicum infections are often associated with a colorectal malignancy or
hematologic disease.

Clinicians should search for an underlying colonic cancer in cases of clostridium
septicum infection.
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Encephalitis may result from the interaction between a pathogen and the host brain, such as
in bacterial, viral or fungal infection of the CNS. There are, however, different states of
aseptic encephalitis, which may be induced e.g. by way of (i) self-directed immune attacks
as in experimental autoimmune encephalomyelitis or (ii) by certain substances like the
copper chelating agent cuprizone (Torkildsen et al., 2008).
In fact, in encephalitis, infectious and non-infectious processes do not mutually exclude each
other. Many pathogens such as bacteria or viruses encode for immune stimulating peptides,
better known as superantigens for their enormous potency to stimulate immune cells
(Kappler et al., 1989; Fleischer, 1991). T-cell superantigens have been developed twice
during the evolution, namely independently by bacteria and by viruses. Not all bacteria or
viruses do, however, possess a superantigen. - Superantigens act in a T-cell receptor V(beta)
dependent manner (Figure 1). Thereby, up to 10% or even 20% of the T-cell repertoire may
become activated, sometimes resulting in a fulminant inflammatory response. The latter
depends also on the specific repertoire of the host’s antigen-detection apparatus, e.g., the
human-leucocyte-antigen (HLA) molecules.

Fig. 1. Antigen and superantigen recognition via the MHC/T-cell receptor complex.
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Taken together, superantigens are expected to take part in the inflammatory events induced
by their pathogenic source. In florid bacterial or viral encephalitis, the detrimental effects
that may be attributed to the pathogen or to its superantigen may be hardly discerned, while
both may contribute to the final outcome. However, in case of slowly progressing
encephalitides of e.g. viral origin, the superantigenic stimulus might be responsible for the
initial and leading symptoms while the consequences of viral degeneration could be
compensated for for a considerable time period and may become symptomatic later during
the disease course. This is what has been suggested to happen in multiple sclerosis (MS)
(Kornhuber et al., 2002, Kornhuber 2006, Emmer et al., 2008, 2010). In this respect, it may be
of significance that the initial events of MS plaque generation seem to develop in the absence
of tissue inflammation (Filippi et al., 1998; Barnett and Prineas, 2004). Although the etiology
for slow progression in MS remains to be established, it has been speculated on a possible
role e.g. for human endogenous retroviruses such as MSRV (Garson et al., 1998; Perron and
Lang, 2010; Antony et al., 2010).
Our knowledge about the cerebral actions of T-cell superantigens, e.g. Staphylococcal
enterotoxin A (SEA), relies on but a few experiments and, thus, is far from being
comprehensive. Nevertheless, the results outlined below may be useful for future studies to
further characterize the role of superantigens per se or in the context of bacterial or viral
encephalitis, respectively.

2. Effects of intracerebral T-cell superantigen
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Intracerebrally expressed superantigen induces a perivascular and periventricular
inflammation (Kornhuber et al., 2002; Emmer et al., 2010). Fourty-microliter aliquots of
superantigen or saline were slowly injected intracerebrally through a small burr hole in
isoflurane-anesthetized male 300-g Lewis rats, 2.5 mm lateral from the midline at the
bregma at a depth of 3.5 mm. Horizontal hematoxylin/eosin stained sections of the rat
brains were investigated after fixing the brains with 4% buffered paraformaldehyde.
Sections were obtained at the corpus callosum and at the level of the lateral ventricles.
Cuffings of perivascular round cells were identified scattered around the injection canal. In
the first 3 days, perivascular round cells could be observed in both hemispheres with a
preponderance in the corpus callosum and the periventricular white matter. Thereafter
perivascular round cells were confined to the injected hemisphere up to 12 days after SEA
injection. Maximum response in the injected hemisphere was identified up to 8 days after
injection (Fig. 1).
We wondered why the response to superantigen was relatively variable and usually low. It
is well known that relapses in MS are often precipitated by some nonspecific immune stress
such as infection. Furthermore, it is known that only activated immune cells are capable to
invade the CNS (Wekerle et al., 1986). For these reasons we tried to imitate the stress by
loading the blood with activated immune cells.

3. Activated splenocytes amplify superantigen encephalitis
Activated syngeneic splenocytes were injected in volumes of 0.5 ml through the penis vein
of 300 g male Lewis rats on the third day after intracerebral injection of the superantigen
SEA (see above). Activation of splenocytes was achieved in the following way under sterile
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conditions: A syngeneic spleen was cut and the content passed through a sieve into isotonic
NaCl-solution. Cells were washed three times and the pellet finally resuspended in RPMImedium with 5 % heat-inactivated fetal calf serum and with a final concentration of 2 µg/ml
concanavalin A (ConA). Cells were harvested and washed after 3 days in culture when they
were maximally stimulated. They were kept in NaCl on crushed ice for injection purposes.
Usually 107 cells were injected i.v. under brief general isoflurane anesthesia. The time course
of the tissue reaction to 1 mg/ml SEA was investigated (Kornhuber et al., 2002). In general,
perivascular round cell infiltrates were more numerous and more reproducible than without
adding activated splenocytes. In the first up to 3 days after splenocyte injection, reactive
vessels could be identified in both cerebral hemispheres with a preponderance on the
injected side. Thereafter, inflamed blood vessels were confined to the injected hemisphere.
The response was short-lived and could last for further 3 up to 12 days. Thereafter, no
reactive vessels could be identified. On day 5 after i.v.-injection, on average 18.5±11.4 vessels
with round cell cuffs were observed. When compared with the corresponding numbers
obtained without i.v.-injection of activated splenocytes, the difference was statistically
significant (p < 0.05; two-sided U-test). When the amount of activated splenocytes was kept
constant at 107 per animal, the number of reactive blood vessels increased linearly with the
concentration of SEA. When the injected SEA was kept constant at a concentration of 1
mg/ml, the number of reactive blood vessels increased linearly with the number of
intravenously injected activated splenocytes.
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4. Immunohistochemical characterization of round cell cuffing
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Immunohistochemical investigations of the SEA-encephalitis were performed using shockfrozen brains fixed at -80 °C. Six µm kryocut sections were made at -14 °C. Neighboring
tissue sections that showed both, the cerebral ventricles and the stitch canal were taken for
further evaluation. The avidin–streptavidin–biotin (ABC)-method was used throughout for
immunohistochemical staining purposes. All used antibodies were ordered by BD
Biosciences Pharmingen. After preincubation with goat serum for 20 min, incubation with
the primary antibody (1:50, 1 h) was followed by incubation with the secondary antibody
(1:50, 30 min). After 30 min in the pre-diluted streptavidin–horseradish–peroxidase (HRP)
all tissue sections were finally incubated with diaminobenzidine (DAB) solution until the
desired colour intensity was obtained. Sections were dehydrated three times on increasing
grades of alcohol and covered with Roti-Histokit. Spleen tissue slices served as the positive
controls. All used primary antibodies were highly specific for their target antigen. Negative
controls included substitution of primary antibodies by antibodies of the same isotype with
specificities against non-host antigens.
12 h after i.v. injection of ConA-activated spleen cells (i.e. 3 days after intracerebral injection
of SEA), relatively high numbers of immunoreactive CD3+, CD4+ and CD8+ T-cells were
present in a perivascular distribution and also scattered in the parenchyma around the stitch
canal of the injected hemisphere (Fig. 3). The perivascular cuffs consisted of several layers of
round cells. The amount of immunoreactive cells within the perivascular infiltrates, i.e.
CD3+, CD4+ and CD8+ T-cells decreased gradually thereafter (Figs. 3 and 4) and amounted
merely to usually 1 complete layer of immunopositive cells 3 days after i.v. injection of
splenocytes and some loosely grouped perivascular cells after 5 days. Thus, the
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inflammatory response was less large than in the previous experiments (see above). Among
the different T-lymphocyte subsets, CD8+ T-cells were generally the most numerous ones
(Figs. 3 and 4). The number of CD3+ T-cells within slices of the injected right hemisphere
made up only about one quarter of the sum of the T-cells found to express CD8 or CD4
(Figs. 3 and 4). The relative numbers of reactive blood vessels remained more or less
constant within the investigated time period (not shown). In the non-injected left
hemisphere, the inflammatory activity was generally less prominent (Fig. 4). In fact, notable
numbers of CD4+ and CD8+ T-cells within perivascular cuffs were identified only 3 days
after i.v. injection of ConA-activated spleen cells (Fig. 4). In the brains of control animals, Tcells expressing CD4, CD8 or CD3 were not detected except for isolated immunopositive
cells in the area of the stitch canal 0.5 days after the i.v. injection of ConA-activated
splenocytes (not shown). Five days after the i.v. injection, no stained T-cells were found in
the investigated brain slices of both control animals.
The cerebral inflammatory reaction was short-lived, presumably due to the rapid
disappearance of the injected superantigen, e.g. by non-specific binding to cell surfaces.
Differences in the duration of the inflammation in the order of several days may be due to
different preparations of the superantigen, which may impact the immunostimulatory
potency of the SEA reagent.
The cerebral inflammation induced by SEA was most prominent within the injected
hemisphere and consisted initially mainly of CD8+ T-cells, which made up about 65% of the
perivascular round cell population (Fig. 4). As no similar inflammatory response could be
identified in the brains of the control animals that had received saline intracerebrally, the
results do not appear to be due to the stitch trauma. Furthermore, only relatively small
numbers of T-cells were found within the non-injected left hemisphere 0.5 days after i.v.
injection of the ConA-activated splenocytes. As the number of the perivascular round cells
detected in the left hemisphere peaked after 3 days following the i.v. injection of the ConAactivated splenocytes (Fig. 4), migration from the injected right hemisphere via the corpus
callosum is the presumable reason for their occurrence contralateral to the injection site as
has been suspected previously (Kornhuber et al., 2002). How does the superantigen
expressed in the brain tissue lead to local recruitment and activation of T-cells? Presumably,
the unprocessed superantigen was presented by MHC molecules on the surface of
perivascular cells, microglial cells or dendritic cells, which are known to express MHC-class
II constitutively within the CNS (Sedgwick et al., 1993; Stoll, 2002). By way of contrast,
MHC-class I is not present on cell surfaces in the cerebral parenchyma unless its expression
is specifically induced (Sedgwick et al., 1993; Redwine et al., 2001). When the injected ConAactivated cells appear in the circulation in high numbers after i.v. injection, namely 3 days
after the intracerebral SEA-injection, free superantigen seems unlikely to be present in the
cerebral extracellular fluid. Therefore, direct binding of SEA to the T-cell receptor (TCR) of
ConA-activated splenocytes that come to traverse the blood–brain barrier does not seem to
play a major role for T-cell activation in the present case (Fleischer, 1991; Herrmann et al.,
1990; Yagi et al., 1990). However, only relatively small numbers of T-cells migrate through
the cerebral blood vessels as part of a surveillance process, unless specific stimuli force them
to stay on the abluminal side (Wekerle et al., 1986). The persistence of T-cells within the
parenchyma after intracerebral injection of SEA may be taken as evidence that a specific
stimulus forced them to stay within the CNS, therefore. After local expression of SEA, the
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majority of the T-cells detected within the intracerebral perivascular infiltrates was CD8+,
while a minority was CD4+ (Figs. 1 and 2). Although superantigens presented via MHC II
are well known to stimulate CD4+ T-cells, it has been demonstrated that SEA may activate
CD8+ T-cells in a TCR-dependent manner (Müller-Alouf et al., 2001; Stinissen et al., 1995).
Results obtained by gene expression analysis for the SEA encephalitis are in line with a
CD8+ T-cell driven immune response (see below; Emmer et al., 2008). At a first glance it
seemed to be curious that the numbers of T-cells expressing CD8 or CD4 detected within the
right hemisphere in sum outnumbered the CD3+ ones at each investigated time point. The
immunostaining for CD3 like that for CD4 and CD8 was of sufficient quality to allow a clear
distinction between positive and negative cells (Fig. 3). Therefore, it does not seem likely
that the mismatch between the results for CD3 and CD8 was artificial in nature. Actually, a
diminished expression of CD3 but not of CD4 or CD8 has been reported previously for Tcells that had been challenged by superantigen (Damle et al., 1993; Niedergang et al., 1995;
Makida et al., 1996; Von Essen et al., 2004). Therefore, the finding of a lower expression of
CD3 in comparison to CD8 on T-lymphocytes like in the present investigation can be taken
as evidence for the presence of a previous superantigenic stimulus.
Taken together, it has been demonstrated that the round cells that take part in perivascular
cuffing of the encephalitis induced by the superantigen SEA are primarily composed of Tcells, especially of CD8+ T-cells. This result may be of importance with respect to the
pathogenesis of inflammatory diseases of the central nervous system. The fact that upon the
superantigenic stimulus T-cells become CD3-negative in significant numbers, leaving the
expression of e.g. CD8 unaltered, may be used to demonstrate the involvement of a
superantigenic stimulus in different states of encephalitis.

Fig. 2. The figure illustrates the effect of intracerebral superantigen. Frontal sections of the
rat brain at the level of the corpus callosum, hematoxylin and eosin stain. The
interhemispheric cleft has been marked by a star. (A) Five days after intracerebral SEAinjection and 8 days after i.v. injection ConA-activated splenocytes. (B) Part A at a higher
magnification.
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Fig. 3. Representative immunohistochemical stains of rat brain slices of the right hemisphere
(streptavidin–biotin-method) after intracerebral injection with Staphylococcal enterotoxin A
(SEA). Slices obtained 0.5 and 3 days after i.v. injection of ConA-activated splenocytes show
expression of the antigens CD8 (a, day 0.5; b, day 3), CD4 (c, day 0.5; d, day 3), and CD3 (e,
day 0.5; f, day 3). Note the special preponderance of CD8+ T-cells (a) in comparison with
CD4+ T-cells (c). With time, the perivascular round cell count decreased as exemplified by
the T-cells expressing CD8, CD4 or CD3, 3 days after i.v. injection of ConA activated
splenocytes (b, d, f) compared with those detected after 0.5 days (a, c, e) (Emmer et al.,
2010).
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Fig. 4. Summary of the perivascular round cell counts (columns) are given together with the
standard deviation (bars) for the entirety of the cells per tissue slice and hemisphere (olive
green) and for the cells positively stained with CD3 (blue), CD4 (green) and CD8 (red), after
injection of the superantigen Staphylococcal enterotoxin A (SEA) into the right hemisphere
followed by intravenous loading of ConA-activated splenocytes 3 days later. The bar of the
first left-sided column has been cut. Its value amounts to 58 cells. The 3 investigated time
points, i.e. 0.5 days, 3 days and 5 days, refer to the interval between intravenous splenocyte
injection and sacrification of the animals (Emmer et al., 2010).

5. Gene expression profile of superantigen encephalitis
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Of 5 male 300 g Lewis rats, two animals received 50 µl of 1 mg⁄ ml SEA and two animals
were injected with saline into the right brain hemisphere during deep anaesthesia. Injections
were placed 2.5 mm lateral to the midline and 2 mm behind the bregma. One rat was sham
operated. Three days after this procedure, 1.5*107 ConA-activated splenocytes (see above),
were injected into the penis vein of each animal. Eight days after the initial surgical
procedure, brains were taken from all Lewis rats. A coronar disk (2 mm) including the
injection channel was prepared and divided into an injected half and a non-injected half.
The samples were snap frozen in isopropanol and stored at -80 °C. Microarray analysis was
performed as described previously (Staege et al., 2004). Data analyses were performed by
using Statistical Analysis of Microarrays (SAM) (Tusher et al., 2001). Results from the 4 rat
brain hemispheres of the two ‘SEA’ animals were compared with the 4 hemispheres of the 2
‘saline’ animals. Furthermore, the differential gene expression after saline injection versus
sham operation was calculated. Due to the small sample size, a relatively conservative
approach was followed with Δ = 0.75, a false discovery rate of 0.099 and a minimum change
factor of three. To be acceptable, the signal intensities had to be above 30. Validation of

220

Pathogenesis of Encephalitis

DR
.R

UP
NA
TH
J

I(

DR
.

RU
P

AK

NA
TH

)

microarray data was done by real-time PCR. To validate the results of the microarray
analysis, the transcriptional regulation of nine genes [CCL5 (RANTES), TIMP-1,
osteopontin, CD74, RT1-Da, complement component 3, tenascin C, CD8 and CCL2 (MCP-1)]
that showed significant differential expression in rat brains with SEA encephalitis was
measured also using real-time PCR. Total RNA was extracted from brain tissue using Trizol
(Invitrogen, Karlsruhe, Germany) or the RNeasy kit (Qiagen, Hilden, Germany).
Quantitative RT-PCR (qRT-PCR) was performed by using the QuantiTect SYBR Green RTPCR Kit (Qiagen) using the following conditions: 94 °C, 45 s; 62 °C, 45 s; 72 °C, 60 s. Each
reaction was subjected to melting temperature analysis to confirm presence of the expected
products. Specific gene amplification was normalized to GAPDH. Target genes and GAPDH
were amplified with 40 cycles using a ROTOR GENE RG-3000 (Corbett Research, Sydney,
Australia) and ROTOR GENE 6 software. The threshold cycle (CT) value was defined as the
fraction cycle number and set at 10 times the standard deviation above the mean baseline
fluorescence calculated from cycles 3 to 15. The fold changes in the target genes normalized
to actin 22 (as house keeping gene) and relative expression of controls (1 uninjected rat
brain) was calculated by using standard ΔΔCT method.
Of the 8800 investigated genes, 106 were at least 3-fold increased with SEA over saline,
while 29 genes were decreased at least 3-fold. The respective microarray data of
differentially overexpressed genes are summarized in Table 1. Genes with increased
expression were grouped in the following order: antigen presentation, lymphocytes,
chemokines ⁄ chemokine receptors, microglial reaction ⁄ macrophages, phagocytosis ⁄
opsonization, extracellular matrix ⁄ cell adhesion, anti-inflammatory reaction and
miscellaneous/ compound to inflammation. Some of the genes with decreased expression
(not shown) presumably belong to cerebral cell elements such as neurons or astrocytes, e.g.
genes encoding for neurotransmitter receptors or ion channels. In fact, the expression for the
genes encoding for CCL5 (RANTES), TIMP-1, osteopontin, CD74, RT1-Da, complement
component 3, tenascin C, CD8 and CCL2 (MCP-1) in relation to the house keeping gene for
actin 22 as measured by real-time PCR showed a high level of conformity in comparison
with the results obtained by using microarrays. Differential gene expression after saline
injection versus sham operation revealed at least 3-fold overexpression of six genes and
underexpression of 40 genes (not shown). The relatively mild differences observed in the
gene expression between both conditions may reflect the consequences of the injection
trauma and are considered of minor relevance for the SEA encephalitis.
When data were first analysed, it became obvious that after intracerebral SEA injection
versus saline injection, expression of several genes was markedly increased in the injected
hemisphere and also displayed considerable overexpression in the non-injected contralateral
hemisphere as well. This finding might correspond to the bilateral perivascular
inflammatory reaction observed by using histology in the first days of SEA encephalitis (see
above). Due to this finding, it was decided to analyse both hemispheres together. This
approach certainly reduces absolute values of differential gene expression and at the same
time it might reduce detection of false-positive data, e.g. resulting from the small number of
samples. The results are in conformity with the light microscopy findings of a perivascular
inflammation.
Among the genes with elevated expression, there was a considerable number of genes
encoding for MHC class II molecules, which are constitutively expressed on microglial cells
in the brain. In a state of encephalitis, they may be detected on astrocytes as well.
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Superantigen is presented in the context of MHC class II. However, 8 days after
intracerebral injection of the superantigen, it might be doubted whether the elevated
expression of genes for MHC class II molecules is still a direct consequence of the
superantigenic stimulus. Antigen-presenting cells present in the inflammatory area may
comprise microglial elements, monocytes and astrocytes [elevated expression of genes for:
Serping1, CD53 antigen, CCAAT⁄ enhancer binding protein (C ⁄ EBP) delta, glial fibrillary
acidic protein (GFAP) and calcium binding protein S100A4]. T lymphocytes seem to play a
major role among the hematogenous cellular infiltrates of the SEA encephalitis. While the
genes for CD3 and CD8 were found to be significantly elevated, this was not the case with
the gene for CD4. This fits to immunohistochemical results showing that the perivascular
round cell cuffs are dominated by CD8+ T lymphocytes on days 3.5, 6 and 8 after
intracerebral SEA injection (see above). This finding was unexpected as usually CD4+ T cells
are activated by T-cell superantigen presented in the context of MHC class II molecules
(Fields et al., 1996). By way of contrast, CD8+ T cells are predominantly stimulated in the
context of MHC class I molecules (Jelonek et al., 1998). As the latter ones are not
constitutively presented in the brain, it seems unlikely that these molecules play a major role
in the induction of the SEA encephalitis. Rather SEA may have been presented in the context
of MHC class II. Previously, a similar stimulation of CD8+ T cells via superantigen bound to
MHC class II as found in the present investigation has been reported (Fraser, 1989). Of
interest, there exists a parallel to MS, where CD8+ T cells have been reported to
predominate among perivascular inflammatory infiltrates (Liu et al., 2007; Jilek et al., 2007).
Further proteins involved in antigen presentation or in signalling cascades were
significantly overexpressed with SEA comprise sialoprotein CD43, cathepsin C, and CD 72.
Similar to other states of cerebral inflammation such as in MS or EAE, there was a profound
increase in the expression of the genes for the following proteins involved in chemotaxis
after SEA injection: RANTES (CCL5), osteopontin, MCP-1 (CCL2) and CXCL10.
Furthermore, the gene for the receptor of MCP-1 (CCR2) showed a significantly increased
expression. In contrast to the elevated chemokine levels, cytokines, such as interleukin-2,
tumour necrosis factor alpha or interferon gamma, did not reveal significantly increased
differential expression levels. As these cytokines belong to the group of substances which
are released early in the course of an inflammation, it is quite plausible that the genes for
these cytokines are not expressed any more differentially 8 days after injection of SEA.
Intracerebral injection of SEA was followed by an enhanced expression of genes encoding
different complement factors such as C3, C4a, C1q, B, D (adipsin) and serping 1. These
factors may be released from microglial cells (Raivich and Banati, 2004) or from
macrophages. Complement factors were suggested to play a role in opsonization and
phagocytosis. Complement factors 1q, 3 and 4a showed a high expression in microarray
studies in EAE and MS (Tajouri et al., 2003; Lock et al., 2002). Actually, increased expression
was detected for genes that are also related to phagocytosis. These were Fc-gamma receptor,
Vav1, galectin 3 (Wilkinson et al., 2006; Rotshenker, 2003). These genes were previously
shown to display increased expression in EAE (Lock et al., 2002; Reichert and Rotshenker,
1999; Carmody et al., 2006). A number of genes with increased expression levels after SEA
injection were related to the extracellular matrix. These were lysyl oxidase, tenascin C,
alpha-1- collagen type III, syndecan 1, alpha-1-collagen, alpha-1- procollagen type I,
vimentin, matrix-gla-protein, periostin, oxidized LDL-receptor-1 and alpha-tubulin. The
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gene for tenascin C was measured with elevated expression in EAE and in MS (Lock et al.,
2002, Carmody et al., 2006), while a similar increase for the gene of alpha-tubulin was
present in MS (Carmody et al., 2006). Not all of the above summarized genes that showed
enhanced expression after intracerebral superantigen injection did so in EAE or MS.
Furthermore, the gene for integrin alpha M was detected with elevated expression in the
present study. Integrin alpha M mediates cellular adhesion to the extracellular matrix
(Friedl and Brocker, 2000). It is also upregulated in EAE and in MS (Lock et al., 2002,
Carmody et al., 2006). Whether the enhanced gene expression of components of the
extracellular matrix reflects alterations in the context of the encephalitis or reflects reparative
activity remains to be established. Increased expression of the following genes may be
regarded as part of an anti-inflammatory tissue reaction: alpha-2-macroglobulin,
metallothionein, heat shock protein 27 (HSP27), haeme oxygenase-1, C⁄ EBP-related
transcription factor beta, coeruloplasmin and pleckstrin. The gene products take part in the
inactivation of proteolytic enzymes (alpha-macroglobulin), in the reduction in oxidative
stress (methallothionein, haeme oxygenase 1, coeruloplasmin) or in the apoptosis induction
(HSP27). Several of these genes have been observed with increased expression in EAE or in
MS (Table 3), such as metallothionein (Tajouri et al., 2003; Lock et al., 2002; Penkowa and
Hidalgo, 2003; Espejo et al., 2005; Espejo and Martinez-Caceres, 2005), haeme oxygenase 1
(Levine and Chakrabarty, 2004; Tan et al., 2004) and HSP27 (Tajouri et al., 2003).
Furthermore, there was a significant increase for the genes of the metalloproteinase 9
(MMP9) and its inhibitor, the tissue inhibitor of metalloproteinase 1 (TIMP-1). Both genes
were reported to be upregulated in EAE and in plaque tissue from patients with MS
(Steinman, 1999; Pagenstecher et al., 1998). While MMP9 is e.g. required for the migration of
lymphocytes through the basilar membrane and thus for invading the CNS, the much more
pronounced upregulation of TIMP-1 may be regarded as an anti-inflammatory response.
Other genes with increased expression levels in the SEA encephalitis are genes encoded for
different cytochromes (P450 type 1b1, b558 and b245), granulin, lipocalin and STAT1. The
role of the proteins during the course of the SEA encephalitis is not entirely clear. At least
the elevated gene expression for STAT1 was noted previously in EAE (Jee et al., 2001) and in
MS (Frisullo et al., 2006). Furthermore, the gene for granulin was observed with elevated
expression in MS (Tajouri et al., 2003).
Genes with decreased expression: The number of genes with significantly and at least
threefold decreased expression was small (n = 29), in comparison with the number of genes
showing an increased expression (n = 106). Among the former genes, there was a number of
genes related to cerebral cellular functions such as neurotransmitter receptors, ion channel
proteins, ion pumps or growth factor receptors: retinoid-X-receptor gamma, cholinergic
receptor (nicotinic, alpha polypetide 2, neuronal), potassium voltage-gated channel,
subfamily H member 8 (ATPase), proton pump (H+ transporting, V1 subunit G, isoform 3
and H+⁄K+ ATPase), calbindin and oncomodulin. Expression of these genes was not
observed to be decreased in EAE or MS. Nevertheless, in EAE and MS, genes with decreased
expression levels were observed to encode proteins with similar functions. These included
myosin VIIA, phosphatidylinositol 4- kinase (Tajouri et al., 2003), TGF beta 3, cadherin-7
(Lindberg et al., 2004), somatostatin and kinesin (Lock et al., 2002). Taken together, the gene
expression data in the present study support previously reported light microscopy findings
of the encephalitis developing after superantigen injection into the rat brain (Kornhuber et
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al., 2003). The peculiar gene expression pattern found 8 days after superantigen injection is
compatible with a CD8+ T lymphocyte driven process leading to different cerebral
inflammatory and anti-inflammatory reactions. As superantigens were implicated in the
pathogenesis of human autoimmune diseases, such as MS, the comparison of the presented
data with those gathered with EAE or MS may be of general interest. Actually, there is
considerable conformity between the gene expression profile of the SEA encephalitis and
EAE or MS (Table 2). This accordance between the three different states of inflammation
may be due to the fact that a T-cell-driven pathogenesis is common to all of them.
Accession no. Description
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NaCl Ratio

Antigen presentation
MHC-II (CD74 antigen)

X14254

MHC-II (invariant chain)

X07551

MHC-II B-alpha gene
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MHC-II B-1 beta chain

X53054

MHC-II (protein complex)

M64795

MHC-I (CRT 1-u)

3542
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X13044

MHC-II (DM beta)

433
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5.3

M36151

MHC-II A-beta gene (RT1 class II locus Bb)

794

154

5.2

K02815

MHC-II (locus Ba)
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M15562

MHC-II

1180

231

5.1

X67504
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CD8 antigen (alpha chain)

282
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8.1

S79711

CD3 gamma-chain

68

14

4.9
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Matrix metallopeptidase 9

198

49

4.0

D90404

Cathepsin C

476

148

3.2

AI045440

Sialophorin

75

24

3.1

X14319

T-cell receptor (beta chain)

61

4.6

M10072

CD45 antigen

130

32

4.1

Chemokine ⁄ chemokine receptor
M14656

Secreted phosphoprotein 1 (osteopontin)

1694

94

18

AI009658

CCL5 (RANTES)

1345

88

15.3

AA892854

CXCL13

442

63

7

X17053

CCL2 (MCP-1)

226

38

5.9

AA945737

CXCR4

60

11

5.5
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Accession no. Description

SEA

NaCl Ratio

U17035

CXCL10

175

40

4.4

X52498

TGF beta1

414

132

3.1

985

169

5.8

Microglial reaction ⁄ macrophages
U18729

Cytochrome b558 alpha subunit

U09540

Cytochrome P450 type 1b1

223

40

5.6

AF028784

GFAP (alternatively spliced form)

4474

1030

4.3

AI176856

Cytochrome P450 (Cyp1b1)

289

70

4.1

AA800318

Serping1

1085

285

3.8

M57276

CD53 antigen

M65149

CCAAT ⁄ enhancer binding protein (C ⁄ EBP)
Serpin E1

U10894

Allograft inflammatory factor 1
IgE-binding protein (Galectin 3)

M29866

Complement component 3

X52477

Pre-pro-complement component 3
Complement C1q beta chain

M92059

Adipsin

DR
.

