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Complement, part of the innate immune system, acts to remove pathogens and unwanted host material.
Complement is known to function in all tissues, including the central nervous system (CNS). In this study, we
demonstrated the importance of the complement system within the CNS in the development of behavioral
seizures following Theiler’s murine encephalomyelitis virus (TMEV) infection. C57BL/6 mice, deficient in
complement component C3, developed significantly fewer behavioral seizures following TMEV infection,
whereas mice depleted of complement component C3 in the periphery through treatment with cobra venom
factor had a seizure rate comparable to that of control mice. These studies indicate that C3 participates in the
induction of acute seizures during viral encephalitis.

The complement system, a component of the innate immune
system, functions to recognize and eliminate pathogens and
unwanted host material (1). Activation of complement can
occur by the classical, alternative, lectin, and terminal pathways
(1). The classical pathway is activated by antigen-antibody
complexes, some viruses, Gram-negative bacteria, or C-reac-
tive protein complexes (4). The alternative pathway is activated
by lipopolysaccharides and polysaccharides on the surfaces of
viruses, bacteria, fungi, and parasites. The lectin pathway is
activated by mannose or N-acetylglucosamine on the surfaces
of bacteria and other pathogens (4). The complement system,
consisting of �40 proteins, is highly regulated by the expres-
sion of complement inhibitors and complement receptors, as
the complement system can have deleterious effects when un-
regulated (1). Two important steps in the complement cascade
are the cleavage of the multifunctional complement proteins
C3 and C5 into C3a and C3b proteins and C5a and C5b
proteins, respectively. The anaphylatoxins C3a and C5a func-
tion to recruit leukocytes and induce inflammation. C3b func-
tions in opsonization, the process of coating pathogens or
particulate material with opsonin and thus making it more
susceptible to phagocytosis. C5b functions to initiate the as-
sembly of the C5b-C9 complex, the membrane attack complex
(MAC), leading to pathogen lysis. Proteins of the complement
system are found throughout all tissues and bodily fluids. Al-
though primarily produced by hepatocytes in the liver, other
cell types constitutively express low levels of complement pro-
teins (1).

Complement proteins are constitutively produced by neu-
rons, microglia, astrocytes, and oligodendrocytes in the central
nervous system (CNS) (14, 16, 44; reviewed in references 1 and
13). Astrocytes, the predominant glial cell type in the brain, are

comparable to hepatocytes in terms of the number of comple-
ment components they produce (4). The levels of various com-
plement mRNAs and proteins are markedly increased in the
CNS following viral infection; for example, C1q and C3 pro-
teins and mRNAs are increased in the rat brain following
infection with Borna disease virus (11), and C1q protein and
mRNA are increased in the rhesus macaque brain following
infection with simian immunodeficiency virus (10). In both
cases, the increase in the production of C1q in the brain was
localized to microglia/macrophages (10, 11). Complement ac-
tivation has also been shown to be involved in the control of
other viral infections, such as the spread of West Nile virus to
the CNS (24).

We have been studying the role of the innate immune system
in the development of acute behavioral seizures following CNS
infection of C57BL/6 mice with a neurotropic virus (19, 23).
Infection with Theiler’s murine encephalomyelitis virus
(TMEV) results in acute seizures developing in more than
50% of C57BL/6 mice (both male and female) generally be-
tween days 3 and 10 postinfection (p.i.) (23). Two proinflam-
matory cytokines, tumor necrosis factor alpha (TNF-�) and
interleukin 6 (IL-6), and concomitant inflammatory changes in
the brain (perivascular cuffing comprised of infiltrating mono-
nuclear cells, infiltration of macrophages, and/or activation of
microglial cells and gliosis) were implicated as contributors to
the development of acute seizures (19). In contrast, the proin-
flammatory cytokine IL-1, TMEV-specific CD8� T cells, and
viral persistence were discounted as playing a role in seizures
(19). It was found that both the pattern of days on which the
mice were observed to have seizures and the seizure score
(Racine scale) for any given day varied from mouse to mouse
(23). Typically, day 3 p.i. was the first day on which a few mice
were observed to have seizures, day 6 p.i. was the peak of
behavioral seizure activity, and the majority of seizures had a
seizure score of 3 (forelimb clonus) and above (score of 4,
rearing; score of 5, rearing and falling). The seizures were
afebrile and appeared limbic in nature (23). The seizure fre-
quency was observed to be one per mouse per 2-h observation
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period, and the duration of the seizures was typically 1 to 2 min
(23, 31). Mice experiencing seizures were impaired in both
coordination and motor function (23).

The role of complement in the development of seizures has
been studied in humans with Rasmussen’s encephalitis (RE)
(41). Although several different viruses have been detected in
the tissues of humans with RE by PCR and in situ hybridiza-
tion, these results are still controversial. Instead it is thought
that an autoimmune process underlies RE. Notwithstanding
the unknown etiology of RE, the activation of the complement
cascade is thought to be a critical component of disease patho-
genesis. Several activated components of the complement sys-
tem (C4, C8, and MAC) were shown to be present in discrete
patches of neurons in the cortex of three out of five patients
with active RE by immunohistochemistry (41). As a means of
demonstrating in vivo that MAC deposition on neurons could
trigger seizures, the individual components of the MAC (C5b6,
C7, C8, and C9) were sequentially infused into the rat hip-
pocampus, and assembly of the MAC triggered both behav-
ioral and electrographic seizures as well as cytotoxicity (42).