X71127
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J02962

AK

Phagocytosis ⁄ opsonization

158

3.4

77

3.3

180

59

3.1

669

219

3.1

1220

87

14.0

)

NA
TH

M24067

537

257

1358

122

11.1

935

103

9.1

3632

649

5.6

138

25

5.5

Fc gamma-receptor

AA892775

Lysozyme

AA891576

Complement component 1q

98

20

4.9

AA893280

Adipose differentiation related protein

563

135

4.2

AI639117

Complement factor B

268

65

4.1

AI639117

Complement factor B

268

65

4.1

M32062

Fc-gamma-receptor 3

433

117

3.7

M32062

Fc gamma-receptor II beta

597

173

3.5

U42719

Complement component 4a

1453

416

3.5

D10757

Proteosome (macropain) subunit, beta type 9

277

80

3.5

U39476

Vav 1 oncogene

106

31

3.4

D88666

Fatty acid-binding protein (adipocyte)

131

40

3.3

Lysyl-oxidase; fibroblast

140

16

8.8

U15550

Tenascin-C

61

10

6.1

S61865

Syndecan 1

105

20

5.3
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X73371

209

41

5.1

4526

919

4.9

Extracellular matrix ⁄ cell adhesion
S66184

X70369

Collagen type III alpha 1

862

165

5.2

U59801

Integrin alpha M

84

18

4.7
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Accession no. Description

SEA

NaCl Ratio

U75405UTR#1 Alpha-1 collagen mRNA

2804

624

4.5

M27207

Procollagen, type 1, alpha 1

2070

568

3.6

X62952

Vimentin

2652

763

3.5

AI012030

Matrix Gla protein

1932

561

3.4

AA894092

Periostin, osteoblast specific factor (predicted)

47

14

3.4

AI231472

Procollagen, type 1, alpha 1

999

308

3.2

AI071531

Oxidized low density lipoprotein receptor 1

63

20

3.2

AA892333

Tubulin, alpha 6

1662

553

3.0

20

47.0

Tissue inhibitor of metalloproteinase 1

NA
TH

AI169327

)

Antiinflammatory reaction
Alpha-2-macroglobulin

AI045030

CCAAT ⁄ enhancer binding protein delta

AA998683

Heat shock 27-kDa protein 1

AA817854

Ceruloplasmin

AI169327

TIMP-1

S77528

NF-IL6 (C ⁄ EBP-related transcription factor beta)

RU
P

AK

M22670

940
219

9

24.3

118

22

5.4

1386

273

5.1

183

39

4.7

1671

362

4.6

74

16

4.6

391

92

4.3

11045

2980

3.7

Ceruloplasmin

AI176456

Metallothionein

M86389

Heat shock 27-kDa protein 1

1563

444

3.5

AA799323

Pleckstrin

99

29

3.4
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.

L33869

M65149

CCAAT ⁄ enhancer binding protein delta

257

77

3.3

J02722

Haeme oxygenase (decycling) 1

194

58

3.3

M23566

Alpha-2-macroglobulin

3153

989

3.2

AA900582

Alpha-2-macroglobulin

1000

330

3.0

DR
.R

Miscellaneous ⁄ compound to inflammation
L07114

Apolipoprotein B complex

378

23

16.4

AA946503

Lipocalin 2

629

45

14.0

M80367

Guanylate nucleotide binding protein

132

25

5.3

X06916

Protein p9Ka, (S100 calcium binding Prot. A4)

774

153

5.1

AA892553

STAT-1

261

54

4.8

D26393

Hexokinase II

143

33

4.3

X62322

Granulin

4118

1048

3.9

AA946044

Yamaguchi sarcoma viral (v-yes-1) oncogene

79

21

3.8

D21215

Coagulation factor 10

44

12

3.7

AA894029

Cytochrome b-245 beta polypeptide)

116

31

3.7
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Accession no. Description

SEA

NaCl Ratio

L13192

114

32

3.6

Forkhead box D1
Protein tyrosine phosphatase, receptor type, C

80

22

3.6

J02869

Cytochrome P450 (Cyp2d9)

153

43

3.6

S66024

CAMP responsive element modulator

68

19

3.6

K03039

Leukocyte common antigen

35

10

3.5

X61381

Interferon-induced trans-membrane protein 3

2347

671

3.5

AI233219

Endothelial cell-specific molecule 1

38

11

3.5

M33648

Coenzyme A synthase 2

192

56

3.4

M19257

Retinol binding protein 1, cellular

653

199

3.3

D30649

Ectonucleotide pyrophosphatase 3

E00903

Natriuretic peptide precursor type A
Macrophage galactose lectin 1

S67722

Prostaglandin-endoperoxide synthase 2

U77038

Protein tyrosine phosphatase type 6

AK

J05495

NA
TH

)

M18349

56

17

3.3

362

112

3.2

88

28

3.1

595

192

3.1

68

22

3.1

DR
.

RU
P

Table 1. Absolute and relative signal intensities measured with Affymetrix Rat Genome
U34A are given for individual genes that exhibited significantly and at least 3-fold increased
differential expression after intracerebral (i.c.) SEA injection compared with saline injection.
MS

MHC-II
MHC-I
Matrixmetallopeptidase 9
CD8 antigen alpha chain
T-cell receptor beta chain
CD3 gamma-chain
CD 45 antigen
Leukocyte common antigen
Cathepsin C (dipeptidyl
peptidase I)
Sialophorin (CD43)
Secreted phosphoprotein 1
(osteopontin)
Chemokine (C-C-motiv
ligand) 5, RANTES
Early response JE gene
(chemokine C-C motiv
ligand 2 (MCP-1)
Chemokine (C-X-C motif)
ligand 10 (CXCL10)
Transforming growth factor,

↑ [Lock et al., 2002]
↑ [Tajouri et al., 2003]
↑ [Steinman, 1999]
↑ [Liu et al., 2007]
↑ [Lock et al., 2002]
↑ [Liu et al., 2007]
↑ [Liu et al., 2007]
↑ [Liu et al., 2007]

DR
.R

UP
NA
TH
J

I(

Description

EAE
↑ [Carmody et al., 2006]

↑ [Carmody et al., 2006]

↑ [Carmody et al., 2006]

SEA encephalitis
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑

↑ [Ford et al., 2003]
↑ [Lock et al., 2002]
↑ [Kim et al., 2004]
↓ [Lindberg et al., 2004]
↑ [Dos Santos et al., 2005]
↑ [Boven et al., 2000]

↑

↑ [Tanuma et al., 2006] ↑ [Hofmann et al., 2002]

↑

↑ [Tajouri et al., 2003]

↑ [Tajouri et al., 2003]

↓ [Lindberg et al., 2004] ↑ [Carmody et al., 2006]

↑
↑
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↑ [Lock et al., 2002]
↑ [Carmody et al., 2006]
↑ [Reichert, 1999]

↑
↑

↑ [Carmody et al., 2006]

↑
↑
↑
↑
↑
↑
↑

↑ [Lock et al., 2002]
↑ [Lock et al., 2002]
↑ [Tajouri et al., 2003]
↑ [Lock et al., 2002]
↑ [Tajouri et al., 2003]
↑ [Carmody et al., 2006]

↑
↑
↑
↑
↑
↑
↑
↑
↑

↑ [Espejo et al., 2005]
↑ [Tani et al., 1996]

↑
↑

↑ [Carmody et al., 2006]
↑ [Carmody et al., 2006]
↑ [Carmody et al., 2006]
↑ [Carmody et al., 2006]

↑
↑
↑
↑
↑

↑ [Carmody et al., 2006]

↑

NA
TH

)

↑ [Carmody et al., 2006]
↓ [Carmody et al., 2006]
↓ [Tajouri et al., 2003]
↓
↑ [Tan et al., 2004]
↑ [Steinman, 1999]
↑ [Hunter et al., 1991]
↑ [Tajouri et al., 2003]

RU
P

AK

↑ [Lock et al., 2002]
↑ [Lock et al., 2002]
↓ [Tajouri et al., 2003]
↑ [Tajouri et al., 2003]

↑ [Lock et al., 2002]

DR
.

↑ [Tajouri et al., 2003]

I(

↑ [Tajouri et al., 2003]
↑ [Frisullo et al., 2006]

DR
.R

UP
NA
TH
J

beta 1 (TGF beta1)
CD53 antigen
IgE-binding protein
(Galectin 3)
Vav 1 oncogene
Fc gamma-receptor
Lysozym
Complement C1q
Complement component 3
Complement component 4a
Fatty acid-binding protein
(adipocyte)
Integrin alpha M
Tenascin-C
Collagen type III alpha 1
Tubulin, alpha 6
Haeme oxygenase 1
TIMP-1
Alpha 2 macroglobulin
Heat shock 27-kDa protein 1
NF-IL6(C / EBP-related
transcription factor beta);
Metallothionein
GFAP (alternatively
spliced form)
Granulin
STAT-1
Coagulation factor 10
Hexokinase II
Protein tyrosine phosphatase,
receptor type, C
Guanylate nucleotide
binding protein

Table 2. Comparison of the differential expression of individual genes for which data were
available for the SEA encephalitis (present investigation) and from EAE and MS.

6. B-Cell superantigens and oligoclonal bands
When the role of superantigens is considered with respect to encephalitis, B-cell
superantigens have to be taken into consideration in addition T-cell superantigens. A
prominent representative for B-cell superantigens is gp120, which forms part of the
envelope of the human immune-deficiency virus (HIV) (Neshat et al., 2000; Patke and
Shaerer, 2000; Zouali, 2007). Like T-cell superantigens, B-cell superantigens stimulate their
target cells in a clonal manner (Müller and Köhler, 1997; Goodyear and Silverman, 2005). As
more than 1 B-cell clone is expected to be stimulated by a B-cell superantigen, it may be
speculated whether this type of stimulus would result in the presence of oligoclonal IgG
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bands on isoelectric focussing. Indeed, oligoclonal IgG bands have been identified in various
encephalitic diseases in the cerebrospinal fluid (CSF), including e.g. different forms of viral
or bacterial encephalitis. Usually, all the antibodies forming oligoclonal bands in these
diseases are directed against proteins of the encephalitogenic pathogen. However, there are
states of encephalitis like in MS, where the presence of oligoclonal bands cannot be
attributed to a certain pathogen. In fact, the antigen specificities present in MS oligoclonal
bands comprise almost any antigen that has been tested. Therefore, these oligoclonal
antibodies in MS have been termed as “nonsense antibodies” (Mattson et al., 1980). Among
this nonsense-spectrum of antigen specificities, frequently an intrathecal antibody sythesis
against measles, rubella, varizella zoster virus, herpes simplex virus, Epstein-Barr virus, and
Chlamydia pneumoniae have been found (Reiber et al., 1998; Skorstad et al., 2009; Franciotta
et al., 2010; Fainardi et al., 2009). It may be interesting to mention here, that antibodies
specific for myelin proteins form only a small part of the oligoclonal IgG antibodies in MS
(Owens et al., 2009). If nonsense antibodies like in MS would be due to a B-cell
superantigenic stimulus, experimental proof should be available. Therefore, we tested in
vitro, whether B-cell superantigens were capable to induce the formation of oligoclonal IgG
bands on isoelectric focussing. In fact, after stimulation of peripheral blood mononuclear
cells in vitro with the B-cell superantigen gp120, we detected IgG-bands by isoelectric
focussing of the supernatant (Figure 5; Emmer et al., unpublished). This IgG-production

Fig. 5. Representative results obtained by isoelectric focussing after stimulation of peripheral
blood mononuclear cells from 3 healthy human donors in vitro with gp120 (8 µg/ml) and
without gp120 (control). The numbers underneath the images denote the different subjects.
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depended on the concentration of the B-cell superantigen. The detected oligoclonal bands
were quite similar to those found by isoelectric focussing in the cerebrospinal fluid of MSpatients. Our results suggest that B-cell superantigens may play a role in the pathogenesis of
the inflammatory response of multiple sclerosis.
The expression of oligoclonal IgG in the CSF of MS-patients per se could have a detrimental
influence, e.g. by opsonization of central nervous system components and subsequent
phagocytosis by macrophages. In fact, the progress of the disease has been reported to be
unfavourable if multiple oligoclonal bands are detected in the CSF of MS-patients (Joseph et
al., 2009).

7. Conclusion
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The present review focusses on the encephalitogenic effects of the intracerebrally expressed
T-cell superantigen SEA. It has been demonstrated that SEA is capable to induce a
perivascular inflammatory response, which was short lived after a single intracerebral
injection. In the context of a pathogen residing within the CNS, a T cell superantigen is,
however, expected to be expressed for prolonged periods of time and could, therefore,
induce a longer lasting inflammatory response. The latter might add to the noxious response
of the pathogen itself. Furthermore it was demonstrated that B-cell superantigens are able to
stimulate B-cells to produce IgG which is detected as oligoclonal bands by isoelectric
focussing. These oligoclonal bands resemble those found in the CSF of MS-patients.
Beside bacterial infections, the presented findings could be of special relevance for viral
encephalitis and possibly for multiple sclerosis.
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Epilepsia partialis continua (EPC) resulting from localized encephalitis was first described
by Kozhevnikov and Brun in 1895 in patients suffering from Russian spring-summer
encephalitis. (Bien et al., 2005b) In 1958, Rasmussen described a syndrome of focal seizures
due to chronic localized encephalitis in three cases. The heterogeneity of this syndrome was
demonstrated by Oguni in a description of 48 cases in 1991 among which 80% had focal
motor seizures of which 50% were continuous.(Oguni et al., 1991) The syndrome occurred
predominantly in children who had hemiparesis and cortical signs.(Oguni et al., 1991) Even
though a diagnostic criteria has been proposed(Bien et al., 2005b), the aetio-pathogenesis
remains unresolved.
Rasmussen’s encephalitis (RE) is a rare neurological disease of childhood characterized by
unilateral hemispheric atrophy, focal intractable seizures, and progressive neurological
deficits. The affected brain tissue shows a chronic inflammatory histopathology and an
autoimmune reaction is suspected. Therapeutic strategies include anticonvulsants,
immunomodulation and surgery. (Bien et al., 2005b) This review covers the natural history,
aetiopathogenesis, clinical features, diagnosis, and treatment of RE.

2. RE by Theodore Rasmussen
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Rasmussen et al presented a clinico-pathologic report of three children suffering from a
chronic illness, producing focal seizures and gradually producing severe damage to one
cerebral hemisphere.(Rasmussen et al., 1958) Occasional specimens of scarred, atrophic
brain removed for the treatment of focal cerebral seizures at the Montreal Neurological
Institute showed striking perivascular collections of round cells, particularly in less severely
damaged areas of the specimens. Rasmussen observed that in the past this perivascular
cuffing was attributed to the effect on the brain of recurring seizures. He inferred, however,
that this was a rather unsatisfactory explanation since the great majority of surgical
specimens removed from patients with equally frequent focal seizures did not show this
change.(Rasmussen et al., 1958) He suggested that this microscopic picture may indicate the
presence of an unsuspected, more or less localized, chronic encephalitis that had smoldered
along over a period of years.(Rasmussen et al., 1958)
He opined that suggestions for therapy in the active phase of the disease, when it might be
possible to prevent destruction of brain tissue, must await determination of etiologic factors.
(Rasmussen et al., 1958)

236

Pathogenesis of Encephalitis

Rasmussen speculated regarding the ability of some dormant viruses in the nervous system
to be pertinent to the problem. He reasoned that localization of the lesions and their
character are more consistent with viral encephalitis than with postinfectious perivenous
encephalitis or with allergic encephalitis. He concluded that the histological appearance in
each instance suggested chronic focal encephalitis of unknown cause which manifested with
focal epilepsy.(Rasmussen et al., 1958)

3. Aetio-pathogenesis and pathology of RE
RE is a rare disease that should be envisaged as sporadic, since there is no evidence for a
genetic component. There is, at present, no conclusive evidence why and how RE starts.
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3.1 Is RE an epileptic encephalopathy?
In analogy to other conditions of childhood epilepsies with progressive neurological
deterioration, it has been suggested that in RE, the epileptic activity itself may contribute to
the functional decline.(Bien et al., 2005b) This is because focal motor deficit usually follows
the onset of epilepsy and its severity seems to mirror the intensity of the seizure
activity(Bien et al., 2005b; Chinchilla et al., 1994). Steroids given early in the course of the
disease are able to reduce the severity of the deficit, when seizure activity is brought under
control. The response to steroids may suggest that an inflammatory process underlies the
manifestation with seizures and neurological deficit. Because for any inflammatory process,
the immune effector cells or antibodies originate from the blood stream, the encephalitis is
expected to be bilateral. Thus focal epilepsy has been postulated as the reason for the
unilaterality of the encephalitis.(Bien et al., 2005b) It has been suggested that focal seizures
may damage the blood brain barrier allowing autoantibodies to cross the it thus causing
unilateral brain damage.(Bien et al., 2005b)
However, while seizures may lead to reversible Todd’s palsy probably due to neuronal
exhaustion, there is no conclusive evidence yet that seizures on their own cause or precede
encephalitis.(Rasmussen et al., 1958) Rasmussen reiterated that the great majority of
surgical specimens removed from patients with equally frequent focal seizures did not show
features of focal encephalitis.(Rasmussen et al., 1958) Furthermore, unilaterality is not a
constant finding in RE, and the progressive atrophy and epileptiform processes may
progressively involve the other hemisphere.(Bien et al., 2005b) The fact that the seizure is
originally focal could not be the basis for focal encephalitis. Rather focal seizures could be a
manifestation of focal encephalitis. The effect cannot precede the cause. Therefore
asymmetry of the pathogenic process may be responsible for focal seizures and focal
neurological deficits. This is corroborated by reports of cases with hemiparesis and focal
encephalitis preceding seizures.(Korn-Lubetzki et al., 2004)
The factors responsible for the asymmetry remain unravelled. Nevertheless, the evidence for
immunologic mechanisms is growing although the antigenic stimulus remains obscure.
3.2 Role of CD-8 cells
Unilateral encephalitis, an intriguing feature of RE, distinguishes it from any other
inflammatory disease of the CNS. Histopathological findings in RE comprise lymphocytic
infiltrates, microglial nodules, neuronal and astrocytic loss, and gliosis of the affected
hemisphere.(Farrell et al., 1992; Robitaille, 1991) Destruction of neurons and astrocytes by
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cytotoxic CD8 T cells has been proposed as a pathogenic mechanism underlying RE.
(Schwab et al., 2009)
Active brain inflammatory lesions contain large numbers of T lymphocytes, which are
recruited early within the lesions suggesting that a T cell dependent immune response
contributes to the onset and evolution of the disease(Farrell et al., 1992; Schwab et al., 2009).
Moreover, the histopathological observation of granzyme B-containing CD8+ T cells in
direct apposition to MHC class I positive neurons raised the hypothesis of a CD8+ T cellsmediated neuronal attack as a key pathogenetic mechanism underlying RE. (Bien et al.,
2005b; Bien et al., 2002a; Bien et al., 2002c; Bien et al., 2005a; Schwab et al., 2009) Apart from
neuronal cell death, CD8 cells may also be responsible for the degeneration of astrocytes
found in RE lesions. (Bauer et al., 2002; Bauer et al., 2007)
The antigens of these brain-infiltrating lymphocytes are still unknown. It is not even clear
yet, whether the CNS-directed T-cell response (TCR) is focused towards particular antigens.
Experimentally, this could be proven by demonstrating that individual clones are expanded
in the tissue.(Bien et al., 2005b)
In a longitudinal analysis of TCR in RE, severe perturbations of the TCR repertoire were
found in brain infiltrates from all specimens, while clonal expansions, as evidenced by
peripheral blood analysis, belonged to the CD8+ T-cell subset. In line with previous
findings, histochemical analysis of the brain lesions showed Vb specific T cells containing
the cytotoxic molecule granzyme B and lying in close appositions to NeuN+ neurons and
GFAP+ astrocytes.(Bauer et al., 2002; Bauer et al., 2007; Bien et al., 2002b; Bien et al., 2002a;
Bien et al., 2005a) Analysis of corresponding CNS/blood specimens revealed overlapping
but also CNS-restricted expansions of certain TCR clonotypes suggesting expansions of T
cells within the target organ itself. (Bauer et al., 2002; Bauer et al., 2007; Bien et al., 2002b;
Bien et al., 2002a; Bien et al., 2005a)
Longitudinal analysis of peripheral blood samples demonstrated dominance but also
longitudinal persistence of specific CD8 T-cell clones over time. The Vb/Jb usage, length of
the CDR3, and biochemical characteristics of the CDR3 amino acids suggested high
similarities putatively related to common driving antigen(s) without shared clones. In
conclusion, the data strongly support the hypothesis of an antigen-driven MHC class-I
restricted, CD8+ T cell-mediated attack against neurons and astrocytes in the CNS
dominating the pathogenesis in RE in contrast to a random attraction of cells as part of a
secondary immune response.(Schwab et al., 2009)
This process may persist for at least 1 to 2 years. (Schwab et al., 2009) The long-term
persistence (or re-occurrence) of putatively pathogenic T-cell clones despite therapy (or even
immunoablation) may indicate an ongoing exposure of the immune system to the antigenic
trigger. This trigger (autoantigen or virus) could very well reside within the CNS. The
finding of identical TCR clones between the CNS and peripheral blood compartment in
patients with matching CNS-blood samples is in line with this assumption. However,
because this was a small-scale study, further research is required to validate the hypothesis.
3.3 Glu-R3 autoantibodies
Autoantibodies against glutamate receptors (GluR3 and NR2B), first reported in Rasmussen
encephalitis, have been observed in other focal epilepsies, central nervous system ischemic
infarcts, transient ischemic attacks, sporadic olivopontocerebellar atrophy, systemic lupus
erythematosus, and paraneoplastic encephalopathies.(Pleasure, 2008)
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Furthermore, the hypothesis of RE as a primarily antibody-driven attack against neuronal
structures [e.g. the glutamate receptor GluR3 could not be confirmed in larger cohorts (Bien
et al., 2005b). Thus the detection of glutamate receptor autoantibodies is not useful in the
evaluation of Rasmussen encephalitis. (Pleasure, 2008)
This does not exclude that other humoral mechanisms may contribute to the pathogenesis of
RE. Future antibody research in RE will probably concentrate on detecting possibly pathogenic
antibodies other than glutamate receptor antibodies.(Bien et al., 2005b; Pleasure, 2008)
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3.4 Pathological features
The precise nature and sequence of the pathogenetically relevant processes remain
controversial. It is unclear if a uniform process exists in all stages of the disease in all RE
patients.(Bien et al., 2005b; Pleasure, 2008)
The histopathological properties of RE have been described in several studies.(Bien et al.,
2005b; Bien et al., 2002b; Bien et al., 2002c) Using standard histochemical staining
techniques, four stages corresponding to disease duration have been proposed. Group 1
(earliest phase) is characterized by inflammation with numerous microglial nodules, with or
without neuronophagia, perivascular round cells and glial scarring. Group 2 reveals several
microglial nodules, cuffs of perivascular round cells, and at least one gyral segment of
complete necrosis. Group 3 shows neuronal loss and gliosis with moderately abundant
perivascular round cells and few microglial nodules. Finally, group 4 (last phase) displays
no or few microglial nodules, neuronal loss and mild perivascular inflammation, combined
with various degrees of gliosis and glial scarring. (Bien et al., 2005b; Bien et al., 2002b; Bien
et al., 2002c; Robitaille, 1991)
The round cell infiltrates in RE brains consist almost exclusively of T lymphocytes. Using a
quantitative histopathological immunohistochemical approach, it has been demonstrated
that densities of T cells, microglial nodules and activated astrocytes are inversely correlated
with disease duration. Furthermore, the immunohistochemical observations showed that
the majority of the T cells are CD8+ containing GrB+ granules. A proportion of them laid in
apposition to neurons. These neurons were positive for MHC class I. A few neurons were
found to die by apoptosis. These findings were interpreted as evidence for a cytotoxic T cell
reaction against neurons. (Bien et al., 2005b; Bien et al., 2002b; Bien et al., 2002c; Robitaille,
1991)
Another diagnostically relevant observation was that <5% of the CD68+HLADR + cells had
macrophage morphology (the remainder had microglial morphology). In addition, CD20+
cells (B cells) and CD138+ cells (plasma cells) are extremely rare and signs of
immunoglobulin deposits or activated complement were not found. (Bien et al., 2005b; Bien
et al., 2002b; Bien et al., 2002c)
A viral aetiology was already suggested by Rasmussen based on the constituents of the
immune reaction in the brains such as lymphocyte infiltration and microglial nodules
(Rasmussen et al., 1958). The similarities of RE and Russian spring summer
meningoencephalitis, which is caused by a flavivirus, further supported this
hypothesis.(Bien et al., 2005b) However, so far all attempts to identify a pathogenic viral
agent have been contradictory and inconclusive. Bien Inclusion bodies suggestive of a viral
infection have not been observed in RE.(Bien et al., 2005b)
Available data continue to suggest a T cell-led immune basis to the pathogenesis of RE.
However, the antigenic basis is still obscure. Serial examinations in the early phase of the
disease might be important in identifying this group of patients, so that more detailed study
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of possible etiologic factors might be made before the fire has burned out and only the
scarred evidence of earlier damage remains. (Rasmussen et al., 1958)

4. Clinical features
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4.1 Natural history and evolution
Although reported cohorts of individuals with RE are not large, three stages have been
proposed. (Bien et al., 2005b; Bien et al., 2002c; Bien et al., 2002d). The average age at
presentation is 6 years of age. (Bien et al., 2005b; Bien et al., 2002c; Oguni et al., 1991) In
about two-thirds of patients, RE may commence in some patients with a non-specific
‘prodromal stage’ manifesting with a relatively low seizure frequency and rarely mild
hemiparesis with a median duration of 7.1 months (range: 0 months to 8.1 years).(Bien et al.,
2005b; Bien et al., 2002c; Bien et al., 2002d; Oguni et al., 1991)
All patients enter an ‘acute stage’ of the disease characterized by frequent seizures, mostly
simple partial motor seizures often in the form of epilepsia partialis continua (EPC). The
neurological deterioration becomes manifest by progressive hemiparesis, hemianopia,
cognitive deterioration and, if the dominant dominant hemisphere is affected, aphasia. (Bien
et al., 2005b; Bien et al., 2002c; Oguni et al., 1991) The median duration of this stage is 8
months (range 4–8 months).(Bien et al., 2005b; Bien et al., 2002c; Oguni et al., 1991)
The final stage is the ‘residual stage’ with permanent and stable neurological deficits and
still many seizures, although less frequent than in the acute stage. At this stage, not all the
patients are hemiplegic.(Bien et al., 2005b; Bien et al., 2002c; Oguni et al., 1991)
The wide time ranges for the duration of the disease stages indicate the high variability of
severity and speed of the destructive process in different patients. For clinical monitoring of
the progression, hemiparesis is the most useful marker as this feature is most consistently
found, and it allows quantitative evaluation, even in children.(Bien et al., 2005b; Bien et al.,
2002c; Oguni et al., 1991) Assessment of degree of hemiparesis is best done in periods with
low frequency of seizures, because it can be increased by additional transient postictal
paresis in cases with motor seizures. In addition, periodic assessment of neuropsychological
performance is recommended in order to detect cognitive decline, especially in cases
without overt hemiparesis, such as those of temporal lobe origin. (Bien et al., 2005b;
Hennessy et al., 2001)
Monitoring can also be done using the hemispheric ratio on neuroimages.
4.2 Characteristics of the seizures in RE
Epilepsy in RE patients is characterized by the polymorphism of seizures in a given patient;
the frequent occurrence of EPC; and the medical intractability of seizures, particularly of
EPC.(Bien et al., 2005b) The different semiologies of seizures, often noted on longitudinal
evaluation of patient records, is best explained as a ‘march (of the epileptic focus) across the
hemisphere’. (Oguni et al., 1991) Supportive findings have been made by serial
neuroimaging studies. However, apart from the rare cases of bilateral RE, all seizures
originate in one hemisphere. (Bien et al., 2005b)
Simple partial motor seizures involving one side of the body are the most common (77% of
cases), followed by secondarily generalized tonic clonic seizures (42%), complex partial
seizures (19% with automatisms and 31% with subsequent unilateral motor involvement),
postural seizures probably originating in the supplementary motor region (24%) and
somatosensory seizures (21%) (Oguni et al., 1991). EPC has been reported to occur in 56–92%
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of patients at some time during their disease course EPC was originally described in Russian
adults suffering from Russian springsummer encephalitis and has subsequently caused
extensive discussions regarding its nature and origin. EPC is most commonly viewed as
cortical and epileptic.
4.3 Possible variants of RE
In contrast to the classical features mentioned above, certain clinical variants of RE exist.
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4.3.1 RE with delayed seizure onset
Patients with progressive hemiparesis and biopsy evidence of RE followed by unilaterally
generated seizures only after several months have been reported. (Korn-Lubetzki et al.,
2004).

AK

4.3.2 RE with movement disorder
Unilateral basal ganglia involvement (usually the caudate nucleus) has been reported to
present with features of hemidystonia and hemiathetosis in addition to EPC. (Bhatjiwale et
al., 1998; Bien et al., 2005b)

DR
.

RU
P

4.3.3 Localised form
Mild and non-progressive phenotypes of the disease have been reported with childhood or
late-onset chronic focal encephalitis, dominated by partial seizures with mild focal motor
deficit and choreo-dystonic movements. (Gambardella et al., 2008)
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4.3.4 Bilateral cases
The term ‘bilateral RE’ should be reserved for cases with inflammatory lesions in both
hemispheres. Although several clinical and electrophysiological features have suggested
bilateral cerebral invlovelment in many cases (e.g. secondary spread of focal seizures to the
contralateral side, interictal epileptiform abnormalities on the contralateral side, or mild
contralateral atrophy). (Andermann et al., 2006; Bien et al., 2005b; Hart, 2004) True bilateral
RE is very rare.
There is no evidence for an inherent tendency of RE to spread to the contralateral side after
longstanding disease. Furthermore with over 10 years follow-up: no case of RE initially
cured by surgery from the epilepsy point of view exhibited delayed relapse on the
contralateral side, even when the affected hemisphere was not removed but purely
disconnected.(Bien et al., 2005b; Delalande et al., 2004)
4.3.5 Late-onset RE
Although RE is generally considered as a childhood disease, adolescent and adult patients
have been described and may account for about 10% of all RE cases. (Bien et al., 2005b) The
oldest patient reported so far was 58-years-old. (Hunter et al., 2006)
While adult-onset Rasmussen's syndrome may mimic the early-onset form, symptoms often
progress more slowly and the neurological defect is more variable. They appear to have a
more protracted and milder clinical course with less residual functional deficits and lower
degrees of hemiatrophy and more frequent occipital lobe seizure onset (Bien et al., 2005b;
Hart et al., 1997), but identical histopathological as well as clinical, electrophysiological and
neuroimaging findings.(Bien et al., 2005b)
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Some atypical features may be noted such as bilateral hemispheric involvement or a picture
of temporal lobe epilepsy or the presence of movement disorders at the beginning of the
disease. Surgical hemispheric disconnection that appears the most effective treatment in
children to improve seizure control is not indicated in adults for evident functional reasons.
Based on recent pathogenic concepts, different medical treatments may be proposed. Large
multicentre controlled studies are mandatory to define a clear medical therapeutic strategy
in these cases of adult-onset.(Jaillon-Riviere et al., 2007)

)

4.3.6 RE with unilateral brainstem encephalitis
The case of an adult woman with Rasmussen encephalitis with brainstem involvement
responsive to immunosupression is reported. (Quesada et al., 2007)
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4.3.7 RE with neurological comorbidity
Cases with double cranial pathology (RE plus low grade tumour, cortical dysplasia,
tuberous sclerosis, vascular abnormalities or old ischaemic lesions) have been
described.(Bien et al., 2005b; Hart et al., 1998) In the Montreal series, about 10% of cases had
double pathology. (Bien et al., 2005b; Hart et al., 1998) The diagnosis of dual pathology was
suspected based on MRI findings and confirmed by histopathology (biopsy or resective
epilepsy surgery).

5. Investigations
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5.1 EEG features
As early as 4 months after disease onset, EEG shows polymorphic delta waves over the
affected hemisphere, mainly in a temporal and central location (Figure 1).(Bien et al., 2005b;
Hart et al., 1998; Owolabi et al., 2008) This may be accompanied by epileptiform
abnormalities, which may evolve into (subclinical) ictal EEG patterns. During the disease
course, in most cases, contralateral asynchronous slow waves and epileptiform discharges
occur. However, ictal patterns are rarely recorded from contralateral electrodes. As in other
conditions, EPC in RE is not always accompanied by rhythmic EEG discharges on surface
EEG.(Bien et al., 2005b)
Thus EEG may contribute to the tentative diagnosis of RE already in early disease stages.
The following unihemispheric findings strongly suggest RE: impairment of background
activity and sleep spindles; focal slow activity; multifocal ictal discharges; and subclinical
ictal discharges. In cases with the secure diagnosis of RE, the documentation of an
independent contralateral seizure onset may raise the suspicion of bilateral disease.(Bien et
al., 2005b)
5.2 Radiological features
5.2.1 CT and MRI
Rarely, CT and MRI may be normal on very early scans. (Bien et al., 2005b; Bien et al., 2002c;
Bien et al., 2002d) Within the first 4 months after disease onset, the majority of patients
exhibit unilateral enlargement of the inner and outer CSF compartments, most accentuated
in the insular and periinsular regions, with increased cortical or subcortical (or both) T2 (and
FLAIR) signal (Figures 2 and 3). In addition, in most cases, there is atrophy of the ipsilateral
head of the caudate nucleus.
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Fig. 1. EEG features in a young girl with RE (Owolabi et al., 2008)
Theta and delta waves on the left hemisphere with epileptiform sharp and slow wave
complexes and phase reversal pattern. These features predominated in the temporo-central
region. No evidence of secondary generalization.

Fig. 2. Cranial CT scan
Isolated left hemispheric atrophy with non-enhancing hypodense lesions.
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T2 W MRI

DR
.R

UP
NA
TH
J

I(

DR
.

RU
P

T1 W sagittal MRI (right)

FLAIR sequence

T1 W gd-DTPA

Fig. 3. Brain MRI T1W and T2W transverse and sagittal images as well as FLAIR transverse
and coronal images were obtained. The images show left unilateral cerebral atrophy worse
at the frontal occipital and perisinsular regions. There is associated ipsilateral dilatation of
the lateral ventricle and widening of the cerebral sulci. The T2W images show diffuse
increased signal intensity in the cortical and subcortical white matter which are of decreased
signal on T1W images. The FLAIR images also show increased signal changes in the frontal
and occipital white matter on the left.
The right cerebral hemisphere, brainstem and cerebellum are all within normal limits.
The post gadolinium images show no evidence of enhancement.
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A few patients transiently show focal cortical swelling on early scans. Subsequently, a
spread of signal changes and atrophy within the affected hemispheres is observed.
In areas with increased MRI signal, the intensity of inflammation as measured by number of
T cells, microglial nodules and GFAP+ astrocytes is increased compared with more
chronically affected areas with advanced atrophy and no more signal increase.(Bien et al.,
2005b; Bien et al., 2002c; Bien et al., 2002d) Using a quantitative approach (calculation of the
‘hemispheric ratio’, i.e. the ratio affected/unaffected hemisphere on planimetry of axial and
coronal slices including the Sylvian fissure) to assess the temporal evolution of hemiatrophy,
most of the tissue loss occurs during the first 12 months after onset of the acute disease
stage.(Bien et al., 2005b; Bien et al., 2002c; Bien et al., 2002d) However, it may, in some cases,
go on for several years.(Bien et al., 2005b; Bien et al., 2002c; Bien et al., 2002d)
In a series of immunotreated RE patients, volumetric assessment of serial MRIs during early
disease stages revealed a median tissue loss of 29.9 cm3 per year in the affected and of 6.8
cm3 in the unaffected hemispheres.(Larionov et al., 2005) Gadolinium enhancement is very
rare in RE.(Bien et al., 2005b; Bien et al., 2002c)
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5.2.2 PET studies
PET studies, almost exclusively performed using the tracer fluorodeoxyglucose (FDG), show
abnormalities confined to the affected hemisphere. In most cases, large areas of
hypometabolism are observed; in the remainder (mostly ‘ictal’ studies in patients with
ongoing EPC), additional areas of focal hypermetabolism are found.(Bien et al., 2005b)
FDG-PET changes in early stages (disease duration up to 1 year) are confined to
frontotemporal areas. In later stages, abnormalities also affect posterior cortical regions.
(Bien et al., 2005b)
One case study suggested that FDG-PET-hypermetabolism correlates with ongoing electrical
seizure activity whereas methionin- PET-hypermetabolism indicates areas of inflammation,
but this needs to be confirmed in larger patients group.(Bien et al., 2005b) It has been
proposed that PET might guide brain biopsy in cases with inconclusive or normal MRI
findings, especially in early stages.
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5.2.3 Single photon emission computed tomography (SPECT)
With interictal and ictal SPECT, the same type of results and conclusions have been reached
as with PET (Bien et al., 2005b)
5.2.4 Magnetic resonance spectroscopy (MRS)
Magnetic resonance spectroscopy (MRS) studies consistently showed decreased N-acetylaspartate (NAA) levels and increased (or normal) choline (cho) peaks resulting in a
decreased NAA/cho-ratio suggestive of neuronal loss or dysfunction.(Bien et al., 2005b)
Partly observed increased lactate peaks seemed to be associated with the presence of EPC.
The present studies do not provide evidence for RE-specific MRS abnormalities.
In conclusion, PET, SPECT and MRS techniques are not suitable for defining
the inflammatory nature of the condition. They may, however, help in confirming
the unihemispheric nature in suspected early RE findings. (Bien et al., 2005b) Simultaneous
fMRI and EEG recording may be useful in planning surgery. (Cuspineda Bravo et al.,
2010)
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5.3 Laboratory features
No laboratory test is available to positively support the diagnosis of RE. The largest series of
CSF tests has been reported by the Montreal group. In about half of the examinations, cell
counts and protein levels were in the normal range. In the remainder, elevated cell counts
(16–70 cells/ml, predominantly lymphocytes), and increased protein content (50–100
mg/dl) or a first or midzone elevation of the colloidal gold curve were observed. In only
15% of the abnormal CSF tests, were all three parameters were abnormal.(Bien et al., 2005b)
Oligoclonal bands are an inconsistent finding ranging from 0 to 67% in some small
series.(Bien et al., 2005b)
GluR3 antibodies in serum (and CSF alike) do not discriminate between RE and
noninflammatory epilepsy.(Bien et al., 2005b) Moreover, the presence or absence of GluR3
antibodies does not allow specific pathogenic clues in a given patient and should not be
used to select or exclude a specific treatment.
Therefore, CSF standard tests are not suitable to exclude or confirm the diagnosis of RE.
Serological CSF tests are usually applied to rule out a CNS infection by known neurotropic
agents.
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5.4 Brain biopsy
Brain biopsy is not required in all RE cases because other criteria can be sufficient to
diagnose the condition. In ‘burnt out’ cases, brain biopsy may give nonspecific results and
not lead to initiation of immunomodulatory treatment.(Bien et al., 2005b) In cases not
fulfilling the noninvasive diagnostic criteria as well as in less common RE forms, brain
biopsy can contribute considerably to diagnostic certainty.(Bien et al., 2005b)
However, false negative results may be obtained in a small stereotactic needle biopsy
because normal and abnormal tissue elements may be located in very close apposition.(Bien
et al., 2005b) Therefore, if there are no contraindications, an open biopsy comprising
meninges, grey and white matter is preferable. If, in suspicious cases, histology does not
clearly show lymphocytic inflammation and microglial (nodular) activation, evaluation of
serial sections may be necessary. Biopsy should be taken from a non-eloquent area where
there is increased T2/FLAIR signal on MRI or abnormal findings in PET or SPECT. (Bien et
al., 2005b)
A gradient of inflammatory intensity from frontotemporal to occipital areas, especially in
early cases, has been observed. Therefore, frontal or temporal biopsies are generally
preferable. Cases with predominant parietal or occipital involvement, however, exist.(Bien
et al., 2005b)
True histopathological differential diagnoses to RE are not as numerous as sometimes
assumed. Chronic viral encephalitides, paraneoplastic encephalitis and nonparaneoplastic
limbic encephalitis(Bien et al., 2005b) need to be considered. If the results of brain biopsy are
inconclusive, further clinical and MRI follow-up studies (e.g. every 6 months) are required
to clarify the nature of the disease.

6. Diagnostic criteria
A diagnostic criteria is proposed by the European Consensus statement (Table 1). RE can be
diagnosed if either all three criteria of Part A or two out of three criteria of Part B are
present.(Bien et al., 2005b)
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RE can be diagnosed if either all three criteria of Part A or two out of three criteria of Part
B are present. Check first for the features of Part A. Then, if these are not fulfilled, of Part
B. In addition: If no biopsy is performed, MRI with administration of gadolinium and
cranial CT needs to be performed to document the absence of gadolinium enhancement
and calcifications to exclude the differential diagnosis of a unihemispheric vasculitis .
Part A:
1. Clinical Focal seizures (with or without Epilepsia partialis continua) and Unilateral
cortical deficit(s)
2. EEG Unihemispheric slowing with or without epileptiform activity and Unilateral
seizure onset
3. MRI Unihemispheric focal cortical atrophy and at least one of the following:
Grey or white matter T2/FLAIR hyperintense signal
Hyperintense signal or atrophy of the ipsilateral caudate head
Part B:
1. Clinical Epilepsia partialis continua or Progressive* unilateral cortical deficit(s)
2. MRI Progressive* unihemispheric focal cortical atrophy
3. Histopathology T cell dominated encephalitis with activated microglial cells (typically,
but not necessarily forming nodules) and reactive astrogliosis. Numerous parenchymal
macrophages, B cells or plasma cells or viral inclusion bodies exclude the diagnosis of RE.
*‘Progressive’ means that at least two sequential clinical examinations or MRI studies are
required to meet the respective criteria. To indicate clinical progression, each of these
examinations must document a neurological deficit, and this must increase over time. To
indicate progressive hemiatrophy, each of these MRIs must show hemiatrophy, and this
must increase over time.
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Table 1. European Consensus Diagnostic Criteria for RE (2005)(Bien et al., 2005b)

7. Differential diagnoses
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Differential diagnoses include unihemispheric epileptic syndromes, inflammatory diseases,
metabolic or degenerative disorders. Unihemispheral epileptic syndromes include cortical
dysplasia, hemimegalencephaly, tuberous sclerosis,
Sturge-Weber-syndrome, stroke, and hemiconvulsion-hemiplegia-epilepsy-syndrome. (Bien
et al., 2005b)
Inflammatory diseases such as cerebral vasculitis in systemic connective tissue disease and
unihemispheric cerebral vasculitis usually present with typical serological features,
calcification on brain CT and gadolinium enhacement on MRI. Subacute sclerosing
panencephalitis presents with period discharges on EEG.
Epilepsia partialis continua (EPC) due to metabolic disorders such as DM and hepatic
encephalopathy can be diagnosed with blood tests. Metabolic or degenerative progressive
neurological diseases such as MELAS and other can be diagnosed by mitochondrial DNA
genetic testing for mutations and muscle biopsy.

8. Treatment
The goals of treatment are to reduce inflammation, control seizures and reverse functional
deficits (motor, sensory, cognitive, etc). Pharmacologic, immunotherapeutic, surgical and
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rehabilitative techniques are used to achieve these goals. Rarity of the condition makes it
difficult to conduct RCTs to compare treatment options.
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8.1 Pharmacological control of seizures
Classical AEDs are more effective in the control of complex partial seizures and secondarily
generalized seizures than EPC. (Bien et al., 2009a) No anticonvulsive mono- or combinationtherapy has been described to be superior to other regimens. There is no evidence that the
new AEDs have higher efficacy than older AEDs. However, their improved tolerability and
reduced potential for pharmacokinetic interactions may be of particular importance if longterm immune-treatment is applied. (Bien et al., 2009a)
Enzyme-inducing drugs reduce blood-levels of corticosteroids and tacrolimus; enzymeinhibiting drugs, on the other hand, confer the risk of tacrolimus intoxication and
encephalopathy. Substances with high albumin bound fraction may be difficult to keep at a
constant blood level if in parallel with plasma exchange. As a general rule, number and
dose of AEDs should be kept as low as possible, i.e., one should try to abolish secondarily
generalized tonic clonic and, possibly, complex partial seizures; EPC, however, is almost
never suppressed by AEDs and it provides little benefit to the patients if one tries to
suppress this focal motor status epilepticus. In cases of localised EPC, botulinum toxin has
been successfully injected. (Bien et al., 2009a) Epilepsy surgery and immunotherapy are also
helpful in seizure control.
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8.2 Immunotherapy
Immunotherapeutic interventions include corticosteroids, immunoglobulin, plasmapheresis,
interferon, rituximab, and tacrolimus.
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8.2.1 Corticosteroids
Prednisolone/prednisone started at high doses and slowly tapered down have been
reported to have beneficial effects on seizures and neurological functions in several series,
particularly when started early in the course of the disease.(Bien et al., 2009a) However,
serious side effects partly necessitating steroid withdrawal have been noticed. These include
fluid retention/Cushing’s syndrome in all patients and, in single cases, psychosis,
behavioural abnormalities, septicaemia, osteoporosis, hypertension and candidiasis.(Bien et
al., 2009a) Therefore, for long-term steroid therapy, it has been recommended to start with
boluses of intravenous methylprednisolone (e.g. 400 mg/m2/day) or, in children, 20
mg/kg/day and then to introduce 1–2 mg/kg/day oral prednisolone or prednisone. This
dose should be slowly reduced, ideally to a dose below the threshold of Cushing’s
syndrome. Short-term steroid bolus administration (dosing as above) has been found to be
effective in blocking status epilepticus.(Bien et al., 2009a)
8.2.2 Intravenous Immunoglobulin (IVIG)
Good effects of IVIG on seizures and neurological functions were reported in some case
studies and seriess where IVIG is recommended as the first-line immunotherapy.
Furthermore, favourable responses of adult cases have lead to the proposal IVIG as first-line
treatment especially in late-onset cases.(Bien et al., 2009a) The recommended dosing scheme
is to start with three to five consecutive infusions of 0.4 g/kg/day and to proceed with a
monthly dose of 0.4–2.0 g/kg distributed over 1–5 consecutive days. Side effects of IVIG
treatment are rare.
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8.2.3 IVIG plus steroid
In case of insufficient effect of IVIG, a combination of 0.4 g/kg/month IVIG plus
corticosteroids (dosing as above) is recommended. (Bien et al., 2009a)
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8.2.4 Plasma exchange/plasmapharesis
Plasma exchange cycles have been performed at a frequency of three to six single volume
exchanges on consecutive or alternate days, repeated every 2 to 8 weeks. Selective periodic
immuno-adsorption with protein A has been used as a long-term management with positive
results in adolescent-adult onset patients. Both measures improved neurological function
and seizure frequency in some patients during the weeks following the intervention that
could be reinstituted by repeat treatment. However there is very limited experience with
long term treatment in RE. (Bien et al., 2009a) Long-term immunotherapy is usually
ineffective against seizures.
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8.2.5 Tacrolimus
Tacrolimus is a T cell inhibiting immunosuppressant. In a small controlled trial, the
tacrolimus patients had a superior outcome regarding neurological function and
progression rate of cerebral hemiatrophy on MRI, but no better seizure outcome. Their
cognitive outcome was good.(Bien et al., 2004; Bien et al., 2009a) The results of a randomized
prospective trial, comparing tacrolimus and IVIG are still being awaited.(Bien et al., 2004;
Bien et al., 2009a)
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8.2.6 IFN-alpha
Report of seizure control with the use of intraventicular interferon-alpha has been
made.(Bien et al., 2009a; Dabbagh et al., 1997) However it is an invasive measure and
further trials are required to verify its efficacy and determine its role in RE therapy.
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8.2.7 Rituximab
Rituximab is a chimeric monoclonal antibody against the protein CD20. Although CD20+
cells (B cells) are extremely rare, rituximab may in single cases be a viable treatment
alternative; a formal trial is underway. (Bien et al., 2005b)
8.3 Surgical treatment
Surgical treatment is indicated in medically-refractory seizures. Options include anatomic
hemispherectomy, functional hemispherectomy, perisylvian hemispherotomy, trans-sylvian
hemispherotomy and central/vertical hemispherotomy.(Bien et al., 2005b; Bien et al., 2009b;
Bien et al., 2009a; Terra-Bustamante et al., 2009) However, only hemispherectomy
(anatomical or functional) is effective in RE.(Bien et al., 2005b; Bien et al., 2009b; Bien et al.,
2009a; Terra-Bustamante et al., 2009)
The basic principle of the modern techniques is to replace resection by disconnection.
Presurgical evaluation for hemispherectomy should be performed in all patients with
pharmacoresistant and handicapping seizures due to RE. Some special considerations
during this presurgical assessment arise from the fact that RE represents the rare case of an
epilepsy due to acquired hemispheric brain damage. In RE, patients with disease onset >4
years of age (when secondary language transfer is no longer highly likely) need to be
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investigated with particular scrutiny to predict the post-HE functioning. (Bien et al., 2005b;
Bien et al., 2009b; Bien et al., 2009a; Terra-Bustamante et al., 2009)
The following steps are recommended in the pre-op work-up of RE patients: brain MRI and
video-EEG-monitoring for registration of interictal and ictal activity and prediction of
postoperative functional outcome by assessment of the actual language, motor, visual
function (visual field) and language dominance lateralization, usually by means of Wada
testing.(Bien et al., 2005b; Bien et al., 2009b; Bien et al., 2009a; Terra-Bustamante et al., 2009)
However, it is imperative to determine cerebral dominance by Wada test prior to
surgery.(Bien et al., 2005b; Bien et al., 2009b; Bien et al., 2009a; Terra-Bustamante et al., 2009)
Language functional MRI alone has not been shown to be sufficient due to limited
comparability of the two hemispheres as well as the restricted ability of the patients to
follow instructions.(Bien et al., 2005b; Bien et al., 2009b; Bien et al., 2009a; Terra-Bustamante
et al., 2009)
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8.4 Rehabilitation
Depending on the type of neurological deficits, different modalities of rehabilitation are
employed to improve the health-related quality of life of the patient. This includes
physiotherapy, vocational therapy, occupational therapy, speech and language therapy, and
cognitive rehabilitation. Botulinum toxin A is useful in the management of localized
refractory EPC.
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8.5 Choice of therapy for individual patients
Anti-seizure effect of anti-epilepsy drugs is usually limited to secondarily generalized
seizures and complex partial seizures whereas EPC is usually refractory. (Bien et al., 2005b;
Bien et al., 2009a) Hemispherectomy in one of its modern variants offers a very high chance
of seizure freedom, however at the price of irreversible loss of functions located in the
affected hemisphere.(Bien et al., 2005b; Bien et al., 2009a; Terra-Bustamante et al., 2009) In a
proportion of patients, long-term immunotherapy is able to prevent or slow down
hemispheric tissue loss and the associated functional decline. It does, however, mostly not
improve the epilepsy. Whereas for many patients unequivocal treatment proposals can be
readily made, a dilemma may emerge in those with severe epilepsy but still preserved
hemispheric function.(Bien et al., 2005b; Bien et al., 2009a; Terra-Bustamante et al., 2009)
In the European consensus statement on RE, a therapeutic protocol(Bien et al., 2005b; Bien et
al., 2009a) for any patient with the diagnosis of RE has been suggested.
8.5.1 Mild or absent epilepsy, with progressed functional deficit
A low dose AED therapy will usually suffice in these cases. If complete seizure freedom
cannot be achieved but is a major goal of the patient, surgery can be offered.(Bien et al.,
2005b; Bien et al., 2009a)
8.5.2 Handicapping epilepsy, and no findings predicting a relevant post-op
deterioration
Here, surgery is clearly the treatment of choice. The patient and his family needs to be
informed about the general risks of the procedure.(Bien et al., 2005b; Bien et al., 2009a; TerraBustamante et al., 2009)
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8.5.3 Mild or absent epilepsy with limited neurological deficit
If the patient is still in the acute disease stage, i.e., has recently experienced a functional
decline, this is certainly the ideal situation for long-term immunotherapy. The epilepsy is no
or only a minor problem, and the functional decline may be stopped or at least slowed
down by the immunotherapy. If, however, the patient is already in the residual stage (i.e.,
no functional decline within the previous 6 months or so), initiation of immunotherapy is no
longer recommended.(Bien et al., 2005b; Bien et al., 2009a)
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8.5.4 Handicapping epilepsy, but prediction of significant functional deterioration
after surgery
This is certainly the most problematic situation.(Bien et al., 2005b; Bien et al., 2009b; Bien et
al., 2009a; Terra-Bustamante et al., 2009) Early institution of long-term immunotherapy is
recommended to prevent functional decline. If seizures remain severe and disabling,
additional ‘‘short-term/intense’’ immunotherapy should be tried (e.g., an i.v. pulse of
several days of methylprednisolone at 20 mg/(kg day) in children or 500—1000 mg/day in
adults, or plasma exchange, or IVIG). If no satisfying effect is achieved, this add-on
immunotherapy should be discontinued, and the option of HE should be considered as
discussed above. (Bien et al., 2005b; Bien et al., 2009a)
The severity of each of the expected deficits after surgery should be weighed in relation to
the severity of epilepsy.(Bien et al., 2005b; Bien et al., 2009a; Terra-Bustamante et al., 2009;
Terra-Bustamante et al., 2007) This requires extensive and in-depth discussions with the
patient and his family. Whereas the prediction of postoperative aphasia in a still
communicable child (RE of the language dominant hemisphere) will usually preclude
surgery, the perspective of a fixed dense hemiparesis with preserved walking abilities may
be an acceptable price for seizure freedom. This is particularly clear in cases, in which
continuous or near-continuous motor seizures impair hand and leg function anyway. (Bien
et al., 2005b; Bien et al., 2009a; Terra-Bustamante et al., 2009; Terra-Bustamante et al., 2007)
Regardless of the affected side, the probably least relevant consequence of surgery is
hemianopia, which is usually well compensated in everyday life. In conclusion, especially in
patients with impairing seizures and affection of the non-dominant hemisphere, surgery
will often emerge as the superior long-term option compared to ongoing conservative
treatment.(Bien et al., 2005b; Bien et al., 2009a; Terra-Bustamante et al., 2009; TerraBustamante et al., 2007)