In our current study, we examined the role that complement
may play in the development of behavioral seizures in the
TMEV-induced seizure model. Through the use of mice defi-
cient in complement component C3 and through depletion of
complement component C3 in the periphery, we were able to
demonstrate the importance of the complement system within
the CNS in the development of seizures in the TMEV-induced
seizure model.

MATERIALS AND METHODS

Animals and infection. Males of the C57BL/6 and DBA/2 strains of mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). C57BL/6 � DBA/2
(C57 � DBA) F1 mice were bred on-site. Male and female mice in which
complement component C3 has been disrupted (B6.129S4-C3tm1Crr/J) on a
C57BL/6 background were kindly provided by John Weis, University of Utah.

On day 0, 5- to 6-week-old mice were anesthetized with isoflurane by inhala-
tion and infected intracerebrally with 2 � 104 or 2 � 105 PFU of the Daniels
(DA) strain of TMEV or mock injected with 20 �l of phosphate-buffered saline
(PBS). The DA strain of TMEV was propagated as previously described (47).

The care and use of the mice in this study were in accordance with the
guidelines prepared by the Committee on Care and Use of Laboratory Animals,
Institute of Laboratory Animals Resources, National Research Council (26a).

Observations. To monitor for seizure activity, mice were observed continu-
ously for a 2-h period, randomly chosen between the hours of 9:00 a.m. and 5:00
p.m. each day p.i. Seizure activity was graded using the Racine scale as follows:
stage 1, mouth and facial movements; stage 2, head nodding; stage 3, forelimb
clonus; stage 4, rearing; and stage 5, rearing and falling (5, 28).

Histology. Additional mice were euthanized with isoflurane on days 3, 7, 10,
14, and 21 p.i. in order to observe the neurological manifestations of the seizures.
The animals were perfused first with PBS and then with a buffered 4% paraform-
aldehyde solution. The brains were harvested and fixed in 4% paraformaldehyde,
divided into five coronal slabs per brain and embedded in paraffin. Multiple
4-�m-thick tissue sections, containing sections from all five coronal slabs per
brain, were cut, mounted on slides, and stained via various methods as described
below. The tissue section of only one of the five coronal slabs represented per
slide contained the hippocampal/dentate gyral regions of the brain. Luxol fast
blue-stained slides were used to evaluate neuronal cell loss in the hippocampus
in a blinded fashion using one slide per brain (n � 3 to 18 brains per experi-
mental group). Neuronal cell loss in the pyramidal cell layer of the hippocampus,
from CA1 to CA3, was scored as follows: score 0, no damage; score 1, 10 to 29%
cell loss (10 to 29% of the pyramidal cell layer from CA1 to CA3 is missing);
score 2, 30 to 59% cell loss; and score 3, �60% cell loss (19). An undamaged
control brain would receive a score of 0 with no cell loss, and thus, 100% of the
cells are present. A score was given for each of the two hippocampi present in a
brain, and then the scores were summed so the highest possible score for cell loss
per brain could be 6 (the highest score, 3, for two regions of the brain). Cyto-

architecture of the hippocampus was referenced in Fig. 43 to 49 in The Mouse
Brain in Stereotaxic Coordinates (12).

Immunohistochemistry. DA viral-antigen-positive cells and astrocytes were
detected on paraffin sections using hyperimmune rabbit serum against TMEV
and glial fibrillary acidic protein (GFAP) antibody (Dako Corp., Carpinteria,
CA), respectively, as previously described (37, 39). The slides were labeled using
the avidin-biotin peroxidase complex technique with 3,3�-diaminobenzidine tet-
rahydrochloride (Sigma-Aldrich, St. Louis, MO) in 0.01% hydrogen peroxide
(Sigma) in PBS. The specificity of antibody binding was confirmed by parallel
staining minus the hyperimmune serum or the GFAP antibody.

Enumeration of DA viral-antigen-positive cells was performed in a blinded
fashion with a light microscope using one slide per brain and evaluating tissue
sections from all five coronal slabs represented per slide (n � 3 to 11 brains per
experimental group). DA viral-antigen-positive cells were enumerated and
summed in the following brain regions in C3-deficient mice and C57BL/6 mice:
frontal lobe, septum, caudoputamen, hippocampus, midbrain, and cortex. DA
viral-antigen-positive cells were enumerated and summed in the following brain
regions in cobra venom factor (CVF)-treated mice: frontal lobe, hippocampus,
and cortex. No DA viral antigen was detected in the additional three brain
regions of CVF-treated mice.