9. Conclusions and future prospects
Rasmussen’s encephalitis (RE) is a very rare disease of the brain, usually in children,
characterized by focal seizures, ipsilateral cortical deficits and hemiparesis, as well as
hemiatrophy of the contralateral cerebral hemisphere. Even though the European
Consensus criteria has been proposed for its diagnosis, the aetio-pathogenesis remains
enigmatic.
The affected brain tissue shows a chronic T-cell mediated inflammatory histopathology and
an autoimmune reaction is suspected. Four groups of histopathological changes have been
described with variable densities of microglial nodules, gyral necrosis, neuronal loss, glial
scarring and gliosis. Following the natural history of the disease, three stages have been
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proposed: the prodromal stage with a relatively low seizure frequency and mild hemiparesis;
the acute stage with frequent seizures, and the residual stage. Focal epilepsy can be
demonstrated by EEG while neuroimaging by CT scan or MRI demonstrates cerebral
hemiatrophy.
Anti-epileptic drugs have limited efficacy particularly in the control of EPC. Several
immunomodulatory therapies have been tried. However being an orphan disease, no
randomized clinical trials have demonstrated the long-term outcome of steroids, tacrolimus,
plasmapharesis and immunoglobulin therapy. Whereas epileptic surgery is effective for
seizure control, it is at the price of inducing severe neurological deficit.
It is hoped that in the nearest future early diagnosis and extensive study of new cases in the
prodromal phase may help unravel the antigenic stimulus for the T-cell-mediated response
as well as the basis for the unilaterality of hemispheric damage. This may lead to specific
immunotherapeutic techniques which can then be tested in multicenter randomized control
trials.
Better understanding of epilepsy therapeutics with combination of new and older
antiepileptic drugs may result in better seizure control. (Owolabi et al., 2008) However,
successes of non-surgical approaches have to be proven in the context of the natural
evolution of the disease to a non-progressive phase. The decision to undergo surgery has to
be individualized and predicated on the full information about the risks and benefits for the
index patient. Novel and holistic approach to rehabilitation may result in improved quality
of life for RE patients who can then march on to achieve their goals in life despite the fire of
inflammation in the brain.
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1. Introduction
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Paraneoplastic limbic encephalitis (PLE) is a rare neurological syndrome characterized by
short-term memory impairment, seizures and various psychiatric disturbances. It is often
associated with small-cell lung cancer, germ-cell tumors of the testis and breast cancer, but
rarely with ovarian teratomas (Gultekin et al., 2000). Several cases of PLE with ovarian
teratomas had been reported in Japan (Okamura, Oomori, and Uchitomi, 1997; Nokura et
al., 1997), but the autoantigens in this disease remained unknown. In 2005, Dalmau et al.
reported an antibody to the membranes of neurons of the hippocampus (antigens
colocalized with exchange factor for ADP-ribosylation factor 6 A (EFA6A)) in association
with PLE and ovarian teratomas (Ances et al., 2005; Vitaliani et al., 2005).
We sent samples from a patient suffering from limbic encephalitis with an ovarian teratoma
to Prof. Dalmau’s Laboratory in November 2005. They identified antibodies to the antigens
colocalized with EFA6A in our patient’s samples (Figure 1) (Shimazaki et al., 2007), and in
another Japanese one (Koide et al., 2007).
Their further analysis of the antibodies disclosed that were ones against NR1/NR2
heteromers of N-methyl-D-aspartate (NMDA) receptors. They diagnosed and reported
twelve women (including our case) as having ‘paraneoplastic anti-NMDA receptor
encephalitis associated with an ovarian teratoma’, the cases developing prominent
psychiatric symptoms, amnesia, seizures, frequent dyskinesias, autonomic dysfunction, and
a decreased level of consciousness often requiring ventilatory support (Dalmau et al., 2007).
After this publication, several reports about anti-NMDA receptor encephalitis have
appeared in Japan (Iizuka et al., 2008; Seki et al., 2008; Kataoka, Dalmau, and Ueno, 2008;
Ishiura et al., 2008; Shindo et al., 2009). Analysis of a worldwide one hundred anti-NMDA
receptor encephalitis case series revealed that about 60% of them had associated tumors
such as ovarian teratomas (Dalmau et al., 2008).
Meanwhile, Kamei et al. proposed ‘acute juvenile female non-herpetic encephalitis
(AJFNHE)’ (Kamei et al., 2009). The clinical symptoms and course of AJFNHE are similar to
those of anti-NMDA receptor encephalitis. These two diseases are considered to be the
same clinical entity, anti-NMDA receptor antibodies being detected in samples from some
AJFNHE cases.
We herein describe five young Japanese cases who had fever, psychiatric symptoms and
orofacial dyskinesias, and whose sera and cerebrospinal fluids (CSF) contained antibodies
against NMDA receptors.
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Fig. 1. Detection of anti-NMDA receptor antibodies in cerebrospinal fluid of case 3.
Antibodies for the NR1/NR2 heteromers of NMDA receptors caused intense
immunolabelling of cultured rat neuronal cell membranes and processes.

2. Characteristic clinical features of anti-NMDA receptor encephalitis
The clinical symptoms of 100 cases of anti-NMDA receptor encephalitis have been reported
in detail (Dalmau et al., 2008). According to this report, the median age of patients was 23
years (range, 5-76 years), and 91 out of the 100 cases were women.
In our cases (Table 1), the time of disease onset ranged from 17 to 30 of age. Four cases were
female and one was male. Headache, fever and flu-like symptoms preceded other
encephalitis features in our cases and about 90% of the above 100 cases (Dalmau et al., 2008).
To our knowledge, antecedent infection has not been described for this disease, but case 5
had suffered from influenza B infection before his psychiatric symptoms emerged.
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2.1 Psychiatric symptoms
Seventy-seven of 100 anti-NMDA receptor encephalitis cases developed marked
schizophrenia-like psychiatric symptoms at onset (Dalmau et al., 2008), and they tended to
have visited a psychiatric clinic initially. The psychiatric symptoms were as follows:
anxiety, agitation, bizarre behavior, delirium, visual and auditory hallucination, and shortterm memory disturbance. Catatonia-like symptoms have been reported (Lee, Glick, and
Dinwiddie, 2006; Iizuka et al., 2008; Kleinig et al., 2008; Schimmel et al., 2009). Emotional
incontinence and disorientation were observed in our series.
Notably, our case 5 showed prominent psychiatric symptoms such as abnormal behavior,
hallucination and agitation with mild orofacial dyskinesia, although convulsions,
abnormal eye movements, autonomic instability, hypoventilation and CSF pleocytosis
were not observed. Modified electroconvulsive therapy was effective for his psychiatric
symptoms that were uncontrolled with medications due to their side effects (Ando et al.,
2011).
Recently, anti-NMDA receptor antibodies were detected in a small percentage of patients
with a first episode of psychosis (Zandi et al., 2011), and in cases with a pure
neuropsychiatric disorder (De Nayer, Myant, and Sindic, 2009). A good response to
electroconvulsive therapy has been reported for anti-NMDA receptor encephalitis
(Braakman et al., 2010).
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2.2 Involuntary movements
Involuntary movements are one of the most characteristic symptoms of anti-NMDA
receptor encephalitis. They were seen in 85 of 100 anti-NMDA receptor encephalitis cases.
The most frequent types were orofacial dyskinesia including grimacing, masticatory-like
movements, and forceful jaw opening and closing (Dalmau et al., 2008). Other types of
involuntary movement were also observed, as follows: choreiform movement, dystonic
posture and myoclonus. It is suggested that interruption of forebrain corticostriatal inputs
by anti-NMDA receptor antibodies removes tonic inhibition of brainstem pattern generators
releasing primitive patterns of bulbar and limb movement (Kleinig et al., 2008).
In our cases, we observed blinking and grimacing, to and fro dyskinesia of the tongue,
tremorous movements of the extremities, and increasing paroxysmal muscle tonus
throughout the whole body. In patients 1 and 3, the orofacial dyskinesia was too severe to
break their teeth, whereas that in case 5 was mild and of short duration.
2.3 Oculomotor symptoms
Oculogyric crisis has been reported as the most frequent oculomotor finding in anti-NMDA
receptor encephalitis (Ko, Dalmau, and Galetta, 2008). Moreover, nystagmus and deviation
of the ocular position have been observed in some cases (Dalmau et al., 2008).
In our cases, we observed oculogyric crisis in case 1, disconjugation in case 2, and skew
deviation and inverse ocular bobbing in case 3 (Shimazaki et al., 2008) (Fig. 2)(Table 1).
Inverse ocular bobbing, referred to as ocular dipping, consists of a slow, spontaneous
downward eye movement with fast return to midposition. It may be observed in anoxic
coma (Ropper, 1981) or following prolonged status epileptics (Mehler, 1988), and is thought
to be a marker of diffuse brain damage (Stark, Masucci, and Kurtzke, 1984). This case had
not only signs of brainstem involvement such as skew deviation and hypoventilation, but
also of diffuse encephalopathy, causing the inverse ocular bobbing.
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Patient No.

1

2

3

4

5

Onset age，Gender

22, F

19, F

30, F

16, F

18, M

emotional
Initial symptoms

incontinence,

(Prodromes)

restlessness, fever,

Orofacial & limb
dyskinesia
Duration of dyskinesia

disorientation,
fever, headache,

fever, headache,

nausea

-

++

+++

++

+

+-

9 weeks

> 5 weeks

2 weeks

4 weeks

2 days

oculogyric crisis

disconjugation

inverse ocular

++

+++
> 6 weeks

Hospital stay (months)

5.5

2

104
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26

55

CSF glucose (mg/dl)

70

48

Time to tumor diagnosis
NR1 antibody titer in
CSF (rfu, normal < 5000)
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mature cystic

(dermoid cyst)
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Tumor markers
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!δ

(not detected)

(not examined)

Outcome
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3.5

2

4

40
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1
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67
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" -!

w/epilepsy
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CA125 65
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rapid enlargement

31360

death (2 months)

base, right
cerebellum
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444556
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0.5 months

recovery (1 year 8
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CS, tumor
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Ovarian teratoma

agitation

tonic

12 weeks

EEG

behavior,
hallucination,

tonic

Hypersalivation

high intensity

B), abnormal

clonic

Ventilatory assistance

MRI (FLAIR)

fever (influenza

clonic

bobbing
Autonomic instability

convulsions,
fever, headache

nausea

skew deviation,
Eye position, movement

behavior,
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TH

Seizures

emotional
incontinence,

abnormal

)

headache

disorientation,

CS, PP, IVIg,
tumor resection

-

NR1/NR2

NR1/NR2

antibody +

antibody +

IVIg, CS

electroconvulsive
therapy

full recovery

full recovery

full recovery

(1 year)

(11 months)

(1 year)

Table 1. Clinical and laboratory findings in five cases of anti-NMDA receptor encephalitis.
rfu: relative fluorescence units.
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Fig. 2. The position of the eyes in case 3 showed skew deviation when the inverse ocular
bobbing resolved.
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2.4 Autonomic symptoms
Anti-NMDA receptor encephalitis is complicated by autonomic instability, which is
indicated by an unstable blood pressure level or pulse rate, hypersalivation, central
hypoventilation, etc.
We found excess salivary excretion of up to 1400ml/day in all cases except for patients 4
and 5. Case 3 suffered from sudden hypotension and bradycardia. Three of the five cases
were intubated and required mechanical ventilatory support due to the central
hypoventilation, the other two cases not needing assisted ventilation.
2.5 Ovarian teratomas
Fifty-eight of 98 anti-NMDA receptor encephalitis patients had a neoplasm, the most
frequent one being an ovarian teratoma (Dalmau et al., 2008). Analysis of 400 patients
confirmed that the younger the patient, the less likely that a tumor will be detected (Dalmau
et al., 2011), and that in female patients older than 18 years, the frequency of an underlying
teratoma is much the same as they previously reported (Dalmau et al., 2008).
Of our cases, two (22 and 30 years old) had ovarian teratomas, the other three (16, 18 and 19
years old) had no associated tumor. The mature teratoma of an ovary in case 1 was not
discovered in hospital with encephalitis symptoms, but was diagnosed four years after
onset (Figure 3A-a, b). The immature teratoma of an ovary in case 3 was detected at two
weeks after onset (Figure 3B-a). Pelvic MRI showed her enlarged teratoma, double in
diameter, at two months after onset (Figure 3B-b) (Shimazaki et al., 2007). Both teratomas
were resected, but the tumors in the other three cases were not identified until now.
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2.6 Brain MRI findings
Brain MRI showed abnormal findings in 55 of 100 cases with anti-NMDA receptor
encephalitis (Dalmau et al., 2008).
Of our cases, cases 1, 2 and 5 exhibited no remarkable findings on the brain MRI. FLAIR
images of case 3 disclosed areas of high intensity in the bilateral medial temporal and
hippocampal areas (Figure 4A-a), which disappeared after two months (Figure 4Ab)(Shimazaki et al., 2007). FLAIR images of case 4 showed areas of high intensity in the
right ventral pons (Figure 4B-a) and the right cerebellum (Figure 4B-b).

A. Pelvic T2-weighted MRI (a: axial, b: sagittal image) in case 1 at four years after onset. It
revealed a right ovarian teratoma with a diameter of 5 cm. It was resected and the
pathological diagnosis was a mature teratoma (dermoid cyst).
B. Pelvic enhanced CT in case 3. CT at two weeks after onset (a) revealed a 5 cm tumor in
the right ovary, which was considered to be a benign cyst unrelated to the neurological
disorder. At two months after onset, the patient developed progressive constipation and a
bulging appearance of the lower abdomen. Follow-up abdominal computed tomography (b)
and MRI showed an enlarged ovarian tumor, with a transverse diameter of 10 cm. Resection
of the tumor revealed an immature teratoma that contained hair follicles, cartilage tissue,
glandular structures and cerebral cortex-like tissue with normal appearing neurons. No
inflammatory infiltrates were evident in the tumor.
Fig. 3. Ovarian teratomas in cases 1 and 3.
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A. Brain MRI in case 3. Axial plane and Gadolinium-enhanced T1-weighted MRI were
unremarkable, but MRI fluid-attenuated inversion recovery images of the brain showed
areas of hyperintensity in the medial temporal lobes and hippocampus on admission (A-a).
These abnormalities had resolved by two months after admission (A-b).
B. Brain MRI in case 4. Axial plane and Gadolinium-enhanced T1-weighted MRI were
unremarkable, but T2-weighted and FLAIR images showed areas of slightly high intensity
in the right ventral pons (a) and cerebellum (b).
Fig. 4. Brain MRI (FLAIR) findings in two patients (cases 3 and 4).
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2.7 Electroencephalography (EEG)
Generalized or frontotemporal slow waves were observed in 71 of 100 cases with antiNMDA receptor encephalitis. Epileptic discharges were only recorded in 22 of the 100 cases
(Dalmau et al., 2008). The EEG records for all our cases except for case 5 mainly showed
slow waves in the theta to delta ranges.
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2.8 Cerebrospinal fluid findings
Cerebrospinal fluid (CSF) examination disclosed abnormal findings in 95 of 100 cases
(Dalmau et al., 2008). Lymphocytic pleocytosis was found in 91 cases, and increased protein
concentrations in 32 of the 100 cases.
In our cases, mild to moderate pleocytosis was found in all patients except for patient 5.
CSF protein elevation was only observed in two cases (patients 2 and 3).

3. Treatment and prognosis
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Several effective treatments have been reported for anti-NMDA receptor encephalitis other
than the administration of steroids, immunoglobulin, and plasmapheresis. Ovarian tumor
removal in the acute phase (Sansing et al., 2007; Seki et al., 2008), chemotherapy for the
tumors (Eker et al., 2008), cyclophosphamide (Sansing et al., 2007; Wilder-Smith and Ng,
2008), and rituximab (Ishiura et al., 2008) were also effective treatments for a small number
of cases.
In our cases (Table 1), corticosteroids were administered to four cases, and high-dose
intravenous gammaglobulin to three cases. We performed plasmapheresis for two cases.
Two women underwent resection of ovarian teratomas. Modified electroconvulsive therapy
was found to be dramatically effective for the psychiatric symptoms in case 5.
The severity of anti-NMDA receptor encephalitis is incompletely correlated with the titer of
anti-NMDA receptor antibodies in the acute phase. (Prof. Dalmau, written communication
Jul 2008).
In our cases, we did know the titers in three (Table 1). Case 3 exhibited the lowest titer with
a full recovery, whereas case 2 exhibited the highest titer with severe involuntary
movements and poor prognosis.
The prognosis of anti-NMDA receptor encephalitis had relatively good compared to that of
herpes simplex encephalitis. Of 100 cases, 47 exhibited full recovery, 28 mild stable deficits,
18 severe deficits, and seven died as a result of the neurological disorder (Dalmau et al.,
2008). Our three cases exhibited a complete recovery, one had mild sequelae with epilepsy,
and one died.

4. Conclusions
We have discussed five cases of anti-NMDA receptor encephalitis compared to the other
numerous reported cases. From the clinical aspect, our cases and the reported ones had
some symptoms in common, for example, preceding psychiatric symptoms, and
characteristic orofacial dyskinesia.
Meanwhile, the clinical manifestations in our cases included a peculiar ocular symptom
(ocular dipping) in case 3 and an atypical clinical presentation (predominant schizophrenic

263

Clinical Aspects of Anti-NMDA Receptor Encephalitis

psychiatric symptoms) in case 5. In particular, case 5 was initially misdiagnosed as having
schizophrenia by a psychiatrist because of no findings of encephalitis (no CSF pleocytosis,
normal brain MRI and EEG). Ovarian teratomas were found in two patients, one became
rapidly enlarged in hospital, and the other was found at four years after onset. Therefore,
we should carefully follow up patients even if the tumors are not identified during
hospitalization. In our experience, anti-NMDA receptor encephalitis exhibits severe
symptoms such as convulsions and hypoventilation in the acute phase, but this disease
could be curable. Characteristic symptoms and antibody measurement can be useful for
prompt diagnosis of this disease, and early immunosuppressive treatment and tumor
resection are important as well as general care of critically ill patients.
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Non-herpetic acute limbic encephalitis (NHALE) was found at 1994 during the survey of
herpes simplex encephalitis (HSE) in the Kyushu district, Japan. NHALE is characterized by
a lack of evidence of the herpes simplex virus (HSV) genome or HSV antibody, nonparaneoplastic limbic encephalitis, and magnetic resonance imaging (MRI) abnormalities in
bilateral medial temporal lobes such as the hippocampi and amygdalae (Kusuhara et al.,
1994; Kaji et al., 1996; Shoji et al., 2004). Etiologies of NHALE consist of various causes,
including viral origins, autoimmune disorders, and several anti-neural antibodies. Since
Urgent Conference on Non-Herpetic Limbic Encephalitis, at Ichikawa City, Japan,
November 2002, many cases have been accumulated as viral related acute limbic
encephalitis, autoantibody-mediated acute limbic encephalitis, paraneoplastic limbic
encephalitis or encephalopathy (Yuasa et al, 2003). Cerebrospinal fluid (CSF) shows a mild
pleocytosis with increase of pressure, mild increase of protein, and sometimes, a lack of the
pleocytosis. The CSF level of interferon-γ (IFN-γ) is unchanged with an increase of
interleukin (IL)-6 (Asaoka et al., 2004; Ichiyama et al., 2008a). Among them, NHALE patient
group with the onset symptoms of abnormal behavior and incoherence, and the detection of
anti-glutamate receptor (GluRε2 NR2B) antibodies is gaining attention (Nemoto et al., 2005;
Hayashi et al. 2005; Takahashi et al., 2007). This NHALE type is indicated to form a new
subgroup of acute limbic encephalitis or encephalopathy. GluRε2 is a subunit of the Nmethyl-D-asparate (NMDA) glutamate receptor. NHALE overlaps clinically to anti-NMDA
receptor (NR1+2A) encephalitis, but the NMDA encephalitis is usually associated with
ovarian teratoma (Dalmau et al., 2007; Iizuka et al., 2008).
In this review, two NHALE patients with positive anti-GluRε2 antibody are briefly
described, and the pathogenesis of NHALE, clinical features, differential diagnosis,
prognosis, and sequelae are discussed.
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Fig. 1. Possible relationships of NHALE and related disorders.
NHALE=non-herpetic acute limbic encephalitis, NMDAR=N-methyl-D-asparate receptor
VGKC =voltage-gated potassium channel, LE=limbic encephalitis

2. Case presentation
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Here, we present two representative patients with NHALE who were evaluated at A
rehabilitation hospital 3 months to 2 years after the onset (Noto et al., 2008; Shoji et al., 2009).
Patient 1: A 50 year-old man was restless and became talkative with a fever and palpitation
in the end of July 200x. Several days later, he was admitted with collapsed state to a nearby
hospital. On admission, he showed a fever of 38.4℃, coma state, and generalized myoclonus
without nuchal stiffness, then paroxysmal atrial fibrillation, status epileptics, and needed an
artificial respirator for 3 months. The CSF exhibited no abnormalities in the cell count,
protein and glucose contents, and polymerase chain reaction (PCR) for HSV and human
herpesvirus (HHV)-6 was negative. The serum antibodies were negative for herpesvirus
groups (HSV, HHV-6, varicella-zoster virus and cytomegalovirus). The MRI revealed
hyperintensity lesions bilaterally in the hippocampi, amygdalae and claustrum. His CSF at
the 5th illness day was positive for anti-GluRε2 IgG and IgM antibodies. Acyclovir (ACV)
administration, thereafter methylprednisolone pulse therapy was performed with sodium
valproate and clonazepam. Amnestic syndrome and partial seizure remained. Three months
after the onset he was transferred to A rehabilitation hospital which was near to his home
town. Neuropsychological tests such as the Wechsler adult intelligence scale-revised
(Japanese edition, WAIS-R), Wechsler memory scale-revised (Japanese edition, WMS-R),
and functional independence measure (FIM) were conducted to assess the sequelae for 2
years after the onset. WMS-R showed severe impairment of recent memory with normal
total WAIS IQ and FIM points. The MRI at the recovery stage showed bilateral atrophic
changes in the hyppocampi and amygdalae with hyperintensity lesions in the rectus gyri
(Fig 2a). Thereafter, he moved to an another rehabilitation hospital. At 2 years after the
onset, moderate amnestic syndrome and focal seizure remained, and he is still unable to
return to his previous job.
Patient 2: A 36 year-old man had diarrhea for several days, and he then developed a fever of
40℃ for one week, but he did not stop his job of rescue party. Convulsive seizures and
delirium appeared, and he was admitted to a nearby hospital. His consciousness level was
stupor state without nuchal stiffness and pathologic reflexes. The CSF contained 6
mononuclear cells per mm3 and protein content of 46 mg/dl, and HSV PCR was negative in

Non-Herpetic Acute Limbic Encephalitis: A New Subgroup of Limbic Encephalitis?

269

UP
NA
TH
J

I(

DR
.

RU
P

AK

NA
TH

)

the CSF. Serum enzyme immunosorbent assay (EIA) tests for herpesvirus groups, rubella,
measles and mumps were all negative. His CSF showed positive for anti-GluRε2 IgG and
IgM antibodies. Electroencephalogram (EEG) revealed periodic lateralized epileptiform
discharges (PLEDs). The MRI exhibited hyperintensity lesions in the bilaterally medial
temporal lobes including hippocampi and amygdalae. Patient 2 was diagnosed as having
NHALE with positive anti-GluRε2 antibodies. Anticonvulsant drugs and ACV were
administered, but he developed status epileptics, and put on a respirator, and
methylpredonisolone pulse and immunoglobulin therapies were conducted. Three months
after the onset, he was transferred to A rehabilitation hospital. He showed a fever of 37ºC,
attention impairment, nystagmus, myoclonus at the left face and upper extremity, and
weakness and atrophy of the both legs as a disuse syndrome. MRI revealed bilaterally
atrophy of the hippocampi and amygdalae with hyperintensity lesions (Fig.2b). WAIS-R
showed 69 of total IQ, and 44/126 at FIM. Intensive rehabilitation was performed, and 6
months later he was discharged with improvement of scores of WAIS-R, WMS-R and FIM.
At 2 years after the onset, mild dysarthria, attention impairment, and gait disturbance have
remained, and he is now trying to return to his previous job.
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Fig. 2. a,b: MRIs of Patients 1 & 2 with NHALE at the recovery stage; a: an axial fluid
attenuated inversion recovery (FLAIR) MRI of Patient 1 reveals hyperintensity lesions in the
rectus gyri, and mild dilatation of the inferior horn. b: an axial FLAIR MRI of Patient 2
shows moderate dilatation of the inferior horn.

3. Pathogenesis
In the CSF cytokines of NHALE patients, the IFN-γ value is not elevated with an increase of
IL-6 (Asaoka et al., 2004; Ichiyama et al., 2008a; Fig.3). CSF IFN-γ levels were elevated in the
central nervous system (CNS) disorders due to direct viral invasion, such as viral meningitis
and HSE (Matsubara et al., 2000; Ichiyama et al., 2005; Ichiyama et al., 2008a), but not in
immune-mediated CNS disorders, such as acute disseminated encephalomyelitis, influenzaassociated encephalopathy, and acute encephalopathy following prolonged febrile seizures,
and hemolytic uremic syndrome with encephalopathy (Ichiyama et al., 2002; Ichiyama et al.,
2004; Ichiyama et al., 2008b; Shiraishi et al., 2008). IFN-γ, which is produced by NK cells,
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CD8+ and Th1 type CD4+ T lymphocytes, plays an important role in host defense against
viral infection, and inhibits viral replication (Samuel., 1991). Therefore, IFN-γ elevating in
the CSF may exert an inhibitory effect against viruses invading the CNS. With respect to
CSF IFN-γ levels, we suggest that the main pathogenesis of NHALE is not caused by the
direct invasion of virus into the CNS.
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Fig. 3. The CSF concentrations of IFN-γ, IL-6, IL-10, and sTNFR1 in patients with NHALE,
HSE, and controls. Horizontal lines indicate geometric means. Shaded areas indicate values
below the detection limits. IFN-γ=interferon-γ, IL=interleukin, sTNFR1=soluble tumor
necrosis factor receptor-1
In a major subgroup of NHALE patients presenting psychiatric symptoms such as abnormal
behavior or incoherence, a subunit of NMDA glutamate receptor antibody (GluRε2 NR2B)
was detected in the sera and CSF. In Japan, many similar cases have been accumulated
(Nemoto et al., 2005; Hayashi et al., 2005; Noto et al., 2008). Patients 1 & 2 here described are
regarded as anti-GluRε2 positive NHALE. Mochizuki et al. (2006) reported an autopsy case
of NHALE with positive Anti-GluRε2 NR2B antibody, and a few autopsy cases followed
(Okamoto et al., 2008; Maki et al., 2008). Thus, this NHALE type should be regarded as
belonging to a new subgroup of acute limbic encephalitis. Anti-NMDA type GluR
antibodies categorized into NMDA glutamate receptor complex antibodies {GluR1 (NR1) +
GluR1 (NR2A) or GluR2 (NR2B)} and antibodies to each subunits composing of the
complex antibodies. Antibodies to GluRε2 (NR2B) subunit are antibodies to a whole
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molecules of GluRε2 (NR2B) subunit (Takahashi et al., 2008, Fig.4). Takahashi et al. (2008)
reported 60% positive rate of Anti-GluRε2 antibodies in the serum of NHALE patients from
the acute to convalescent stage, whereas these Anti-GluRε2 antibodies in the CSF of NHALE
patients were detected in 50% at the acute stage, and 40% at the recovery stage; anti-GluRε2
antibodies is indicated to invade from serum to CNS with injury of the blood-brain barrier,
and may involve the pathogenesis of acute limbic encephalitis or encephalopathy
(Takahashi et al., 2007; 2010). Ichiyama et al. (2009) reported that high matrix
metalloproteinase-9/tissue inhibitor of metalloproteinase 1 (MMP-9/TIMP-1) ratio which
indicates to injure the blood-brain barrier continues from the acute to convalescent stages
(Fig. 5).
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Fig. 4. Antibodies to NMDA-type GluR complex and each domain of GluR subunits.
Antibodies to NMDA-type GluR complex (antibodies to NMDAR) were examined using
HEK cells transfected by expression plasmid of GluR1 (NR1) + GluR1 (NR2A) or GluR2
(NR2B) (Dalmau et al., 2007). Antibodies against whole molecules of GluRε2 were examined
by immunoblot (Takahashi Y et al., 2003). Antibodies against each domain of GluRε2
(NR2B) and GluR1 (NR1) were examined by ELISA with synthesized peptides. NMDA=Nmethyl-D-asparate, GluR= glutamate receptor
On the other hand, the anti-GluR ε2 antibodies are also detected in Rasmussen encephalitis,
acute encephalitis with refractory repetitive partial seizures (AERRPS), mild encephalopathy
with a reversible splenial lesion (MERS), or HSE (Takahashi et al., 2003; 2005; Sakuma et al.,
2009; Kai et al., 2009). Anti-GluRε2 antibody encephalitis may form a wider spectrum of
encephalitis and encephalopathy. The antibody reacts cross to anti-NMDA-type GluR
complex antibodies, and the clinical significance and specificity to NHALE of anti-GluRε2
antibodies is not established. In near future, the specificity, or further pathological
mechanism of GluRε2 NR2B for NHALE should be investigated.
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Fig. 5. Serum concentrations of MMP-9 and TIMP-1 and the ratio of MMP-9/TIMP-1 in
patients with NHALE and in controls. The high ratio of MMP-9/TIMP-1 continues from the
acute to convalescent stages. A: Patients with NHALE in the acute stage, B: patients with
NHALE in the convalescent stage, and C: controls. The horizontal lines indicate median
values. MMP-9=matrix metalloproteinase-9 , TIMP-1=tissue inhibitor of metalloproteinase 1
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4.1 Clinical findings
Incidence rate is 4.7 persons per million person-year. Mean onset ages of NHALE show 44.8
years in male and 31.6 years in female, respectively (Wada-Isoe et al., 2008).
In response to the limbic system disorder, various symptoms such as changeable
disorientation, memory impairment, catalepsy, schizophrenic-like delusions, anger,
hallucinations, convulsive seizures, autonomic seizures, pulse rate or respiratory
abnormalities, and hyponatremia can appear (Yuasa, 2003). Our Patients 1 & 2 showed
restlessness, palpitation and delirious state as initial symptoms. In the acute stage of
NHALE, schizophrenic-like symptoms consisting of abnormal behavior, incoherence,
delusions, and hallucination are frequently observed, and then convulsive seizures, status
epileptics, and autonomic seizures are follows. Meningeal irritation signs appear mildly.
Takahashi et al. (2008) analyzed 53 cases of non-paraneoplastic non-herpetic acute limbic
encephalitis compared with 16 negative anti-GluRε2 antibody cases; abnormal behavior,
delusions, and hallucination are more frequently observed including autonomic seizures,
pyramidal and extrapyramidal signs, and cerebellar symptoms. Status epileptics appeared
at 56.5% of the adult cases, and the other complexes partial seizures without convulsive
seizure are also described. Prognostic outcome is comparative favorable, and several limited
autopsy cases have been reported (Mochizuki et al., 2006). As the complications of NHALE,
hypertrophic pachymeningitis or Vogt-Koyanagi-Harada disease has been reported (Usui et
al., 2007; Masuda et al., 2009).
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4.2 Laboratory findings
PCR and antibody tests including sensitive enzyme-linked immunosorbent assay for
herpesvirus groups result in all negative. However, in the serum tests of the adults or
elderly patients we may sometimes encounter carrier having HSV positive antibody (Shoji et
al., 2004).
CSF shows a mild pleocytosis with increase of pressure, mild increase of protein, and
sometimes, a lack of the pleocytosis. The CSF level of IFN-γ is unchanged with an increase
of IL-6 (Asaoka et al., 2004; Ichiyama et al., 2008a). Ichiyama et al. (2008a) reported the
comparison of CSF cytokines between NHALE and HSE; increases of IFN-γ, IL-6, IL-10, and
sTNFR were observed in HSE, whereas only increase of IL-6 was found in NHALE. Brain
MRI exhibits often bilateral abnormalities in the limbic areas; abnormal signals distribute in
the bilateral hippocampi, amygdalae, rectus, cingulated gyri, and insula. Diffusion weighted
images (DWI) is most sensitive to detect the lesions, and the hyperintensity lesions
decreased by apparent diffusion coefficient (ADC) (Fig.6). Brain CT is difficult to detect the
medial temporal lesions. Also, it should be evaluated that the hyperintensity lesions are apt
to appear by DWI as similar lesions after status epilepticus. At the acute stage the inferior
horn narrowing is often observed by MRI or CT probably reflecting the brain edema, and at
the recovery stage the inferior horn is dilated suggesting the brain atrophy. 99mTc-ECD using
easy z-score imaging system (eZIS) analysis single photon emission CT (SPECT) may reveal
wider hypo- or hyper-perfusion lesions than the corresponding MRI lesions in the limbic
areas (Fig. 7). Moreover, the hyperintensity lesions on DWI may show relatively increased
regional cerebral blood flow (rCBF) on eZIS analysis. EEG reveals whole moderate slowness,
and PLEDs or periodic synchronous discharges (PSD) are observed at approximately 20-30%
for the acute stage.

Fig. 6. MRIs of patient with NHALE at the acute stage.
Diffusion-weighted MR images showed hyperintensity lesions in the bilateral medial
temporal lobes, cingulate gyri, and insulas.
NHALE=non-herpetic acute limbic encephalitis
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4.3 Treatment
There is no standard therapy for NHALE. Most treatment approaches have employed some
form of nonspecific immunosuppressant therapy similar to that used for other
encephalitis/encephalopathy and autoimmune diseases, including corticosteroid,
intravenous immunoglobulin (IVIg), plasmapheresis, or a combination of these therapies.
High-dose intravenous steroids are widely accepted as first-line therapy. Most of the data
describing treatment for NHALE are derived from case reports and small series. To date,
there have been no randomized, controlled trials for the treatment of NHALE. On the other
hand, ACV therapy is usually conducted at the acute stage due to difficulty to exclude HSE.
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Fig. 7. eZIS images in (axial view) patients with NHALE at acute stage.
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The eZIS analysis detected a significantly increased rCBF in the bilateral medial temporal
lobes, left insula, and left putamen, and a significantly decreased rCBF in the bilateral
frontal lobes. The color images represent the statistical significance (Z-score) of the increase
(red) or decrease (blue) in rCBF.
eZIS =easy z-score imaging system, NHALE=non-herpetic acute limbic encephalitis,
rCBF=regional cerebral blood flow
4.4 Differential diagnosis
Differential diagnosis with HSE is important in the choice of anti-viral drug starting or
immunological therapy. HSE presents a fever, meningeal irritation signs, consciousness
impairment, convulsive seizures, and memory impairment, while NHALE shows the onset
symptoms with abnormal behavior or talk, and meningeal signs appear mildly.
Neuroimaging of HSE often involves predominantly unilateral temporal lobe, but NHALE
tends to localize bilateral medial temporal lobes. The CSF findings of NHALE are apt to
reveal mild changes. Differentiation between NHALE and NMDAR encephalitis at the
initial stage may be difficult, because 25% of NMDAR encephalitis exhibits localized limbic
encephalitis form (Iizuka et al., 2008). Therefore, particularly in juvenile female patients with
acute encephalitis, ovarian teratoma should be checked rapidly (Kamei S., 2004, 2008). On
the other hand, anti-voltage-gated potassium channel (VGKC) antibody limbic encephalitis
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shows often encephalopathy type with hyponatremia, and overlaps Morvan syndrome with
neuromyotonia. Hashimoto encephalopathy should be noticed to present limbic
encephalopathy type, although this encephalopathy usually shows whole encephalitis type.

5. Sequelae
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As sequelae, memory impairment, and personality or emotional changes have been most
frequently described. Regards with the sequelae of our Patients 1 & 2 at 2 years after the
onset, Patient 1 shows prominent impairment for recent memory with intact intelligence and
immediate memory. Another Patient 2 presents memory and intelligence impairments,
involuntary movement, and paresis in both legs as disuse syndrome. They are still unable to
return their previous jobs.
Next, we analyzed the sequelae evaluated in questionnaires from 19 cases of NHALE and 13
cases of anti- NMDAR encephalitis, which was registered for an encephalitis research group
of Japanese Ministry of Health & Welfare (Shoji et al., 2010). The Barthel score contains
activity of daily living (ADL 0-20), epilepsy (0-4), psychosis (0-2), intelligence (0-4), memory
impairment (0-2), and motor function (0-3) were assessed at 3 months and 1 year after the
onset. Average ages of the NHALE and anti-NMDAR encephalitis groups were mean ±
SD=37.5 ± 17.5 and 29.4 ± 3.2 years, respectively. Male and female ratio was all women in
the NMDAR encephalitis. The statistical significance was evaluated using the Wilcoxon test.
P values less than 0.10 were considered significant, because of the small case study for both
groups.

P=0.055
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Fig. 8. The comparison of sequelae between NHALE and anti-NMDAR encephalitis
(average/full score%).
NHALE1= non-herpetic acute limbic encephalitis; 3 months after the onset, NHALE2=1 year
after the onset, NMDAR1=anti- N-methyl-D-asparate receptor encephalitis; 3 months after
the onset, NMDAR2=1 year after the onset, ADL=activity of daily living.
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In the comparison between NHALE and NMDAR groups at 3 months after onset, in
NHALE group memory impairment most frequently involved, while in NMDAR group
ADL, intelligence and memory impairments severely disturbed (Fig. 8, p=0.055 by Wilcoxon
test). These results may suggest that NHALE has a localized limbic lesion with comparative
good prognosis, and NMDAR may represent whole brain encephalitis. However, the
comparison between 3 months and 1 year after onset in both groups showed significant
improvement in NMDAR than NHALE group (p=0.068 by Wilcoxon test).
Prognostic outcome of NHALE is relatively favorable compared with HSE. However, many
patients with NHALE are unable to return to their jobs because of memory impairments,
and personality or emotional changes. Further collaborative investigation for the sequelae of
NHALE and related disorders are expected.
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Etiologies of NHALE consist of various causes, including viral origins, collagen disorders,
and several anti-neural antibodies. Among them, anti- GluRε2 NR2B antibodies were
detected. This NHALE type is indicated to form a new subgroup of acute limbic encephalitis
or encephalopathy. The NHALE type may be characterized by the onset of abnormal
behavior or incoherence, positive anti-GluRε2 NR2B antibodies, a lack of evidence of the
HSV genome or HSV antibody, non-paraneoplastic limbic encephalitis, and MRI
abnormalities predominantly in bilateral limbic systems, including hippocampi and
amygdalae. CSF shows a mild pleocytosis, and sometimes, a lack of the pleocytosis. The CSF
level of IFN-γ is not elevated with an increase of IL-6. The CSF cytokines’ profile suggests
that the main pathogenesis of NHALE is not caused by the direct invasion of virus into the
CNS.
Prognostic outcome is relatively favorable, and differential diagnosis with HSE is important
in the choice of anti-viral drug starting or immunological therapy. Furthermore, the
specificity and pathological role of GluRε2 NR2B antibodies for NHALE should be
investigated.
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Blood brain barrier (BBB) disruption is an integral feature of numerous neurological
diseases with infectious, inflammatory, neoplastic and vascular components. It is of
particular interest in the immune mediated neurological diseases multiple sclerosis (MS),
acute disseminated encephalomyelitis (ADEM), and acute hemorrhagic leukoencephalitis
(AHLE). In particular, AHLE is associated with very high mortality. A fundamental
question in these diseases is the extent inflammatory immune cells contribute to CNS
vascular permeability. This lack of understanding currently undermines therapeutic
approaches to ameliorate uncontrolled BBB disruption. In this review, we highlight the
current experimental model systems available to address the contribution of inflammatory
cells in BBB disruption. The contribution of T cells and other immune cell subsets in altering
blood brain barrier tight junctions in the experimental autoimmune encephalomyelitis
(EAE), lipopolysaccharide (LPS), and virus induced CNS vascular permeability model
systems is also addressed. Results obtained from the use of these model systems have put
forward a defined role for neutrophils, CD4 and CD8 T cells and vascular endothelial
growth factor (VEGF) in BBB disruption. Based on these findings, we describe models in
which immune cells engage and alter CNS cell types of the neurovascular unit and define
future avenues of research.
Acute disseminating encephalomyelitis (ADEM) and acute hemorrhagic leukoencephalitis
(AHLE) are demyelinating diseases that usually present shortly after infections or
vaccination (Callen et al., 2009; Gibbs et al., 2005). ADEM typically has an overall favorable
prognosis, with 60-80% of patients showing a complete recovery (Dale et al., 2000; Gibbs et
al., 2005; Rust, 2000; Tenembaum et al., 2002). AHLE, which is also known as Hurst’s
disease, has been considered a severe form of ADEM and has a very poor prognosis, usually
resulting in death in 2-14 days (Geerts et al., 1991; Hart & Earle 1975; Pinto et al., 2011; Posey
et al., 1994; Suchowersky et al., 1983). This disease is characterized by extensive BBB
disruption and microhemorrhage formation. Typical acute symptoms of AHLE include
fever, malaise, and headache, followed by a rapid progression of multifocal neurologic signs
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(Posey et al., 1994). The MRIs of AHLE patients present with edema, white matter lesions,
and petechial hemorrhage (Gibbs et al., 2005; Fugate et al., 2010; Pinto et al., 2011).
Neutrophilic leukocytosis in the CSF has also been shown in cases of AHLE. (Pinto et al.,
2011). Usually, the patient’s level of consciousness progressively declines, resulting in coma
(Posey et al., 1994). AHLE progresses rapidly, causing an accelerated deterioration of the
patient. This coupled with its close resemblance to herpes simplex encephalitis (HSVE) may
cause this disease to be under diagnosed in addition to demonstrating a probably viral
etiology to AHLE (Gibbs et al., 2005). Furthermore, recent clinical cases have shown that this
commonly fatal disease may also result from severe H1N1 influenza infection (Fugate et al.,
2010; Wang, G., et al., 2010) and Epstein-Barr virus (Befort et al., 2010).
There are currently no standard treatments for ADEM or AHLE, and the etiology of these
two disorders is still not well understood. Several studies have demonstrated that the
neurovascular unit (NVU), which is composed of cerebral endothelial cells (CECs)
surrounded by astrocytes, pericytes, axonal endings, and microglia (Begley, 2004), may
ultimately control permeability of the BBB through tight junctions between CECs of the
vasculature. These tight junctions are composed of the proteins occludin and claudin, which
seem to provide the primary seal of the tight junction, JAMs, which may play a role in
monocyte and leukocyte adhesion, (Ballabh et al., 2004; Hawkins & Davis 2005) and the
zona-occludin proteins, which provide the stability for the formation of tight junctions (Lai
et al., 2005). However, the extent inflammatory immune cells contribute to the alteration of
the NVU to a permeable state remains largely undefined. This relative lack of knowledge
currently undermines effective therapies to treat diseases characterized by uncontrolled
disruption of the BBB. Therefore, it is essential for the role of immune cells to be investigated
in experimental mouse models, including experimental autoimmune encephalomyelitis
(EAE), lipopolysaccharide (LPS), and virus induced CNS vascular permeability model
systems, including the lymphocytic choriomeningitis virus (LCMV) and the peptide
induced fatal syndrome (PIFS) models. These models may lead to the development of
effective therapeutic approaches for these devastating diseases.

2. The Concept of the Blood Brain Barrier (BBB)
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Before delving into how the BBB can be altered by immune cells, contributing to a variety of
neurological diseases, it is important to understand the basic concept of the BBB and how
different molecules gain access to it. The BBB is a highly specialized brain endothelial
structure that plays a role in separating components of the circulating blood from neurons
(Zlokovic, 2008). It is important to note that diffusion of soluble factors in the blood is
controlled by capillaries, which contain specialized tight junctions. Meanwhile, recruitment
of immune cells takes place at postcapillary venules (Bechmann et al., 2007). While an intact
BBB is essential, it is also important that certain blood derived factors, such as nutrients, be
able to cross this barrier. This is achieved through transcellular transport systems, including
carrier-mediated, ion, active efflux, receptor-mediated, and caveolae-mediated transport.
Carrier-mediated transport allows the transport of essential nutrients such as glucose to
meet the metabolic needs of the brain. Ion transporters such as the sodium pump are
important in order to meet energy demands. Active efflux of molecules from the brain
endothelium is important for rapid removal of harmful substances such as ingested toxic
lipophilic metabolites. Receptor-mediated transport systems have played an important role
as targets for drug delivery to the brain. Caveolae, a special type of lipid raft, contributes to
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transcellular permeability by regulating endocytosis and transcytosis (Zlokovic, 2008).
Therefore, the BBB has multiple mechanisms by which blood derived agents could enter the
CNS. In this review, we will focus on the role of immune-mediated alterations of the
neurovascular unit and the subsequent alterations in vascular endothelial cell tight
junctions.

3. Organization of the Neurovascular Unit
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The vascular permeability observed in ADEM and AHLE has generated a central question
of how inflammation promotes alteration of the BBB. The BBB has unique features that
enable it to create a solute impermeable barrier (Begley 2004). Based on electron microscopy
data, the current model of the BBB is composed of CNS vasculature consisting of
interlocking cerebral endothelial cells (CECs). Surrounding CECs are astrocytes, pericytes,
axonal endings, and microglia (Begley 2004). Collectively, this group of cells is referred to
as the neurovascular unit (NVU). Several recent models of BBB disruption place the NVU as
a dynamic interacting multicellular network that ultimately controls permeability of the BBB
(Begley, 2004; Minagar & Alexander, 2003; Zlokovic, 2008). Specific properties of each NVU
cell type in maintaining BBB integrity are described below and depicted in Figure 1.
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3.1 Cerebral Endothelial Cells (CECs)
CECs form tight junctions with one another, creating microvasculature that serves as a seal
between the blood and CNS tissue (Fanning et al., 1999; Itoh et al., 1999; Tsukita et al., 1999;
Wolburg & Lippoldt 2002). While these tight junctions are considered the actual gate of the
BBB, it is thought that CECs alter tight junctions following signaling from other cells of the
NVU (Demeuse et al., 2002; Marchi et al., 2009). Numerous in vitro and in vivo studies have
demonstrated that CECs only form blood brain barrier properties if they are in the presence
of astrocytes or astrocyte-derived factors (Hayashi et al., 1997; Janzer & Raff, 1987; Maxwell
et al., 1987; Neuhaus et al., 1991; Sobue et al. 1999).
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3.2 Astrocytes
Greater than 90% of the albuminal surface of CECs are in direct contact with astrocytes
(Abbott, 2002; Demeuse, et al., 2002). Astrocytes have been shown in vitro to promote the
opening and maintenance of CEC tight junctions upon stimulation (Schroeter et al., 2001;
Siddharthan et al., 2007; Smith, 2007). For this reason, it is hypothesized that astrocytes play
a critical role in maintaining CEC integrity through direct contact and chemical messengers
in vivo (Abbott, 2005; Abbott et al., 2006; Haseloff et al., 2005). In addition, astrocytes form
complex networks with vasculature, potentially communicating through endfeet and Ca2+
waves (Koehler et al., 2006). Their close association with CECs and their role in BBB
formation make astrocytes a potential candidate NVU cell type involved in altering vascular
permeability.
3.3 Pericytes
Pericytes have been found to promote tighter BBB formation and reduced transendothelial
resistance in vitro (Dohgu et al., 2005; Ramsauer, et al., 2002). Pericytes are also an important
source of TGF- in CEC microvessel formation (Dohgu et al., 2005). Transgenic approaches
to inhibit migration of pericytes to vasculature through selective disruption of PDGF- in
CECs results in susceptibility to vascular permeability and edema (Hellstrom et al., 2001).

284

Pathogenesis of Encephalitis

This evidence, while indirect, suggests a potential role for pericytes in maintaining CEC BBB
stability in vivo.
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3.4 Neurons
Neurons have been implicated in CNS vascular permeability due to the close proximity of
axonal endings with astrocyte endfeet and CECs (Hamel, 2006). Neuronal activity could
therefore communicate with astrocytes which are in direct contact with CECs. Specific
subpopulations of cortical GABAergic interneurons have been demonstrated to promote
vasodilation through close association with astrocyte endfeet (Cauli et al., 2004).
Furthermore, neurons express high levels of nitric oxide and COX-2, implying a potential
mechanism to signal alteration of smooth muscle near vasculature (Vidensky et al., 2003).
These observations suggest a potential mechanism for neurons to regulate CEC function in a
process dependent or independent of astrocytes.
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Fig. 1. A model depicting the organization of the neurovascular unit (NVU). The NVU is
composed of cerebral endothelial cells (CECs) surrounded by astrocytes, pericytes, axonal
endings, and microglia. The NVU may ultimately control permeability of the BBB through
tight junctions between CECs of the vasculature.
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3.5 Microglia
Microglia have been implicated as mediators of CNS vascular permeability due to their
expression of proinflammatory cytokines that promote BBB disruption in vitro, the most
notable being TNF- (Zhao et al., 2007). Microglia are potent antigen-presenting cells of the
CNS that express both class I and class II molecules. Ex vivo isolated microglia have also
been demonstrated to activate T cells in vitro (Mack et al., 2003). Therefore, microglia have
the capacity to both interact with T cells and express proinflammatory factors that could
alter the NVU resulting in BBB disruption.

4. Cerebral endothelial cell tight junctions and CNS vascular permeability
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The NVU has been implicated in controlling entry of blood derived products across the BBB
through tight junctions between CECs of the vasculature. Tight junctions are composed of
both cytoplasmic and transmembrane proteins. These proteins are linked to an actin-based
cytoskeleton allowing for a tight seal among cerebral endothelial cells of CNS vasculature
(Petty & Lo, 2002). Cytoplasmic proteins collectively referred to as the MembraneAssociated Guanylate Kinase-Like homolog family provide structural support and play an
organizational role for CECs (Hawkins & Davis, 2005). The current model of how the
transmembrane proteins occludin, claudin and junctional adhesion molecules (JAMs)
present in tight junctions interact is shown in Figure 2. Among these proteins, occludin and
claudin appear to form the primary seal of the tight junction, whereas JAMs are proposed to
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ZO-1
Actin cytoskeleton

Fig. 2. Molecular model of tight junctions between cerebral endothelial cells (CECs).
Occludins, claudins and junctional adhesion molecules (JAMs) regulate adhesion of CECs.
Occludins and claudins adhere to the zona occludin complex which consists of an
interaction of ZO-1, ZO-2, and ZO-3 proteins. In contrast JAMs adhere only to zona
occludin-1 (ZO-1). The zona occludin proteins in turn adhere to actin cytoskeleton proteins.
Opening of tight junctions during inflammation appears to be an orchestrated event of
degradation and expression of occludins and claudins, respectively and contraction of actin
cytoskeleton. Model is modified from (Minagar & Alexander, 2003).
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be involved in monocyte and leukocyte adhesion and transmigration through the BBB
(Ballabh et al., 2004; Brooks et al., 2005). The zona-occludin proteins, ZO-1, ZO-2 and ZO-3,
have been shown to connect the transmembrane proteins to actin, providing stability for
tight junction formation (Lai, 2005). Expression of occludin is much higher in neural
endothelial cells when compared to peripheral endothelial cells whereas claudins are found
in both (Ballabh et al., 2004). Occludin could therefore contribute to structural differences in
BBB tight junctions as compared to tight junctions found in peripheral tissue.
Following insult to the CNS, inflammatory immune cells home to the CNS tissue. Despite
the ability of immune cells to enter the CNS, the BBB remains relatively impermeable to
other blood derived products. This is potentially due to immune cells entering the CNS
without opening tight junctions between CECs via post capillary venules (Bechmann et al.,
2007; Burns et al., 2000; Wolburg et al., 2005). However, tight junctions do not remain closed
in all cases of CNS inflammation. Some instances of CNS inflammation promote opening of
tight junctions and increased permeability of blood derived products through the BBB. Why
tight junctions and the BBB open under some inflammatory circumstances but not others
remains unknown. Current models suggest inflammatory immune cells promote opening of
tight junctions between CECs through the activation of cells that line the BBB (Minagar &
Alexander, 2003; Zlokovic, 2008). Chemokine and cytokine emission from immune cells
have been implicated in this process with some examples being VEGF, IFN-, TNF-, IL-1
and IL-6 (Argaw et al., 2009; Blamire et al., 2000; Didier et al., 2003; Ferrari et al., 2004;
Krizanac-Bengez, et al., 2003; Laflamme, 1999; Paul et al., 2003; Stoll et al., 2000; Suidan et al.,
2010; Wong et al., 2004). Chemokines enable adhesion of immune cells by mediating the
activation of integrins on these cells. Additional signals lead to cytoskeletal reorganization,
permitting transmigration of immune cells across the BBB, which is directed by matrix
metalloproteinases (MMPs). Current therapies focus on blocking the integrins, which have
resulted in reductions of BBB breakdown in patients with active multiple sclerosis.
Targeting MMPs may also serve to stabilize BBB dysfunction (Zlokovic, 2008).

5. Importance of vascular endothelial growth factor (VEGF) in promoting CNS
vascular permeability
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Clinical observations and current experimental model systems used to address the
contribution of inflammatory cells in BBB disruption have put forth a potential role for
VEGF, a cytokine that has an instrumental role in vascular development and angiogenesis
(Deininger et al., 2003; Karamysheva, 2008; Olsson et al., 2006; Su et al., 2006). However,
VEGF was originally defined as “vascular permeability factor” which was found to be
secreted by tumor cells (Senger et al., 1983). VEGF is over 50,000 fold more potent than
histamine in promoting vascular permeability in in vitro assays, demonstrating the potency
of this cytokine to promote deregulation of the vasculature (Shulman et al., 1996). VEGF
mediated permeability occurs through modification of endothelial cells to develop (a)
vesiculo-vacuolar organelles, (b) increased caveolae formation, (c) fenestrations in
membranes, and (d) alteration of tight junctions (Antonetti et al., 1999; Esser et al., 1998;
Feng et al., 1999; Roberts & Palade, 1995). These modifications in endothelial cells could
result in different levels of vascular permeability that range from the entry of small particles
up to whole erythrocytes (Weis & Cheresh, 2005). The prevailing hypothesis is that VEGF’s
effects on endothelial cells of vasculature result in local edema, hemorrhage and tissue
damage (Chi et al., 2005). However, the specific interactions between inflammatory cells that
result in VEGF-mediated vascular permeability remain a developing area of research.
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The role of VEGF in the CNS is further complicated by the dual role of this cytokine in both
angiogenesis and development, as well as in mediating vascular permeability. VEGFdeficient mice are an embryonic lethal phenotype which fail to develop normal vasculature
(Carmeliet et al., 1996; Ferrara et al., 1996). Adding to the complexity of VEGF in the CNS is
the rather ubiquitous nature of VEGF expression. During the onset of neuropathology,
several CNS cell types including astrocytes, neurons and microglia have been reported to
upregulate VEGF expression (Hayashi et al., 1997; Issa et al., 1999; Marti & Risau, 1998; Plate
et al., 1999). Meanwhile, the CNS cell types that express the VEGF receptors, Flt-1 and Flk-1,
include endothelial cells, smooth muscles and neurons (Carmeliet & Storkebaum, 2002;
Ishida et al., 2001). VEGF is expressed in the CNS within 6 hours following a stroke and this
cytokine has also been localized to MS lesions (Marti et al., 2000; Proescholdt et al., 2002). In
experimental rodent models of hypoxia, VEGF expression in the CNS increases with the
incidence of vascular permeability. Blocking VEGF in this model resulted in reduced
vascular permeability (Schoch et al., 2002). Therefore, there is significant evidence in the
literature that VEGF may be a viable target to treat neurological diseases characterized by
vascular permeability and hemorrhage.
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6. Tight junction alterations in the Experimental Autoimmune
Encephalomyelitis (EAE) model
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Experimental autoimmune encephalomyelitis (EAE) is an animal model used to study brain
inflammation, and its clinical and pathological characteristics closely resemble those of
ADEM. Induction of EAE produces neurological deficits, inflammatory CNS lesions, and
disruption of the BBB (Morgan, Shah et al. 2007). This demyelinating disease of the CNS is
induced by immunizing mice with well characterized myelin peptides, such as PLP, MAG,
or myelin oligodendrocyte glycoprotein (MOG)35-55 peptide in complete Freund’s adjuvant
(CFA), which causes inflammatory responses to the protein/peptide. It is also common to
co-inject the mice with pertussis toxin to break down the blood brain barrier (BBB), allowing
immune cells to gain access to the CNS tissue (Chen & Brosnan, 2006; Gurfein et al., 2009).
The use of this mouse model has revealed the role that VEGF, CD4 T cells, astrocytes, tight
junction proteins, and certain cytokines, such as IL-17, IL-22, and IFN-γ, have in the
breakdown of the BBB.
Although IFN-γ was originally believed to play a pathogenic role in EAE, evidence has
emerged that this cytokine may actually play a suppressive role. Since EAE in general is
mediated by CD4 T cells, the proliferation and apoptosis of these cells in IFN-γ-deficient
mice was investigated in order to define the role of IFN-γ in EAE. It was discovered that in
the absence of IFN-γ, activated CD4 T cells exhibited a more extensive proliferation as well
as decreased apoptosis when compared to wild-type mice. Therefore, it appears that IFN-γ
is essential to limit the extent of EAE by serving to suppress the expansion of activated CD4
T cells (Chen & Brosnan, 2006).
Argaw et al (2009) have employed the MOG peptide induced EAE model to investigate the
potential links between the reactivity of astrocytes and BBB disruption. Through the use of
confocal imaging, they have shown that astrocyte-derived VEGF-A causes down-regulation
and disruption of the tight junction proteins claudin-5 and occludin, promoting breakdown
of the BBB, as shown in Figure 3 (Argaw et al., 2009).
Morgan et al took a closer look at occludin and the signaling events that occur during EAE
through analysis of spinal cord tissue of naïve and EAE animals. Neurological impairment

288

DR
.

RU
P

AK

NA
TH

)

Pathogenesis of Encephalitis

DR
.R

UP
NA
TH
J

I(

Fig. 3. (A) VEGF down-regulates claudin-5 and occludin in human BMVECs. Confocal
imaging of human BMVEC treated with 100 ng/mL VEGF-A for 24 hours and
immunostained for claudin-5 and occludin. In controls, both proteins localize to the plasma
membrane in areas of cell-cell contact. Note that claudin-5 and occludin are both downregulated by VEGF-A. Data are representative of at least 3 separate experiments on 3
distinct cultures. (B) Sections of cerebral cortex from 12-week adult C57BL/6 mice 24 h
following stereotactic microinjection of murine VEGF165 (60 ng in 3 μl PBS/BSA) or vehicle
control. Sections are immunostained for claudin-5 (red channel) plus fibrinogen (green
channel). Note that BBB permeability is observed around vessels in VEGF-injected areas. (C)
Immunoreactivity for claudin-5 and occludin appears patchy and discontinuous in VEGFinjected areas. (Scale bars: A, 20 μm; B, 75 μm; C, 20 μm.) Data shown in B and C are
representative of findings from at least 4 mice per time point per condition. (This figure was
reproduced from Argaw, A. T., B. T. Gurfein, et al. (2009). VEGF-mediated disruption of
endothelial CLN-5 promotes blood-brain barrier breakdown. Proceedings of the National
Academy of Sciences of the United States of America 106(6): 1977-1982. Permission was granted
by PNAS).
was observed in the animals undergoing EAE, which demonstrated a progressive
development of tail and hind limb weakness and eventually became paraplegic.
Immunohistochemical analysis of tissue revealed an increase in the number of nuclei
through Hoechst staining and the presence of infiltrated macrophages and activated
microglia through ED1 labeling in animals treated with EAE, thus confirming the
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inflammatory nature of the disease. Additionally, an increase in the abundance of the
plasma proteins albumin and transferrin was observed in EAE tissue, which is also
consistent with inflammation leading to BBB breakdown. Immunoprecipitation revealed
increased electrophoretic mobility of occludin in EAE animals which was found to be a
result of occludin dephosphorylation. This was confirmed through the use of phosphatase
treatment, which caused a further increase in electrophoretic mobility, while phosphatase
inhibitors blocked this effect. These changes in occludin phosphorylation may signal
changes in permeability of tight junctions. Furthermore, localization of occludin was
analyzed via immunohistochemistry and was observed at intercellular junctions in naïve
tissue, which is consistent with previous findings. However, localization of occludin to
intercellular junctions in EAE tissue was often not apparent. Junctionally-localized claudin-5
was also disrupted in EAE tissue, indicating that the structure of tight junctions is disrupted
in EAE. These findings reveal a potential role for occludin in BBB disruption (Morgan et al.,
2007). Therefore, further investigation of this tight junction protein, along with its
phosphorylation changes and signaling pathways, may open the door to new potential
therapeutics for diseases involving breakdown of the BBB.
In addition to claudin-5 and occludin, the tight junction adaptor protein ZO-1 has also been
analyzed using the EAE model. CNS tissue from naïve and EAE animals was analyzed for
expression of ZO-1. Immunohistochemistry and confocal microscopy revealed disrupted
expression of ZO-1 in lesion areas of EAE animals when compared to naïve animals. In
order to correlate this disruption with clinical symptoms, time-course studies of ZO-1
distribution were performed. It was found that disruption of ZO-1 preceded clinical disease
in EAE in lesion areas and correlated with symptomatic clinical signs in non-lesion areas.
Additionally, vascular permeability was analyzed through the use of Evans blue dye, and
an increase in permeability was found at the peak of EAE. Taken together, it is evident that a
complete understanding of the regulation of tight junction architecture is essential for the
development of therapies (Bennett et al., 2010).
Kebir et al employed the EAE model to examine the effects of Th17 lymphocytes, which are
known to have encephalitogenic potential, on BBB disruption, and found that significantly
more Th17 lymphocytes migrated across the BBB in vitro than did either Th1 or ex vivo CD4+
lymphocytes. To confirm the ability of these lymphocytes to cross the BBB in vitro, cells were
stained for IL-17 and IL-22, a cytokine product of Th17 cells, before and after migration.
There was a significant increase in IL-17+ and IL-22+ lymphocytes after migration.
Furthermore, it was found that both IL-17 and IL-22-producing lymphocytes expressed the
cytolytic molecule granzyme B, enabling these cells to kill human fetal neuron-enriched
cultures. Similar to the previously mentioned studies, the effect on tight junctions was also
investigated. It was discovered that treating monolayers of human BBB-ECs with IL-17
produced an increase in the diffusion of fluorescently-labeled BSA, which coincided with a
decrease in occludin and ZO-1 expression in EAE mice. Additionally, it was found that Th17
lymphocytes contribute to inflammation through the recruitment of CD4+ lymphocytes
(Kebir et al., 2007).
The mechanisms of IL-17-induced BBB disruption were further investigated using the EAE
model by Huppert et al. It was discovered that IL-17 treatment disrupted tight junction
molecules by decreasing occludin levels and causing a reorganization of ZO-1, thus
impairing BBB integrity. It was also found that IL-17 induced an increase in reactive oxygen
species (ROS) formation, a mechanism known to be involved in BBB disruption. To link this
observation to the effect on tight junctions, the involvement of ROS signaling was
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investigated, and DPI, an NAD(P)H oxidase inhibitor, was found to prevent the effect of IL17 on occludin. Additionally, it has been demonstrated that phosphorylation of myosin light
chain (MLC) in BECs is induced by IL-17, leading to BBB permeability. When EAE mice
were treated with ML-7, a MLCK inhibitor, they developed significantly milder clinical
signs and had a reduced number of infiltrating lymphocytes and macrophages when
compared with vehicle-treated mice. This treatment also reduced the levels of IL-17 and IL22, which are pathogenic cytokines associated with EAE. Furthermore, IL-17-deficient mice
portrayed lower levels of oxidative stress and were protected from BBB disruption induced
by EAE (Huppert et al., 2010). Taken together, these two studies portray a role for
proinflammatory cytokines, particularly IL-17, on the integrity of the BBB. Targeting the
mechanisms of these cytokines could bring about novel therapeutic strategies for
inflammatory diseases such as ADEM and AHLE. The results from these studies can be
incorporated into a model, which is shown in Figure 4.

Fig. 4. Mechanisms of CD4 T cell initiated BBB disruption. (A) Th17 lymphocytes contribute
to inflammation through IL-17, which induces NAD(P)H oxidase-dependent ROS
formation, leading to phosphorylation of MLC, and subsequent BBB permeability. (B)
Additionally, CD4 T cells induce astrocytes to release VEGF, causing down-regulation of the
tight junction proteins claudin-5 and occludin, which promotes breakdown of the BBB.

7. Lipopolysaccharide (LPS) model
Injection of small amounts of lipopolysaccharide (LPS), a component of the cell wall of
Gram-negative bacteria, can induce shock and systemic inflammation. The signaling
pathway begins by LPS binding to LPS binding protein (LBP), with subsequent transfer of
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LPS to CD14. In order for the proper targeting of TLR-4 to the surface and its ability to
recognize LPS, MD-2 binds to TLR-4. This complex then interacts with CD14:LPS, sending a
signal that activates the transcription factor NFkB, which activates genes that encode
proteins that play a role in defense against infection.
Qin et al sought to understand the effects of systemic LPS on brain inflammation. Upon
peripheral injection of LPS, there was a rapid increase in the cytotoxic factor TNFα, which
remained elevated in the brain even 10 months after treatment. Injection of LPS also
promoted the activation of brain microglia through TNFα receptors. Brain sections were
immunostained with Iba1, an antibody specific for microglia. Increased cell size, irregular
shape, and intensified Iba1 staining are apparent in LPS-treated mice when compared with
controls. This activated microglia may lead to the production of more inflammatory factors,
which could possibly lead to neuronal death. This reactive microgliosis may be the cause of
progressive and chronic neuroinflammation (Crews et al., 2007).
Using a similar model, Brooks et al employed Complete Freund’s adjuvant (CFA), which
has also been known to stimulate the production of TNF. It was discovered that changes in
certain transmembrane tight junction proteins alter the function of the BBB. For example,
occludin was significantly decreased in CFA-injected rats, while claudin-3 and claudin-5
were both significantly increased when compared to saline-treated controls. The alteration
of these tight junction protein levels coincided with BBB disruption (Brooks et al., 2005).
Matrix metalloproteinases (MMPs) mediate BBB disruption and trafficking of immune cells
into the CNS and can be induced by LPS. It has previously been shown that expression of
stromelysin-1 (MMP-3) occurs after intracerebral injection of LPS. To investigate the effect of
MMP-3 on BBB disruption, MMP-3 knockout mice have been used. LPS injection increased
CNS vascular permeability in wild-type mice but not in mice lacking MMP-3. Additionally,
quantitative stereology showed that MMP-3 KO mice exhibited a significant reduction in
neutrophil infiltration. Furthermore, when analyzing alterations in tight junction proteins, it
was discovered that both claudin-5 and occludin were decreased after LPS injection in both
WT and MMP-3 KO mice. However, there was less tight junction damage in the mice
lacking MMP-3. Therefore, further investigating the mechanisms of MMP-3 activity may aid
in the development of MMP inhibitors to be used in the treatment of neuroinflammatory
diseases (Gurney et al., 2006). Importantly, this model system illustrates the potential of
peripheral inflammation to induce microglia activation and subsequent BBB disruption in
the CNS, the tentative model of which is put forward in Figure 5.

8. LCMV model of Vascular Permeability: Lymphocytic Choriomeningitis
Virus (LCMV)
Lymphocytic choriomeningitis virus (LCMV) is a well-studied fatal model of CNS vascular
permeability. CD8+ T cells are important mediators in the response to several viral
infections. These immune cells are activated in secondary lymphoid organs, particularly the
spleen, and then migrate to sites of infection, where they kill virus-infected cells and secrete
pro-inflammatory cytokines such as IFN-γ and TNF-α. It has previously been shown that
the immunopathology resulting from CNS infection with LCMV correlates with the
cytotoxic activity of virus-specific CD8+ T cells and this process is perforin-dependent (Kagi
et al., 1994). Storm et al sought to re-evaluate the role of perforin in this process. They
discovered that perforin-deficient mice infected with LCMV still die from inflammation
mediated by CD8+ T cells, although this death is delayed 2-5 days when compared to wild-
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type mice infected with LCMV. Nevertheless, death occurred despite the absence of
perforin, impaired pro-inflammatory cytokine production, and a deficit in the cytotoxic
ability of CD8+ T cells. However, it was also shown that CD8+ T cells were required for the
lethality, because those that received CD8-depleting antibodies survived. The delay in
fatality in the absence of perforin may be attributed to virus-specific T cells being prevented
from entering the CNS. Additionally, these T cells may not be effectively recruited to the
CNS within the first 6-7 days after infection. However, once they are able to enter the CNS,
they have the ability to induce fatal CNS pathology (Storm et al., 2006).
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Fig. 5. Proposed model of LPS-induced systemic inflammation that results in BBB
disruption. LPS binds to TLR-4, promoting shock and systemic inflammation that leads to
BBB disruption. LPS causes an increase in TNFα, causing reactive microgliosis and chronic
neuroinflammation. Additionally, tight junction proteins are altered, coinciding with BBB
disruption.
Similarly, Kim et al, using the LCMV model, employed two-photon microscopy to visualize
the dynamics of immune cells in the meninges. They observed motile CTL which expressed
chemoattractants that recruited myelomonocytic cells, such as neutrophils. Therefore, it was
inferred that a disorder that depends on CD8+ T cells may rely solely on CTL recruited
myelomonocytic cells. Using mice with single mutations in all major CTL effector pathways,
including perforin and TNF-α, it was found that mice still experienced convulsive seizures
after LCMV infection. Therefore, no single deficiency had the ability to prevent disease. This
group then questioned the potential role for monocytes and/or neutrophils in the seizureinduced death on day 6. To investigate this, they depleted both monocytes and neutrophils
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by administering high-dose anti-GR-1 to CCR2 knockout mice. This treatment extended
survival by 3 days and preserved vascular integrity on day 6, as evidenced by leakage of
Evans blue dye into the brain. Therefore, they concluded that CD8+ T cells may primarily
serve to attract other effector populations. Potential therapies could involve reduction of
myelomonocytic activation or targeting the CTL chemotactic mechanisms that recruit
myelomonocytic cells (Kim et al., 2009).
Another study addressing LCMV-mediated death once again showed the importance of
CD8+ T cells in generating the lethality of the disease. This study showed that CD8-deficient
mice survived after i.c. injection of LCMV. Additionally, they showed that RAG knockout
mice, which lack T and B cells, do not exhibit morbidity or mortality, thus providing
evidence attributing these effects to immunopathology instead of viral damage. This group
also addressed a possible connection between BBB disruption and LCMV pathogenesis
through the use of Evans blue staining. While leakage of Evans blue dye was observed in
C57BL/6 mice on day 5, before the onset of seizures, RAG knockout mice did not show
signs of BBB disruption, indicating that BBB damage is induced by adaptive immunity. The
role of perforin was also addressed in this study, with perforin knockout mice showing an
intermediate phenotype after LCMV challenge and no clinical signs of the disease.
However, surviving perforin knockout mice showed an increase in BBB disruption similar
to C57BL/6 mice. Therefore, although BBB disruption occurs after LCMV infection, it may
not be associated with mortality. This group proposed that other neuroanatomical changes,
such as brain herniation, may be the most likely cause of mortality. Understanding the basis
of LCMV neuropathogenesis may be helpful for designing therapies for viral hemorrhagic
fevers in addition to ADEM and AHLE (Matullo et al., 2010).
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9. Inducible model of severe vascular permeability: Peptide-Induced Fatal
Syndrome (PIFS)
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The Daniel’s strain of Theiler’s murine encephalomyelitis virus (TMEV) is a murine
picornavirus that causes a transient early meningoencephalitis in all mouse strains, and
persistent infection of the white matter with demyelination in susceptible strains (Njenga et
al., 1997; Rodriguez & David, 1985; Rodriguez, 1986). During acute TMEV infection, mice of
H-2b haplotype mount an antiviral CD8 T cell response that is highly focused on an
immunodominant TMEV peptide, VP2121-130, presented in the context of the Db class I
molecule (Johnson et al., 1999; Johnson et al., 2001). It was demonstrated that intravenous
injection of this VP2121-130 peptide prior to TMEV infection inhibited VP2 peptide specific
CD8 T cell expansion in the CNS and prevented IFN- receptor-/- mice from developing
paralytic disease. However, injection of VP2 peptide during acute TMEV infection, after the
expansion of Db:VP2121-130 epitope specific CD8 T cells in the CNS, resulted in death in 24 to
48 hours. It was determined that this fatal syndrome was antigen specific, because mice
were asymptomatic when given the mock control Db binding E7 peptide. In subsequent
studies, our laboratory determined that CNS vascular permeability and hemorrhage are a
major component of this condition. This peptide induced fatal syndrome (PIFS) is a readily
reproducible means to investigate CD8 T cell-mediated CNS vascular permeability (Figure
6). The major advantage of this model system is that BBB disruption is inducible through
administration of the antigenic VP2 peptide, enabling a kinetic analysis of early and late
cellular and gene expression events. While BBB disruption is a common feature of numerous
neurological conditions, the PIFS model with its high level of CNS vascular permeability,
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edema, rapid demyelination, and onset of multiple focal hemorrhages, most closely
resembles AHLE (Figure 7).
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Fig. 6. Mouse model of CNS vascular permeability. CD8+ T cell-mediated vascular
permeability is induced in C57BL/6 mice. Mice are intracranially infected with TMEV at day
0. During the peak of CD8 T cell expansion, mice are intravenously administered VP2121-130
peptide to induce permeability or E7 control peptide. The CNS is harvested on the following
day.
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In addition to being mediated by antigen-specific CD8+ T cells, PIFS is influenced by
perforin expression and genetic background. C57BL/6 perforin-deficient mice are resistant
to this fatal syndrome. Another key determinant in the development of PIFS is the genetic
background of the animal. While C57BL/6 mice are highly susceptible to PIFS, both FVB
and 129 SvIm strains are significantly more resistant. Interestingly, this holds true despite
these strains having a substantial population of antigen-specific CD8+ T cells (Johnson et al.,
2005).
Another important aspect of the PIFS model is the observation that mice lacking major
histocompatibility complex (MHC) class II, and thus CD4 T cells, IFN-γR, TNF-α, TNFR1,
TNFR2, and TNFR1/TNFR2 still succumbed to the fatal syndrome. Inhibiting interleukin-1
and lymphotoxin-β did not serve to protect the mice from PIFS (Johnson et al., 2005).
Therefore, it appears that the cytokines and CD4 T cell subsets heavily studied in other
model systems of immune-mediated CNS vascular permeability do not play a role in the
development of fatal blood brain barrier disruption in the PIFS model. However, removal of
antigen-specific CD8+ T cells conferred protection, preventing mice from becoming
moribund (Johnson et al., 2005). Suidan et al took this into consideration and investigated
the contribution of the effector functions of CD8+ T cells, notably perforin and FasL, on
disruption of the BBB and PIFS. It was first observed that the expansion of CNS infiltrating
antigen-specific CD8+ T cells was not significantly different between C57BL/6 mice and
C57BL/6 mice deficient in perforin or FasL. MRI analysis revealed that while C57BL/6 and
C57BL/6 FasL deficient mice both exhibited extensive vascular permeability, mice lacking
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Fig. 7. In vivo MRI images of 8 day TMEV infected C57BL/6 mice, 24 hours after VP2121–
injection (right panel) or irrelevant E7 peptide injection (left panel). Top row:
axial images extracted from the gadolinium enhanced T1 weighted dataset demonstrate
extensive contrast enhancement of confluent areas of the brain in the VP2 injected mouse,
and very faint enhancement in the parahippocampal area in the E7 injected animal.
Middle row: T2 weighted images demonstrate T2 hyperintensities, corresponding with
areas of edema, inflammatory infiltrates, demyelination and tissue damage in the VP2
injected mouse; minimal hyperintense changes are also demonstrated in the
parahippocampal areas of the E7 injected animal. Bottom row: T2* weighted images
demonstrate punctuate T2 hypointensities, corresponding with areas of
microhemorrhages in the VP2 injected mouse. (Reproduced with permission from Pirko,
I., G. L. Suidan, et al. (2008). Acute hemorrhagic demyelination in a murine model of
multiple sclerosis. Journal of neuroinflammation 5: 31).
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perforin were protected. These same results were obtained when employing the FITC
permeability assay, in which FITC-albumin is intravenously given to VP2 or E7 treated mice.
Since albumin does not readily cross the BBB under normal conditions, this technique
enables analysis of CNS vascular permeability with both microscopy and analysis of brain
homogenate on an immunofluorescent plate reader. The combination of these two
techniques, in addition to T1 gadolinium enhanced, T2 and T2* MRI, revealed that perforin,
but not FasL, is essential for VP2 peptide induced CNS vascular permeability, edema and
microhemorrhage formation, respectively. It was also found that astrocyte activation as
measured by GFAP expression is dependent on perforin expression (Figure 8). Highresolution microscopy revealed the expression of GFAP co-localized with FITC-albumin
leakage. This is important because astrocytes have been shown to be involved in regulation
of BBB integrity (Suidan et al., 2008).
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Fig. 8. Vascular permeability and astrocyte activation following administration of VP2121–130
peptide is dependent on perforin expression. Tissue sections obtained from the brains of
each animal were analyzed for astrocyte activation and vascular permeability as measured
by leakage of FITC albumin into the CNS and expression of GFAP. Shown is GFAP
expression and the extent of FITC-albumin leakage in the striatum of E7 control or VP2121–130
peptide administered animals. Animals represented are (A) C57BL/6, E7 treatment, 5x, (B)
C57BL/6, E7 treatment, 63x, (C) C57BL/6, VP2121–130 treatment, 5x, (D) C57BL/6, VP2121–130
treatment, 63x, (E) C57BL/6 Prf-/-, E7 treatment, 5x, (F) C57BL/6 Prf-/-, E7 treatment, 63x,
(G) C57BL/6 Prf-/-, VP2121–130 treatment, 5x, (H) C57BL/6 Prf-/-, VP2121–130 treatment, 63x.
(This figure was reproduced from Suidan, G. L., J. R. McDole, et al. (2008). Induction of
blood brain barrier tight junction protein alterations by CD8 T cells. PloS one 3(8): e3037).
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Time course experiments have been conducted in order to determine the sequence of events
that occur in the development of PIFS. It was discovered that astrocyte activation and
degradation of the tight junction protein occludin occur prior to peak levels of CNS vascular
permeability and motor deficits. In accordance with the results from the LPS model
employed by Brooks et al using the same microvessel isolation technique, it was found that
expression of claudin-5 was significantly increased, while expression of occludin was
significantly decreased. In both the LPS and the PIFS model, these alterations of tight
junction protein levels coincide with BBB disruption. Furthermore, in the PIFS model,
concurrent with a lack of vascular permeability, tight junction protein alterations were not
observed in perforin-deficient mice. Additionally, to investigate the possibility that
apoptosis is the cause of CNS vascular permeability, active caspase-3 protein levels were
assessed. These levels did not increase until after peak levels of CNS vascular permeability,
indicating that apoptosis does not initiate this permeability. In addition, the increase in
claudin-5 levels serves as evidence that CECs were viable during peak permeability and not
undergoing apoptosis (Suidan et al., 2008).
A putative mechanism of CD8+ T cell-mediated CNS vascular permeability is induction of
vascular endothelial growth factor (VEGF) in the CNS. This cytokine has a highly vascularpermeating effect, and, along with its receptors, undergoes a change in expression following
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insult to the CNS (Deininger et al., 2003; Ferrara et al., 2003; Krum & Khaibullina, 2003;
Krum et al., 2008; Lafuente et al., 2006; Proescholdt et al., 1999; Proescholdt, et al., 2002;
Senger et al., 1983; Su et al., 2006; Srikiatkhachorn et al., 2007; Zhang et al., 2000). Because
signal transduction through binding of VEGF to its receptor, fetal liver kinase-1 (flk-1), leads
to vascular permeability, there may be an important role for this cytokine in disruption of
the BBB during neuroinflammatory conditions (Ferrara et al., 2003). Through analysis of
VEGF protein levels and FITC albumin-leakage into the brain, it was found that both VEGF
protein and phosphorylation of flk-1 were significantly increased following administration
of VP2 peptide. Coinciding with these increases was an increase in leakage of FITC-albumin,
and thus CNS vascular permeability. During this permeability, in situ hybridization
revealed that the major source of VEGF expression was neurons. Confocal microscopy
further confirmed this by showing that immunostaining of the neuronal marker NeuN
colocalizes VEGF cytokine (Suidan et al., 2010). However, since VEGF is not exclusively
expressed by neurons clinically and in other model systems, alternative cell types, such as
GR-1+ neutrophils, may also contribute to BBB disruption through a VEGF dependant
mechanism.
Since it has been demonstrated that neuronal expression of VEGF occurred simultaneously
with CD8 T cell-mediated CNS vascular permeability, VEGF had the potential to be a viable
therapeutic target in neurological diseases such as AHLE. To investigate this possibility,
Suidan et al administered the neuropilin-1 inhibitor, ATWLPPR, to 7-day TMEV-infected
C57BL/6 mice given VP2121-130 peptide or mock E7 peptide. Neuropilin-1 is a coreceptor for
VEGF and has been shown to enhance processes mediated by the VEGF receptor flk-1
(Soker et al., 1998). Through analysis of FITC-albumin leakage into the brain, it was found
that inhibition of neuropilin-1 with high doses of ATWLPPR VEGF inhibitor resulted in
decreased CNS vascular permeability when compared to mice treated with PBS or
scrambled RAPTLWP peptide. Furthermore, there was no significant difference between
mice treated with VEGF inhibitor and mice treated with mock E7 peptide (Suidan et al.,
2010). As previously reported using the PIFS model, degradation of the tight junction
protein occludin occurs prior to CNS vascular permeability (Suidan et al., 2008). However,
when mice were treated with ATWLPPR neuropilin-1 inhibitor, occludin protein levels were
preserved, likely contributing to the maintenance of an impermeable BBB. Therefore,
inhibition of VEGF-mediated pathways may serve as a strong therapeutic strategy for the
treatment of neurological diseases characterized by BBB disruption.
The observation that high neuronal VEGF expression coincided with BBB disruption
prompts the question of to what extent CNS-infiltrating CD8 T cells could actively engage
Theiler’s virus-infected neurons. This area of research has been controversial since neurons
express little or no detectable levels of MHC class I (Corriveau et al., 1998; Horwitz et al.,
1999; Joly et al., 1991; Neumann, et al., 1995; Rall et al., 1995). To address this controversy,
GFP+ CD8+ cells were adoptively transferred to C57BL/6 mice, and it was found that these
cells were highly specific for the Db:VP2121-130 epitope. The next major question is which cell
types are potential targets for these cells. Confocal microscopy revealed that TMEV protein
translation occurred in the hippocampus, striatum, hypothalamus, and cortex. Positive
staining with the neuronal marker NeuN revealed that neurons were the main cell type
translating virus protein. Furthermore, adoptively transferred GFP+ CD8+ cells were found
in close proximity to TMEV infected neurons and their processes. (McDole et al., 2010). The
finding that CD8 T cells engage neurons, as shown in Figure 9, also reveals a possible
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mechanism by which axonal and neuronal damage could take place in neuroinflammatory
diseases such as AHLE and ADEM.
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Fig. 9. CD8 T cells form immune synapses with target neurons. Both CD8 protein (A and E)
and T cell receptor (B and F) polarized toward neurons (C and G) are highly indicative of an
immune synapse. Merged images are shown (D and H). For A–H, results are representative
of an analysis of eight mice. All microscopy was performed on hippocampus. Scale bars: 10
μm (This figure was reproduced from McDole, J.R., S.C. Danzer, et al. (2010). Rapid
formation of extended processes and engagement of theiler's virus-infected neurons by
CNS-infiltrating CD8 T cells. The American Journal of Pathology 177(4): 1823-1833. Permission
was granted by Elsevier).
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It is apparent that CD8 T cells and expression of VEGF contribute to BBB disruption in the
PIFS model. However, it is possible that the NVU or other immune cell types, such as GR-1+
neutrophils, may also contribute to disruption of the BBB in accordance with previously
published work with the LCMV models of BBB disruption highlighted above. These
potential mechanisms of virus induced vascular permeability are illustrated in Figure 10.
Traditional methods of neutrophil depletion, such as those used in the BBB studies of
LCMV, employ the anti-GR-1 monoclonal antibody RB6-8C5. These studies conclude that
neutrophils are the critical blood-derived cell type promoting BBB disruption (Kim et al.,
2009). However, RB6-8C5 has been shown to bind to both Ly-6G on neutrophils and Ly-6C
on lymphocytes and monocytes. Therefore, it is possible that GR-1-specific Ab depletion
could also remove large numbers of activated CD8 T cells in addition to neutrophils. To
address this controversy and determine whether CD8 T cells cause BBB disruption without
the contribution of neutrophils, we have recently employed the TMEV model and used both
the RB6-8C5 mAb and the Ly-6G-specific mAb 1A8 to deplete neutrophils in vivo. Ablation
of epitope-specific CD8 T cells was seen in 7-day TMEV infected mice treated with RB6-8C5
but not those treated with 1A8 or normal rat serum. Therefore, the Ly-6G-specific mAb 1A8
is more selective for neutrophils in accordance with published results (Daley et al., 2008;
Dunay et al., 2010). Additionally, anti-GR-1 depletion was shown to preserve motor
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function, as shown through assessment of the mice on a Rotamex Rotarod, and to reduce
CNS vascular permeability as demonstrated by assaying FITC-albumin leakage into the
CNS (data not shown). However, because 1A8 treatment somewhat reduced the levels of
FITC-albumin leakage into the CNS, there may be a potential role for neutrophils in CD8 T
cell initiated CNS vascular permeability, and this needs to be investigated further.
Nevertheless, anti-GR-1 depletion strategies may hold promise as a potential therapeutic
strategy for neurologic disorders characterized by altered permeability of the BBB.

Fig. 10. BBB disruption in the PIFS model is induced through intravenous injection of VP2121130 peptide at 7 days post TMEV infection. At 7 days post TMEV infection, the CNS
infiltrating Db:VP2121-130 specific CD8 T cell response peaks. Administration of VP2121-130
peptide results in heightened activation of expanded CNS infiltrating Db:VP2121-130 specific
CD8 T cells interacting with Db class I expressing cells, which could include neurons,
astrocytes, cerebral endothelial cells, pericytes and microglia. Our central hypothesis (1.) is
that CD8 T cells engage neurons to promote upregulation of VEGF. Our alternative
hypothesis (2.) is that CD8 T cells engage a different CNS cell type that results in BBB
disruption and vascular permeability that is dependent or independent of neuronal VEGF.
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of immune cells in BBB disruption
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The EAE, LPS, and virus induced CNS vascular permeability model systems have enabled
an understanding of how immune cells affect and alter CNS cell types of the neurovascular
unit and ensuing BBB disruption. A defined role for CD4 T cells has been put forth through
the EAE model, which also demonstrates that astrocyte-derived VEGF and IL-17 cause
decreases in the tight junction proteins claudin-5 and occludin. The LPS model has
portrayed a role for TNFα, activated microglia, and MMPs in BBB disruption. Similar to the
EAE model, occludin has also been shown to be decreased in this model. However, claudin3 and claudin-5 were found to be increased, and this coincided with BBB disruption. The
virus induced models of vascular permeability have demonstrated a role for neutrophils,
CD8 T cells, and VEGF. The LCMV model demonstrates an essential role for CD8 T cells in
lethality, but puts emphasis on the fact that these cells may primarily serve to attract other
effector populations, such as GR-1+ neutrophils. The PIFS model, which has the advantage
of being inducible through the administration of an antigen peptide, also validates a role for
CD8 T cells in contributing to CNS vascular permeability. Similar to the LPS model, the PIFS
model also reveals a decrease in occludin and an increase in claudin-5, both of which are
dependent on perforin expression. In accordance with the EAE model, VEGF is also shown
to play a major role in BBB disruption. Furthermore, time course experiments using this
model enabled the discovery of the order of events involved in BBB disruption, showing
that astrocyte activation and degradation of occludin occur prior to CNS vascular
permeability and motor deficits. Taken together, these models have put forward a defined
role for neutrophils, CD4 and CD8 T cells, and VEGF in BBB disruption. This knowledge
provides important information on the extent inflammatory immune cells contribute to CNS
vascular permeability in diseases such as ADEM and AHLE. Therefore, continued efforts to
control inflammation and dampen VEGF-mediated vascular permeability are important
therapeutic approaches for treatment of these conditions.
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Knowledge of the extent inflammatory immune cells contribute to disruption of the BBB is
essential in order to develop treatments for ADEM and AHLE, two diseases that currently
have no standard therapies and whose etiology is still not well understood. These potential
therapies could also extend beyond ADEM and AHLE to other diseases characterized by
increased BBB disruption, such as multiple sclerosis, viral hemorrhagic fevers, and cerebral
malaria. The current experimental model systems available to address the contribution of
inflammatory cells in BBB disruption open the door to several potential therapies. For
example, it is apparent from both the EAE model and the PIFS model that targeting VEGF
and inhibiting VEGF-mediated pathways may help ameliorate BBB disruption. In support of
this therapeutic approach, we have determined that inhibition of neuropilin-1, a co-receptor
for VEGF, decreased CNS vascular permeability (Suidan 2010). It is also evident through the
EAE model that targeting the signaling pathways of occludin, the mechanisms of
proinflammatory cytokines such as IL-17, and the tight junction architecture may provide
avenues for potential therapeutic approaches. Results obtained from the LPS model
demonstrate that directing research at MMP inhibitors and targeting microglia to potentially
stop the production of inflammatory factors may also be valuable tools. The LCMV model
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portrays a need to investigate reducing myelomonocytic activation or targeting CTL
chemotactic mechanisms that recruit myelomonocytic cells as a potential means of
treatment. Finally, the PIFS model demonstrates that strategies that target CD8 T cells and
VEGF cytokine may hold promise as potential therapies to ameliorate severe BBB
disruption. Future research in these areas as well as in additional mechanisms by which
immune cells cause BBB disruption will aid in the development of more specific therapies to
address these devastating immune-mediated neurological disorders.
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Antibody phage display is an in vitro technology to generate recombinant antibodies. In
particular for pathogens or toxins, antibody phage display is an alternative to hybridoma
technology, since it circumvents the limitations of the immune system. Furthermore, phage
display allows generation of human antibodies when either immunised patients are not
available or immunisation is not ethically feasible.
Equine encephalitis viruses, like VEEV, WEEV and EEEV, belong to the Alphavirus group.
Several species and subspecies of this family are pathogenic for man and are recognized as
potential agents of biological warfare and terrorism. In this review, we describe the
generation of human antibodies from naive antibody gene libraries and macaque antibodies
from immune antibody gene libraries. Furthermore, we give an overview about phage
display derived recombinant antibodies against equine encephalitis viruses for diagnostics
and therapy.

2. Short introduction to encephalitis viruses
Venezuelan equine encephalitis virus (VEEV), Western equine encephalitis virus (WEEV) and
Eastern equine encephalitis virus (EEEV) were first isolated in the 1930s and belong to the
Alphavirus genus within the Togaviridae family (Giltner and Shahan, 1933; King, 1939; Kubes
and Ríos, 1939; Meyer et al., 1931; Powers et al., 2001; Weaver et al., 2004). Mosquitoes are the
biological vectors of theses viruses and equine species and man are periodically infected
*
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(Strauss and Strauss, 1994). In the past epidemics caused by these viruses occured in North,
Central and South America. These viruses can spread to the human central nervous system
(CNS) causing symptoms ranging from mild febrile reactions to encephalitis, often resulting in
fatal and permanent neurologic damages. The severity of the illness depends on virus strain,
age of patients as well as dose and route of infection (Calisher, 1994; Deresiewicz et al., 1997;
Feemster, 1938; Hoke, 2005; Leitenberg, 2001; Letson et al., 1993; Rivas et al., 1997; Rozdilsky et
al., 1968; Sanchez et al., 1984; Sellers and Maarouf, 1993; Sudia et al., 1975; Weaver et al., 1996).
Moreover, alphaviruses can be produced in large quantities, are moderately easy to
disseminate and are highly infectious as aerosols (Phillpotts, 2006; Reed et al., 2005). Therefore,
VEEV, WEEV and EEEV are potential biological weapons (Hawley and Eitzen, 2001). All three
encephalitis virus species are classified as Bioterrorism Agent Category B by the Center of
Disease Control (CDC) (http://www.bt.cdc.gov/agent/agentlist-category.asp).
For rapid detection, diagnosis and treatment of VEEV, WEEV and EEEV antibodies are
indispensable tools and potential therapeutics.

3. Antibody phage display
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Production of polyclonal antibodies by immunisation of animals is a method established for
more than a century. The first antibody serum was produced in horses and directed against
diphtheria (von Behring and Kitasato, 1890). Hybridoma technology was the next milestone,
allowing the production of monoclonal antibodies (Köhler and Milstein, 1975). Hybridoma
technology has drawbacks like limited number of candidates, possible instability of aneuploid
cell lines (Pauza et al., 1993), inability to provide antibodies against highly conserved antigens
and most of all its limited application to generate human antibodies (Winter and Milstein,
1991). Hybridoma technology thus essentially allows isolation of murine antibodies which
have a broad detection range and can be applied for diagnostic or research uses. However,
their therapeutic applications are limited because repeated administration of murine
antibodies can cause human anti-mouse antibody reaction (HAMA), in turn leading to a
diminution of the antibody half-life and to severe side effects including anaphylactic side
effects (Courtenay-Luck et al., 1986; Tjandra et al., 1990). These difficulties might be alleviated
by engineering these antibodies to reduce their fraction of murine origin. Chimerised
antibodies have murine variable regions, retaining binding capacity of the original murine
antibody, expressed in fusion with human constant regions. But, these variable murine regions
are still large enough to be a cause for adverse reactions so that the smaller hypervariable
regions, in direct contact with the antigen, might be preferred as the only murine part retained
in the therapeutic molecule. The corresponding engineering process is known as
humanisation, which is however more difficult to implement than chimerisation. Another
possibility is to utilise transgenic mice whose loci coding antibodies have been replaced by
their human counterparts. With these mice, human antibodies can be generated by hybridoma
technology but these transgenic animals are available in a very limited number of laboratories
only (Fishwild et al., 1996; Jakobovits, 1995; Lonberg and Huszar, 1995; Nelson et al., 2010). For
the isolation of antibodies directed against toxins, animals are immunised by non-toxic
subunits or even selected domains from these subunits (Pelat et al., 2009a; Pelat et al., 2007;
Scotcher et al., 2010; Winterroth et al., 2010).
A technology which circumvents the limitations of the immune system is antibody phage
display. This technology is completely independent from any immune system by an in vitro
selection process. The display method most commonly used today is based on the work of
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George P. Smith (Smith, 1985) on filamentous phage, which infect E. coli. By this technology,
genotype and phenotype of a polypeptide e.g. an antibody are linked by fusing the antibodyencoding DNA to the coat protein III gene (gIII) of the filamentous bacteriophage M13. The
resulting antibody::pIII fusion protein is displayed on the surface of phage particles, thus
allowing affinity isolation of the antibody and consequently the purification of its coding DNA
present within the phage (Breitling et al., 1991; Clackson et al., 1991; McCafferty et al., 1990).
In fact only antibody fragments like single chain fragment variable (scFv) or fragment
antigen binding (Fab) are used routinely for phage display (Hoet et al., 2005; Hust et al.,
2010), due to limitations of the E. coli protein folding machinery which can express full-sized
IgGs only in rare cases (Mazor et al., 2007; Simmons et al., 2002). ScFv fragments consist of
the variable domains of the heavy and light chain (Fv fragment) connected by a peptide
linker (Bird et al., 1988; Huston et al., 1988). Other used formats for phage display are single
chain Fabs (scFab), human VH domains (dAbs) and the variable domains of camel heavy
chains (VHHs) (Holt et al., 2003; Hust et al., 2007b; Muyldermans, 2001; Muyldermans et al.,
2009). Another interesting „antibody“ format for phage display are immunoglobulins of
sharks (IgNARs), which are very resistant to denaturation and well suitable for diagnostics.
(Flajnik and Dooley, 2009; Nuttall et al., 2001; Nuttall et al., 2004).
The phage-displayed libraries are built from immunised or non-immunised lymphocyte
donors or from synthetic repertoires. Libraries using the naïve IgM repertoire - the primary
immune response - of a donor or synthetic antibody sequences are summarised as „singlepot“ or universal libraries. These libraries are designed to isolate antibody fragments
binding to every possible antigen, at least in theory (Dübel et al., 2010; Winter et al., 1994).
Different types of universal libraries are available. Naïve libraries are constructed from
rearranged V genes from B cells (IgM) of non-immunised donors. Examples for this library
type are the naive human Fab library constructed by de Haard et al. (de Haard et al., 1999)
and the HAL scFv libraries (Hust et al., 2011). Semi-synthetic libraries are constructed from
unrearranged V genes from pre B germline cells (Griffiths et al., 1994) or from an antibody
framework (Pini et al., 1998) in which one or several complementarity determining regions
(CDR), including always the CDR H3, are randomised. For the FAB310 antibody gene
library, a combination of naive and synthetic repertoire was used. Here, light chains from
autoimmune patients were combined with a Fd fragment containing synthetic CDR1 and
CDR2 in the human VH3-23 framework and naive CDR3 regions, derived from autoimmune
patients (Hoet et al., 2005). Fully synthetic libraries are made of human frameworks with
randomised CDR cassettes (Knappik et al., 2000; Rothe et al., 2008). Universal libraries have
a repertoire of 108 - 1011 independent clones as molecular repertoire for phage display
selection procedures. The difficulty of naïve libraries is that antibodies isolated thereof have
lower affinities as hybridoma derived antibodies. Affinity and stability of the antibodies
selected by phage display can be increased by additional in vitro affinity maturation steps
(Finlay et al., 2009; Kobayashi et al., 2010; Thie et al., 2011; Thie et al., 2009).
To date, antibody phage display was used for the generation of antibodies against a large
panel of human pathogenic viruses by using either recombinant viral proteins or complete
virus particles for panning. Naïve antibody gene libraries were used to generate antibodies
against Sin nombre virus (Velappan et al., 2007), Dengue virus (Cabezas et al., 2008;
Moreland et al., 2010), Hepatitis C virus (Songsivilai and Dharakul, 1998), Influenza virus
(Lim et al., 2008) or VEEV (Kirsch et al., 2008).
Opposite to these naive libraries are “immune libraries” which are constructed from
antibody V-genes isolated from IgG secreting plasma cells from blood or bone marrow of
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immunised donors. V genes of these libraries contain hypermutations and are affinity
matured. From these immune libraries, human antibodies usable for therapeutic purposes
against infectious pathogens (Clackson et al., 1991; Pelat et al., 2007; Schütte et al., 2009),
including viruses (Duggan et al., 2001; Hunt et al., 2010; Kang et al., 2006; Sun et al., 2009;
Throsby et al., 2008) have been isolated. Generally, immune libraries have a size of 106-108
independent clones, but can not be built for each antigen of interest, because man cannot be
immunized with all antigens for ethical and practical reasons. An alternative are macaque
immune libraries. The antibody genes of non-human primates (NHP) are closely related to
human antibody genes (Pelat et al., 2009b) and might easily be humanised or germline
humanised. In this latter case, the macaque amino acid sequence of the antibody is first
compared with the corresponding human germline sequence. Differing macaque amino acid
sequences are localised and are replaced by their human germline counterparts (Pelat et al.,
2008; Pelat and Thullier, 2009) with respect to their affinity. Human germline sequences
belong to the immunological self and are generally perfectly tolerated. However, this
approach can even be used to reduce the potential immunogenicity of human antibodies.
The in vitro isolation of antibody fragments from libraries is performed independently from
their immune or naïve origin. It relies on the binding activity of these antibody fragments
and is called „panning“ (Fig. 1), referring to the gold digger's tool (Parmley and Smith,
1988). For this panning, the antigen (a protein or a complete organism like a virus) is
immobilised to a solid surface, mainly plastic surfaces like polystyrene tubes (Hust et al.,
2002) or 96 well microtitre plates (Hust et al., 2011) and incubated with antibody phage of
the antibody gene library. During this incubation step, chemical (e.g. pH), physical (e.g.
temperature) or biological (e.g. competitor) parameters can be controlled to select antibodies
which are able to bind the antigen. Antibody phage particles which bind weakly to the
antigen and the vast excess of non-binding antibody phage are removed by strigent
washing. Specifically binding antibody phage are eluted (e.g. by trypsin or pH shift) and
reamplified by infection of E. coli. Subsequently, the phagemid bearing E. coli are infected
with a helperphage, mainly M13K07, to produce new antibody phage which can be used for
further panning rounds until a significant enrichment of antigen specific phage is achieved.
Usually two or three panning rounds are necessary to select specifically binding antibody
fragments. After panning, soluble individual monoclonal antibody fragments or antibody
phage are produced and specific antigen binding is analysed by ELISA to identify
individual binders. Afterwards, these individual binders can be sequenced and further
biochemically characterised (Hust et al., 2007a; Winter et al., 1994). This panning process can
also be performed in a high-throughput manner (Buckler et al., 2008; Hallborn and Carlsson,
2002; Hust et al., 2011; Konthur et al., 2005). Because the gene sequence of the binder is
available, the antibody – depending on the desired application – can be converted into
different antibody formats (e.g. scFv-Fc fusion or IgG) and produced in different production
hosts (Hust et al., 2011; Schirrmann et al., 2008). In summary, recombinant antibody
fragments derived from phage display can be adapted to the final assay requirements.

4. Antibodies for diagnostics and therapy of encephalitis viruses generated
by phage display
In the beginning of 2011, 29 therapeutic monoclonal antibodies were approved in the USA
or EU. For further antibodies approval is pending (http://www.landesbioscience.com
/journals/mabs/about). The most admitted therapeutic antibodies are for cancer and
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Fig. 1. Schematic overview about antibody gene library construction and the selection of
binders (panning). This figure is a modified version of a former figure (Schirrmann and
Hust, 2010).
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autoimmune diseases (Dübel, 2007). Mechanisms of therapeutic antibodies are manifold and
include neutralisation of substances e.g. toxins (Pelat et al., 2007) or cytokines like tumor
necrosis factor (TNF) alpha (Alonso-Ruiz et al., 2008), blocking of receptors like epidermal
growth factor receptor (EGFR) (Peeters et al., 2009), binding to cells and modulating the host
immune system (Chatenoud and Bluestone, 2007), or combinations of these effects (Adams
and Weiner, 2005). Interestingly, todate no recombinant antibodies are approved for the
treatment of viral infections.
Rapid diagnosis of equine encephalitis is essential to allow an appropriate medical
treatment, preventing viral replication. This may be allowed by point-of-care diagnosis tests
based on antibodies or antibody fragments. After successful diagnosis, specific treatment
might be considered and the use of recombinant (chimerized, humanized or human)
neutralising antibodies is one choice. Also a prophylactic use of these recombinant
antibodies might be considered for a time-limited protection, as human antibodies have a
half-life of around 3 weeks in man (Eklund et al., 1982).
Since the administration of the original vaccine VEEV strain, TC83, developed in the sixties,
had serious side effects to man (MCKINNEY et al., 1963), murine, macaque, humanised and
human antibodies have been generated against VEEV by antibody phage display as an
alternative in recent years. VEEV TC83 was used for example for the immunisation of mice
from which the protective monoclonal antibody mAb 3B4C-4 was generated and later
humanised (Hunt et al., 2006; Roehrig et al., 1982). The resulting antibody, mAb Hy4, turned
out to be as protective as the original mouse antibody as demonstrated by virus challenge in
Swiss Webster mice (Hunt et al., 2006). A further neutralising humanised antibody was
developed by Hu et al (Hu et al., 2010).
The first anti-VEEV recombinant antibody fragments were derived from the murine IgG
mAb 5B4D-6 by molecular cloning (Alvi et al., 1999). Murine scFvs aimed for diagnostic use
were also isolated by phage display using immune libraries (Duggan et al., 2001), as phage
display allows testing more candidates than hybridoma technology thus improving the
search for selected specificities. Later, protective murine antibody fragments were generated
using phage display. The broadly reacting scFv CUF37 was converted into the murine IgG2a
format; this antibody was not neutralising in vitro but protective in vivo (O’Brien et al., 2009).
The humanised version of this antibody (hu1A3B-7) protected mice in challenge
experiments using the VEEV strain Trinidad Donkey (TrD) (Goodchild et al., 2011).
Regarding human antibody fragments, a panel of scFvs was selected for diagnostic assays
from the naïve human libraries HAL4/7 using the antibody-displaying phage particles
directly (Kirsch et al., 2008). Further human antibodies for therapeutic purposes were
isolated using Fab (Fragment antigen binding) antibody phage display. The human immune
library was constructed from sera of two VEEV strain TC-83 immunised US soldiers and
two neutralising antibody fragments were identified. Hunt and coauthors suggested to use
mAb F5 in combination with the earlier isolated humanised antibody mAb Hy4 for
therapeutic purposes because they bind to different epitopes of the VEEV E2 glycoprotein
(Hunt et al., 2010). The authors of the present review isolated a macaque scFv from an
immune phage-displayed library directed against VEEV. Expressed as fusion with human
constant regions, the resulting scFv-Fc protected mice against lethal challenge with
Venezuelan equine encephalitis viruses (Rülker et al., in preparation).
To our knowledge no anti-WEEV antibody fragments derived from any kind of library is
published. However, scFvs were generated from the murine IgGs 11D2 (Das et al., 2004; Xu
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et al., 1999) and 10B5 E7E2 (Long et al., 2000) for diagnostic purposes. The authors of this
review generated scFvs against WEEV by phage display using a macaque immune antibody
gene library (Rülker et al. in preparation), both for diagnosis and therapeutic purposes.
Regarding EEEV, to our knowledge no recombinant human or murine antibodies have been
published.
“At present there is no FDA-approved medical treatment for infection with these viruses.”
(Reichert et al., 2009). However, antibody phage display and other techniques have already
delivered human or human-like antibodies as leads for the treatment or prophylaxis of
equine encephalitis. Alternatively, the epitopes of these antibodies might also be candidatevaccine.
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Multiple sclerosis (MS) is a chronic disabling disease characterized by inflammation,
demyelination, and axonal damage in the central nervous system (CNS), affecting both
white and grey matter. Commonly observed symptoms are visual and balance disturbances,
spasticity, bladder dysfunction, pain, and fatigue. At a later disease stage, paralysis may
occur (Compston& Coles 2008; Sospedra& Martin 2005).
For both exploratory and applied research into MS the use of a valid animal model is
indispensable. The most widely used animal model for MS is experimental autoimmune
encephalomyelitis (EAE), which is induced by active immunization with myelin derivatives
formulated in adjuvant. EAE has been induced in a wide variety of species, including
rabbits, guinea pigs, rats, mice, and non-human primates (Brok et al 2000; Genain et al 1995;
Gold et al 2006; Massacesi et al 1995; Wekerle 2006).
The EAE model in the common marmoset (Callithrix jacchus), a small-sized New World
monkey, is exquisitely suitable for translational research into pathogenic mechanisms and
therapy development for MS. A feature that distinguishes the model from classical rodent
EAE models is that marmosets are exposed to the same environmental cues as humans,
including those associated with MS susceptibility, i.e. viral pathogens. In this chapter, we
will summarize our investigations into the core pathogenic autoimmune mechanisms
underlying the development of pathology and clinical symptoms. In addition, we will
discuss the separate and combined role of B cells and T cells, in this model. Finally, we will
briefly discuss how the model can be used for testing new therapies.
1.1 Immunology and genetics of the common marmoset
The marmoset is immunologically, anatomically, and neurologically more closely related to
humans than rodents. In contrast to laboratory rodent strains, the marmoset is an outbred
species, and the clinical and pathologically heterogeneity of the EAE model resembles the
heterogeneous situation in MS.
A particularly interesting aspect of marmosets is the stable bone marrow chimerism
between twin siblings that is caused by the sharing of the placental blood stream.
Consequently, the immune systems of twins are educated in the same thymic environment,
making fraternal siblings immunologically more similar than siblings from different births
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(Niblack et al 1977). This principle can be used in therapy trials where one twin sibling is
treated with an experimental agent and the other sibling with placebo.
The strongest genetic influence on MS susceptibility in the human population is exerted by
the major histocompatibility complex (MHC). The MHC is a highly polymorphic genetic
region that encodes for antigen presentation molecules, which according to international
consensus nomenclature are indicated with the acronym Caja, being derived from Callithrix
jacchus. MHC class II molecules are constitutively expressed on B cells and antigen
presenting cells (APC) and are involved in the activation of CD4+ T cell responses. MHC
class I molecules are expressed on all nucleated cells and are involved in the activation of
CD8+ T cells. In the marmoset, MHC class I diversity is more limited than in humans. The
classical A, B, and C molecules could not be identified in marmosets, but non-classical E
(oligomorphic) and G genes (polymorphic) have been described (Cadavid et al 1997; Knapp
et al 1998). The marmoset MHC class II region contains DQA1, DQB1, and DQB2 genes, but
DQA2 and DP genes could not be identified. Marmosets contain one DRB region
configuration, containing the three lineages DRB1*03, DRB*W12, and DRB*W16. CajaDRB1*03 and -DRB*W16 are polymorphic with 13 and 20 alleles, respectively. CajaDRB*W12 appears to be monomorphic with two alleles, which differ only at two codons. All
marmosets express DRB*W1201 or DRB*W1202 (Antunes et al 1998; Doxiadis et al 2006;
Prasad et al 2006; Wu et al 2000).
Despite the limited polymorphism of the MHC, marmosets contain a diverse and
evolutionary stable T cell receptor - and -chain repertoire (Fujii et al 2010; Uccelli et al
1997).
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1.2 Myelin oligodendrocyte glycoprotein
Demyelination is the pathological hallmark of MS and is caused by a combined cellular and
humoral autoimmune attack on myelin. The myelin sheath is produced by oligodendrocytes
and is wrapped around axons to ensure fast saltatory pulse conduction. Myelin is composed
of 80% lipids and 20% proteins, such as myelin basic protein (MBP), proteolipid protein
(PLP), and myelin oligodendrocyte glycoprotein (MOG).
MOG is a type I membrane glycoprotein and a member of the Ig superfamily produced by
oligodendrocytes. MOG is located on the outer myelin sheath with the N-terminal amino
acids 1 to 125 exposed to the extracellular environment where it is accessible for immune
cells (Kroepfl et al 1996; Ohler et al 2004). MOG probably forms homodimers (Clements et al
2003) and is highly conserved among species (Delarasse et al 2006; Mesleh et al 2002).
The function of MOG in the CNS is unknown, as MOG-deficient mice do not present clinical
or histological abnormalities (Delarasse et al 2003). However, MOG is an important target of
the autoimmune attack in EAE. Autoimmunity against MOG is crucial for the progression of
EAE in Biozzi ABH mice (Smith et al 2005) and marmosets (Jagessar et al 2008).
Immunization with recombinant human MOG (rhMOG) protein or MOG peptides induces
pathogenic antibody and T cell responses (Iglesias et al 2001; von Büdingen et al 2001).
Antibodies against MOG facilitate demyelination and phagocytosis in vitro (Kerlero de
Rosbo et al 1990; Van der Goes et al 1999) and enhance demyelination in vivo in mice
(Morris-Downes et al 2002), rats (Linington et al 1988; Schluesener et al 1987), and
marmosets (Genain et al 1995; McFarland et al 1999). T cell responses against MOG are
found in EAE models in mice (Mendel et al 1995), rats (Stefferl et al 2000), marmosets (Brok
et al 2000), and rhesus macaques (Kerlero de Rosbo et al 2000).
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The marmoset EAE model was first developed by Genain and co-workers (Massacesi et al
1995). Since then, the model has been continuously refined to improve the similarity with
MS ('t Hart et al 2009). All EAE models that have been developed in the past years vary in
their clinical and pathological features, see Table 1.
The first documented EAE model in the marmoset was induced with human myelin
emulsified in complete Freund’s adjuvant (CFA) supplemented with Bordetella pertussis
particles. The disease was very acute and gave an acute disseminated encephalomyelitis
(ADEM) like disease (Massacesi et al 1995). Several large seriously destructive lesions in the
white matter of the brain and spinal cord were detected in this model.
EAE induction with human or mouse myelin in CFA, but without Bordetella pertussis, gave
essentially the same pathology but had a slower disease progression. We observed in these
models high T and B cell responses against various myelin proteins, i.e. MOG, MBP and
PLP; we chose to study the role of MOG in more detail. To confirm the pathogenic
significance of MOG, one sibling of a marmoset twin was sensitized against myelin derived
from wild type C57BL/6 mice and the other sibling with myelin derived from MOG
deficient mice of the same strain (Jagessar et al 2008). Animals immunized with MOG
deficient myelin showed only mild clinical EAE symptoms, inflammation and small
demyelinated areas in the white matter. We assume that these are caused by autoimmune
reactions against other myelin proteins, such as MBP and PLP.
The addition of a physiological dose of recombinant MOG to mice immunized with MOGdeficient myelin restored the induction of chronic relapsing EAE in Biozzi ABH mice (Smith
et al 2005). This observation emphasizes the immunodominance of MOG, which was
investigated in further detail in marmosets immunized with recombinant human MOG
(rhMOG) in CFA. This formulation induced a more chronic disease and a typical MS like
pathology, characterized by active lesions in the CNS with macrophages containing myelin
degraded products (Kap et al 2008). Moreover antibody formation against the whole MOG
protein and specific MOG peptides were observed, such as MOG14-36, MOG34-56 and MOG5476. Interestingly, animals that developed clinical EAE signs showed specific T cell
proliferation against MOG34-56 and MOG74-96.
To test the immunogenicity of the peptides, marmosets were immunized with some of the
peptides separately in CFA. It was observed that MOG14-36 is only moderately
encephalitogenic inducing only small-sized inflammatory lesions (Brok et al 2000). MOG74-96
was not encephalitogenic, whereas marmosets immunized with MOG34-56 displayed
essentially similar pathology and disease course as the EAE model with rhMOG in CFA
(Kap et al 2008). Antibodies against rhMOG, MOG34-56 and the overlapping peptide MOG2446 were formed in the MOG34-56/CFA EAE model.
The absence of antibodies binding MOG protein directs the attention to the MOG34-56 specific
cytotoxic T cells as a cause of the widespread demyelination that was observed in the
MOG34-56/CFA model. T cell lines raised against MOG34-56 were phenotypically
characterized as CD4+, CD8+ or CD4/8 double positive, expressing also CD56+ but not CD16
(Kap et al 2008). Interestingly, T cells with a similar phenotype have been associated with
demyelination in MS (Vergelli et al 1996; Antel et al 1998). Further phenotypical
characterization in humans showed that the T cells were CD45RO-, CD27+CD28-CCR7-,
being a phenotype reminiscent to the NK-CTL effector memory subpopulation (Mazzarino
et al 2005).
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CFA is a major cause of the serious discomfort experienced by animals engaged in the EAE
model. This prompted us to test if EAE could be induced without usage of CFA. Hence,
animals were subjected to a challenge-boost protocol with MOG34-56 in incomplete Freund’s
adjuvant (IFA) (Jagessar et al 2010). It is of note that the inoculum lacked microbial antigens
for innate immune activation. Nevertheless, all animals developed clinically evident EAE,
which was characterized by marked inflammation and demyelination in the grey and white
matter of the brain and spinal cord. Freshly isolated T cells also showed the NK-CTL
phenotype, with cytolytic capacities and a Th17 cytokine profile as immunological hallmark.
The replacement of CFA by IFA makes this model more useful for the study of subtle
regulatory networks that keep T and B cells in check and maintain homeostasis within the
CNS.

CFA, complete Freund’s adjuvant; IFA, incomplete Freund’s adjuvant; MOG, myelin oligodendrocyte
glycoprotein; N/A, not available

Table 1. All marmosets EAE models with their characteristics.
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3. Role of B cells in the marmoset EAE models
We observed no relation between the diversity of the antibody response and the rate of EAE
progression in marmosets (Kap et al 2008). In addition, EAE can be induced in the absence
of anti-rhMOG antibodies (Jagessar et al 2010). This was not entirely unexpected. Although
a role of anti-MOG antibodies in the induction of CNS demyelination has been proven
(Genain et al 1995; Genain et al 1999), the main pathogenic antibody reactivity is thought to
be mainly directed against non-linear/conformational epitopes (von Büdingen et al 2004).
Recently, treatment with Rituximab, an anti-CD20 antibody, in MS patients showed clear
beneficial effect. The amount of lesions and relapses reduced significantly in the anti-CD20
treated group compared to the placebo group, although antibody levels did not reduce
significantly (Hauser et al 2008; Bar-Or et al 2008). These data suggest that Rituximab does
not deplete plasma cells, which lack CD20 expression, and that the antigen presentation or a
regulatory role by B cells may play a key role in disease development.
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4. Role of T cells in the marmoset EAE models
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A similar study in marmoset monkeys was performed to understand the role of B cells in
further detail (Kap et al 2010b). This study showed a profound effect of anti-CD20 treatment
in animals with EAE, see also section 6.4. In addition to the study in MS patients, impaired
activation of autoreactive T cells in lymphoid organs was observed and reduced mRNA
levels of IL-7 and pro-inflammatory cytokines, e.g. IL-6, IFN and TNF. Also less
inflammation and demyelination was detected in the white as well as the grey matter.
It is assumed that there is a relation between MS and EBV infected B cells, see section 5.2. To
investigate the role of EBV transformed B cells, we are creating an in vivo model for EBV
infection in marmosets. Marmoset monkeys will be infused with autologous B
lymphoblastoid cell (B-LCL) induced with the marmoset EBV B95-8 virus. By ex vivo pulsing
of the B-LCL with the dominant MOG peptide 34 to 56, and injecting them back, the B-LCL
will acquire the capacity to activate encephalitogenic T cells. As control, the sibling will be
infused with B-LCL, but these cells will not be pulsed with the MOG peptide.
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T cells reactive against MOG are present in the natural T cell repertoire of healthy human
individuals (Diaz-Villoslada et al 1999; Koehler et al 2002) as well as in healthy marmosets
(Villoslada et al 2001). These autoreactive T cells are not depleted during development of the
immune system because MOG is absent outside the CNS (Bruno et al 2002) and is likely
expressed within the CNS relatively late during fetal development (Allamargot & Gardinier
2007). A significant increase in the number of MOG-specific T cells was reported in blood
and cerebrospinal fluid (CSF) of MS patients (Kerlero de Rosbo et al 1993; Sun et al 1991).
T cells play a central role in the marmoset EAE model, as EAE can be induced by the activity
of MOG-specific T cells without support of autoantibodies. Below, the specificity,
phenotype, and function of the T cells that are activated in the EAE model will be discussed.

DR
.R

4.1 Specificity
Immunization of marmosets with rhMOG in CFA leads to a 100% disease incidence that
maps to the MHC class II allele Caja-DRB*W1201, which is ubiquitously expressed in
marmosets (Antunes et al 1998; Brok et al 2000; Doxiadis et al 2006). In marmosets
immunized with rhMOG, Caja-DRB*W1201 presentation of MOG24-36 leads to the activation
of MOG24-36 specific Th1-cells in all animals (Brok et al 2000). However, T cells against this
peptide alone are not sufficient to induce the full aspect of the disease as shown by
immunization (Brok et al 2000) or adoptive transfer (Villoslada et al 2001). This suggests an
important pathogenic role of T cells directed against other MOG epitopes.
In a meta-analysis of T cell response profiles from about 30 rhMOG-immunized marmosets,
we observed that T cells from monkeys developing clinically evident EAE early after
immunization (fast progressors) proliferate against a wider range of MOG peptides than T
cells from monkeys developing overt disease at a later time point (slow progressors) (Kap et
al 2008). T cell responses against the peptide MOG34-56 were confined to fast progressor
monkeys. As discussed above, immunization with MOG34-56 in either CFA or IFA leads to
EAE (Jagessar et al 2010; Kap et al 2008). This shows that MOG34-56 contains crucial T cell
epitopes for the activation of T cells that can induce neurological disease.
The T cell response in marmosets against MOG is similar to MS, being mainly directed
against three domains in the extracellular part of MOG, i.e. 1-22, 34-56, and 64-96 (Bielekova
& Martin 2004; Kerlero de Rosbo et al 1997; Van der Aa et al 2003).
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4.2 Phenotype and function
It has long been thought that CD4+/Th1 cells were the main pathogenic T cells in MS, but
more recent literature highlights an important pathogenic contribution of Th17 cells and
CD8+ T cells as well (Brucklacher-Waldert et al 2009; Ifergan et al 2008; Kebir et al 2007;
Serafini et al 2007; Tzartos et al 2008). We have investigated the role of the different T cells
subsets in more detail in the marmoset EAE model.
Immunization of marmosets with rhMOG or MOG34-56 leads to the proliferation of
CD4+CD8-, CD4-CD8+, and CD4+CD8+ MOG34-56-specific T cells. In addition, a large
population of these T cells expresses CD56, which is a marker for natural killer-cytotoxic T
lymphocytes (NK-CTL).
MOG34-56-specific T cells have also other characteristics of NK-CTLs, as they are able to lyse
MOG34-56 pulsed cells (Jagessar et al 2010; Kap et al 2008). This is similar to MS patients, in
which cytotoxic MOG-specific T cells have also been observed (Koehler et al 2002; Van der
Aa et al 2003). This suggests that MOG34-56 specific T cells can induce cytolysis of
oligodendrocytes leading to demyelination.
The contribution of IFN- producing Th1 and IL-17A producing Th17 cells is an ongoing
debate in MS, but also in the EAE models (Haak et al 2009; Komiyama et al 2006; Kroenke et
al 2008; Langrish et al 2005; O'Connor et al 2008). Immunization of marmosets with rhMOG
in CFA leads to the activation of both Th1 and Th17 cells (Kap et al 2010a). Inhibition of IL17A in this model has only a marginal effect on the disease course, suggesting that Th1 cells
or the cytotoxicity of these T cells are more crucial than the single cytokine (Kap et al 2010a).
Immunization of marmosets with MOG34-56 in IFA leads to the production of IL-17A, but not
to IFN-, suggesting that Th17 and cytotoxic T cells dominate in this model.

I(

5. Role of viruses
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It is believed that the origin of autoimmune diseases, i.e. MS, has multiplex backgrounds.
The role of genetic predisposition and environmental factors are much less defined,
although viral infections have long been associated with MS development. Viral infections
are known as the most critical environmental factors. Herpesviruses, such as human
herpesvirus type 6 (HHV-6) (Fotheringham & Jacobson 2005; Lunemann et al 2007), EpsteinBarr virus (EBV) and to a lesser extent cytomegalovirus (CMV) (Kanzaki & Yabuki 1994) are
suspects.
5.1 CMV
CMV is a beta herpes virus and a leading cause of opportunistic infection in the human
population. CMV infection is estimated at a range from 50% to 80% in humans, and remains
asymptomatic in the vast majority of infected individuals (Staras et al 2006). The prevalence
is quite variable as it varies in different geographic areas, different social economic
population and ethnic origin. CMV has been associated with several autoimmune diseases,
i.e. Systemic Lupus Erythematosus (Sekigawa et al 2002), diabetes mellitus type 1 and 2
(Filippi & von Herrath 2005; Roberts& Cech 2005) and with the Guillain-Barré Syndrome, a
demyelinating disorder of peripheral nervous system (Yuki et al 2001), but there is no
obvious association with MS. However, the virus has been involved in acute CNS
inflammatory disorders, causing meningo-encephalitis in immunocompromised and
immunocompetent individuals (Devetag & Boscariolo 2000). Moreover, recently it was
observed that MS patients sufficient for Vitamin D were associated with an increased CMV

329

Modelling of Autoimmune Encephalomyelitis in a Non-Human Primate

NA
TH

)

antibody level, while such an association was absent or in the opposite direction in controls
(Mowry et al 2010). Furthermore, CD8+ T cells specific against CMV could be isolated from
brain lesions of MS patients (Scotet et al 1999). In support of a role of CMV in MS is the
observation that CD8+ T cells from rhesus EAE monkeys immunized with MOG34-56 in CFA
display high proliferation against a 9-mer peptide derived from the immunodominant UL86
antigen of human CMV, encoding the major capsid protein (Sylwester et al 2005).
Interestingly, the amino acid sequence 986 to 993 (WLRSPFSR) of the major capsid protein
showed striking similarity with the MOG sequence 39 to 46 (WYRPPFSR). T cells from
rhesus monkeys sensitized against the mimicry motif proliferated against MOG34-56, whereas
CD3+ T cells infiltrates were detected within the CNS white matter and meninges (Brok et al
2007). This data suggests that anti-CMV memory T cells can be activated by APC that
present MOG34-56. We hypothesise that CMV does not provoke MS, but those individuals
that are predisposed with CMV generate a repertoire of memory T cells. These memory T
cells might exacerbate CNS inflammation and demyelination upon activation with MOG34-56
presenting APC as in the marmoset EAE model (Kap et al 2008).
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5.2 EBV
EBV is a gamma herpes virus, which causes lymphoproliferative diseases, such as Hodgkins
lymphoma, nasopharyngeal carcinoma and acute infectious mononucleosis (Levin et al
2003). The prevalence of EBV infection in Western countries is very high; in adulthood more
than 90% of the population are infected with EBV. Half of this population becomes EBV
positive after the age of ten. Individuals (30-50%) who experience a primary EBV infection
in adolescence will develop infectious mononucleosis. A CD8+ T cell response develops
against an impressive expansion of EBV infected B cells, where 10 to 30% of the B cells carry
the virus (Cohen et al 2000).
In developing countries most of the children become in contact with EBV, before the age of
ten; all children are EBV infected and mostly without symptoms. This indicates an agerelated association between a primary EBV infection and infectious mononucleosis.
Over the years many studies have found an association between EBV infection and the
development of MS. MS patients showed a significant increase of anti-EBV antibody levels,
i.e. anti-EBNA-1, compared to controls (Sumaya et al 1980). It was also found that the
antibody levels increased before the onset of MS (Levin et al 2005). Meta-analysis of thirteen
studies has found an odd ratio of 0.06 for the risk to develop MS, when EBV seronegative
individuals were compared with seropositive individuals. Of all MS patients, 99.5% were
seropositive for EBV related to 94% of the controls. In children with MS 99% were positive
for EBV, while 72% of the age-matched controls were negative (Ascherio& Munger 2007;
Pohl et al 2006). In MS patients also increased CD4+ T cell responses to EBNA-1 were
observed compared to controls (Lunemann et al 2006; Lunemann et al 2008).

6. Immunotherapies tested in the marmoset EAE model
The immunological proximity to humans and the clinico-pathological similarity with MS
makes the EAE model in marmosets an exquisite test system for the preclinical evaluation of
novel immunotherapies. This is especially the case for biological agents, which due to high
species-specificity are inactive in lower species. A particularly attractive aspect of the
marmoset model is the possibility to visualize the large-sized lesions in the brain with
clinically relevant magnetic resonance techniques (Blezer et al 2007; 't Hart & van Kooyk
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2004). This has enabled determination of the direct effect of new immunotherapies on
lesions independent of the effects on neurological signs ('t Hart & Heije 2005).
In the past years a variety of biological agents was tested mainly aiming at modulating
APC-T cell interactions.
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6.1 Anti-human CD40 mAb
CD40 is a costimulatory molecule that is constitutively expressed on B cells and induced on
myeloid antigen presenting cells, e.g. dendritic cells and macrophages. The interaction of
CD40 with its ligand CD154 induced on activated T cells plays an important role in the
activation of T and B cells as well as of myeloid antigen presenting cells and macrophage
effector functions. The pleiotropic effects of CD40-CD154 interaction on immune functions
create an attractive target of immunotherapy in autoimmune diseases, such as MS. Indeed, it
was found that a chimeric antagonist anti-CD40 antibody administered during the onset of
EAE in marmosets had a strong inhibitory effect on the disease (Boon et al 2001).
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6.2 Anti-human IL-12p40 mAb
One of the factors produced by activated APC of the myeloid lineage is IL-12, which is a
critical cytokine in the induction of Th1 responses. The notion that Th1 cells have a key
pathogenic role in relapsing-remitting MS warranted efficacy evaluation of ustekinumab, a
novel human-anti-human IL-12p40 antibody, in the marmoset EAE model. A prophylactic
study-design in marmoset EAE induced with human myelin in CFA, showed complete
protection against EAE (Brok et al 2002). Next, the same antibody was tested in a therapeutic
setting, i.e. starting treatment when brain white matter lesions could be detected on T2weighted MR images. This experiment showed complete suppression of the inflammatory
activity in lesions as well as of lesion enlargement, but only delayed the onset of
neurological deficit ('t Hart et al 2005).
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6.3 Anti-human IL17A mAb
Many of the immunopathogenic mechanisms driving EAE that were previously assigned to
the IL-12-Th1 pathway are actually mediated via the IL-23-induced activation of Th17 cells
(Cua et al 2003; Langrish et al 2005), which exerts its pro-inflammatory effects via IL-17A/F,
IL-6 and TNF-. Therefore, we tested the effect of a neutralizing human antibody against
human IL-17A in the rhMOG/CFA-induced EAE model. It was observed that the antibody
did not protect against EAE, but caused only a moderate delayed onset of neurological signs
(Kap et al 2010a). Our interpretation of this experiment is that it supports a role of IL-17A in
late stage disease, rather than in the disease onset. This is in agreement with the observation
that the MOG34-56 specific T cells that are associated with onset of neurological signs display
IL-17A production as immunological hallmark.
6.4 Anti-human CD20 mAb
MS has for a long time been regarded as a T cell-driven disease, with a less important
contribution of B cells, i.e. only the amplification of demyelination via the secretion of antimyelin antibodies that elicit complement- (CDC) or macrophage-dependent (ADCC)
cytotoxicity reactions. In this light it was rather unexpected that antibody-mediated
depletion of CD20+ B cells with rituximab had an almost immediate and longlasting
beneficial effect on relapsing-remitting MS (Hauser et al 2008). As serum antibody levels
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remained essentially unaltered the mechanism underlying this remarkable clinical effect is
poorly understood. Recent work in rheumatoid arthritis shows a reduction of Th17
responses in patients treated with rituximab, an effect that could be highly relevant for MS
as well.
We have tested another human-anti-human CD20 antibody related to ofatumumab in the
rhMOG/CFA induced marmoset EAE model. It was observed that weekly administration of
the CD20+ B cell depleting antibody, which was started at day 21 post-immunization, had a
similar profound clinical effect as rituximab in relapsing-remitting MS (Kap et al 2010b).
Remarkably, at the pathological level we observed the complete absence of lesions in the
white as well as the grey matter. Mechanistically, suppressed autoantibody levels and
profoundly altered cytokine profiles, especially of IL-7 and IL-17A, were detected.
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The data discussed above clearly demonstrated that the outcome of a preclinical efficacy test
with a new candidate therapeutic is strongly influenced by the chosen animal model. It is
not surprising that reagents targeting Th1 cells are effective in EAE models induced with
CFA, as CFA skews cellular immune reactions into the direction of Th1, with a less
prominent pathogenic role of Th17 cells. By contrast, our data show that the marmoset EAE
model induced with antigen in IFA is more dominated by Th17 cells; thus would thus be the
elected model for testing reagents targeting Th17 cells. Obviously, the most important
question is which model is the best representation of MS. Much could be learned from
mechanistic analysis of successful and failed trials in MS. There is a marked discrepancy
between the positive effect of the anti-human IL-12p40 antibody, ustekinumab, in the
rhMOG/CFA-induced marmoset EAE model (Brok et al 2002; 't Hart et al 2005) and the
inefficacy in relapsing-remitting MS. This may suggest that Th1 cells have a less prominent
role in relapsing MS than in the EAE model, being consistent with the notion that Th17 cells
may be pathogenetically more relevant in MS (Langrish et al 2005). On the other hand,
depletion of CD20+ B cells has a similar beneficial effect in the rhMOG/CFA-induced
marmoset EAE model and relapsing MS (Hauser et al 2008; Kap et al 2010b). Intriguingly,
the depletion of B cells also diminishes IL-7 mRNA levels in the lymphoid organs (Kap et al
2010b), which could impair the activation of Th17 effector memory cells (Liu et al 2011). The
MOG34-56/IFA EAE model shows that the T cells that mediate CNS inflammation and
demyelination in marmosets can be in vivo activated without the need of APC activating
innate receptor ligands, suggesting that they may be effector memory cells (Jagessar et al
2010). Data obtained from MS patients suggests that this may also be the case in MS
(Bielekova et al 2004).
As discussed, the marmoset EAE model resembles MS closely and is a valid model for
exploratory and applied research. Future work should make clear which model resembles
MS most and should be used for preclinical testing.
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Encephalitis can be caused by several viruses, including western equine encephalitis (WEE)
virus, Japanese encephalitis virus, herpes simplex virus (HSV), human immunodeficiency
virus (HIV), influenza viruses and the measles virus. Bacteria such as Neisseria meningitidis
and Treponema pallidum have also been shown to be causative agents of encephalitis. There
are no medications currently available that selectively target virus-infected cells, although
some nucleotide derivatives, and oseltamivir, are exceptionally effective against herpes
simplex and influenza viruses, respectively.
Vaccination is one way to prevent infection; however, vaccines have not been developed for
every viral disease. Western medicines based on herbal extracts, and alternative Eastern
medicines have been used for treatment and as preventative measures in instances of viral
infection. In particular, the latter has been developed based on daily life from ancient times
when molecular biological knowledge was lacking. An example of this is the bark of
Cinchona succirubra, which contains quinine and has been used as a remedy for malaria.
Following infection, certain viruses cause cytopathic effects (CPE) in cells that grow as
monolayers in vitro. This phenomenon is a useful tool in virology to determine whether a
material is applicable for treatment of viral diseases. Viral infection is usually controlled by
species specificity, and inhibited by interferons produced by infected cells. Not every cell
line exhibits a CPE following infection. African Green Monkey (Vero) cells (Yasumura &
Kawakita, 1963) are defective in the production of interferons, and are highly susceptible to
arboviruses and many other pathogenic viruses (Simizu & Terasima,). The Vero cell line is
used for basic virus research in laboratories, diagnostics in hospitals, epidemiological
surveys and bacterial toxin assays. Additionally, the potential of Vero cells for vaccine
production has been examined. The cell line has been distributed to scientists globally by
services such as the American Type Culture Collection.
It has been shown that Agaricus blazei Murille water extracts, prepared as an alternative
medicine, inhibit the formation of CPE in Vero cell cultures caused by the WEE virus. Vero
cells were continuously cultured in a modified Eagle’s minimal essential medium without
serum, protein and lipids (Yasumura et al., 1978). The cells were grown on 24-well plastic
culture plates in a chemically defined medium for viral assay experiments, cells infected
after they reached confluency. Before virus infection, the cells were washed with the
phosphate-buffered saline (PBS, pH 7.4) without Mg2+ and Ca2+. A virus-containing solution
(0.2 ml) with a 50% tissue culture infective dose (TCID50) of 100 was added to each well and
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allowed to adsorb for 90 min at room temperature. The virus solution was then removed
from the wells, and fresh culture medium with and without Agaricus extracts added
(Sorimachi et al., 2001).

2. Effect of alternative medicine on viruses
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2.1 Effect of Agaricus blazei water extracts on virus-infected VERO cells
When Vero cells were infected with WEE virus, CPE was observed as shown in Figure 1-D
and Table 1. The original water extract from Agaricus blazei mycelia (A-0) and other fractions
(A-1, A-2 and A-3) showed a significant inhibitory effect on CPE formation by WEE virus
after 1 week in culture, but this effect was no longer observable after 2 weeks in culture
(Table 1) (Sorimachi et al., 2001). Fractions A-4 and A-5 showed a small inhibitory effect on
the occurrence of CPE induced by HSV (Table 1). However, neither the original water
extracts of Agaricus blazei fruiting bodies nor their fractions obtained by ethanol
precipitation demonstrated significant inhibitory effects on CPE due to WEE virus or HSV.

Fig. 1. Inhibitory effect of Agaricus blazei fractions on the CPE of Vero cells induced with
western equine encephalitis (WEE) virus. Cells were infected with WEE virus and cultured
for 1 week. (A) Control, uninfected Vero cells; (B) cells infected with WEE virus; (C) cells
treated with fraction A-4; and (D) cells infected with WEE virus and cultured with fraction
A-4. The concentration of Agaricus fraction A-4 was 100 µg/ml. This figure is reproduced
from Bioscience, Biotechnology and Biochemistry, 65 (7); 16451647, 2001, and has been used
with permission from Japan Society for Bioscience, Biotechnology, and Agrochemistry.
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Fraction
A-0
A-1
A-2
A-3
A-4
A-5
A-6

Ethanol (%)
0
17
29
38
44
50
50 Sup

WEE
(++)
(+)
(++)
(++)
+++
+++
-

HSV
(++)
(+)
-

AK
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Table 1. Inhibitory effect of Agaricus blazei mycelia fractions on CPE induced by western
equine encephalitis (WEE) virus and herpes simplex virus (HSV).
Cells were cultured for 2 weeks following virus inoculation.
(+), small inhibitory effect observed after 1 week in culture, but absent after 2 weeks in
culture. (++), significant inhibitory effect observed after 1 week in culture, but no longer
observable after 2 weeks in culture. +++, complete inhibition was observed after 2 weeks in
culture. -, no significant inhibition was observed. The 50% tissue culture infective dose was
100. The concentration of Agaricus fractions was 100 µg/ml.
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2.2 Effect of lignin derivatives on virus-infected VERO cells
Lignin derivatives, such as EP3, extracted from the culture medium of the edible Japanese
mushroom, Lentinus edodes, inhibit the formation of CPE usually caused by HSV and WEE
virus (Table 2) (Sorimachi et al., 1990). Other lignin derivatives, such as lignosulfonate (LS),
obtained from the waste liquor of acid sulfite pulping processes, demonstrate similar antiviral activity as EP3. Both EP3 and LS partially inhibit the formation of CPE caused by other
viruses including polio, mumps and measles viruses. It is well known that a small
proportion of measles cases can cause subacute sclerosing panencephalitis many years after
the initial infection.

DR
.R

Virus
Vaccinia
Herpes simplex
(Yasumura, type 1)
(UR-3, type 1)
(UW, type 2)
(MS, type 2)
WEE
Polio
Mumps
Measles (Sugiyama)

EP3
(+)

LS
(+)

+++
+++
+++
+++
+++
+
+
+

+++
+++
+++
+++
+++
++
+
+

Table 2. Inhibitory effects of EP3 and LS on CPE induced by various viruses.
+++, complete inhibition; ++, a few cytopathogenic effects were observed; +, a small effect
was observed; and (+), a small drug effect was observed after 4 days in culture.
2.3 Effect of alternative medicines on HIV
Encephalitis caused by HIV is another serious problem that needs to be considered. HIV has
been well characterized at a molecular biological level and clinically, but with a complete
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remedy yet to be established. Reasons for this include antigenic variation of HIV surface
proteins and a lack of adequate medications. The compound agaritine, which is a carcinogen
and is contained in Agaricus bisuporus and Agaricus blazei Murrile, inhibits HIV protease
activity (Gao et al., 2007). Although agaritine is found within alternative medicines and is
toxic to healthy people, it is useful in treating HIV-positive patients. Additionally, the
method to specifically remove agaritine from Agaricus blazei water extracts has been recently
established in our laboratory (Koge et al., 2011). Thus, we can now select Agaricus water
extracts with or without agaritine products depending on their end purpose. EP3 (Suzuki et
al., 1989a) and LS (Suzuki et al., 1989b) showed anti-viral activity against HIV in vitro, and
the oral administration of LEM, which contains EP3, improved the hepatic functions of
hepatitis B patients in vivo without serious side effects. Therefore, Agaricus blazei extracts and
lignin derivatives, which are used as alternative medicines, may be promising antiviral
compounds, even though we do not understand the inhibitory mechanisms of these drugs
on certain viruses in vitro or in vivo.
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