The extent of gliosis was semiquantified by scoring GFAP-positive (GFAP�)
activated astrocytes in the hippocampus and dentate gyrus in a blinded fashion
using one slide per brain (n � 3 to 16 brains per experimental group). Activated
astrocytes have larger cell bodies and fatter processes and stain more intensely
than quiescent astrocytes. Gliosis was scored as follows: score 0, no damage (�50
activated astrocytes present); score 1, mild (50 to 350 activated astrocytes
present); score 2, moderate (351 to 700 activated astrocytes present); and score
3, severe (�700 activated astrocytes present) (19). A score was given for each of
the two hippocampi present in a brain and each of the two dentate gyri present
in a brain, and then the scores were summed so the highest possible score for
gliosis per brain could be 12 (the highest score, 3, for four regions of the brain).
For a control (labeled PBS) for GFAP staining, untreated mice (n � 2) and
PBS-treated mice (n � 3; one each sacrificed on days 3, 5, and 7 p.i.) were
evaluated as described above, and the scores were averaged.

RCA-I lectin histochemistry. Activated microglia and macrophages were iden-
tified by biotinylated Ricinus communis agglutinin I (RCA-I) (Vector Laborato-
ries Inc., Burlingame, CA) as previously described (32, 35, 36, 38). One slide per
brain for 3 to 14 brains per experimental group was examined in a blinded
fashion. RCA-I-positive (RCA-I�) cells in each of the two hippocampi present
in a brain and each of the two dentate gyri present in a brain were enumerated
and summed. For a control (labeled PBS) for RCA-I staining, PBS-treated mice
(n � 3; one each sacrificed on days 3, 5, and 7 p.i.) were evaluated as described
above, and the values were averaged.

PCR arrays. Five- to 6-week-old C57BL/6 mice (three to four per group)
infected with 2 � 104 PFU DA virus or injected with PBS were euthanized with
isoflurane on days 2 and 6 p.i., and their brains were harvested and frozen. The
brains from naïve mice were used as a normal control. RNA was isolated by
homogenizing the brains in Trizol reagent (Invitrogen, San Diego, CA), per-
forming chloroform extraction, and then further purifying the RNA by means of
the RNeasy maxikit (Qiagen, Chatsworth, CA). From the RNA, cDNA was
made using Moloney murine leukemia virus (MMLV) reverse transcriptase (In-
vitrogen) according to the manufacturer’s recommendations and using random
primers. cDNAs from three or four brains were pooled from the different groups
of mice: PBS-injected mice on day 2 p.i., infected mice on day 2 p.i., PBS-injected
mice on day 6 p.i, infected mice with no seizures on day 6 p.i, and infected mice
with seizures on day 6 p.i. cDNA was assayed on a LC480 Light Cycler (Roche,
Indianapolis, IN) 96-well block, via a PCR array specific for mouse inflammatory
cytokines and receptors (SABiosciences, Frederick, MD) per the manufacturer’s
instructions.

QRT-PCR. The template for quantitative real-time (QRT)-PCR for the de-
tection of C3 was the individual cDNAs as generated for the PCR arrays but
without pooling the cDNAs (three per group) from the different groups of mice
(mice injected with PBS and observed on day 6 p.i., infected mice with no
seizures observed on day 6 p.i., and infected mice with seizures observed on day
6 p.i.). QRT-PCR was performed using a LC480 Light Cycler and the SYBR
green method of amplicon detection. 	-Actin was used to normalize the data.
The level (L) of gene expression was determined using the formula: L �
(2
Ct)(108), where Ct is cycle threshold. A relative normalized expression level
for each sample was determined by dividing the level of the gene of interest by
the level of 	-actin.

QRT-PCR for the detection of DA viral RNA was performed as described
above with the following modifications. Five- to 6-week-old mice infected with
2 � 105 PFU DA virus were euthanized with isoflurane on days 14 and 19 p.i. for
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C3-deficient mice (7 mice without seizures) and C57BL/6 mice (4 mice with
seizures and 3 mice without seizures), and their brains were harvested and
frozen. RNA was isolated, and cDNA was generated as described above for the
PCR arrays and QRT-PCR for C3. 	-Actin was used to normalize the data.
Primers were designed so as to amplify within the 2C region of the TMEV
genome.

CVF treatment. C57BL/6 mice were injected intraperitoneally (i.p.) with 30 �g
of CVF (Quidel, San Diego, CA) in 100 �l of PBS approximately 22 h prior to
infection with 2 � 105 PFU of the DA strain of TMEV and on days 1 and 3 p.i.
(34). CVF is a structural and functional analog of C3 that replaces C3b in the
formation of a functional C3 convertase that is not readily inactivated by regu-
latory proteins and that depletes plasma C3 due to C3 cleavage by the convertase
that is �250-fold more stable (30). Multiple, small doses of CVF from the cobra
Naja naja were well tolerated and depleted plasma complement, in particular C3,
in vivo in all species tested (7). This depletion (hypocomplementemia) was
maintained for 5 to 6 days. The effect of CVF treatment on other plasma
complement components (C5 and C6) varied by species (7). Enzyme-linked
immunosorbent assay analysis previously demonstrated that treatment of male
C57BL/6 mice with a single dose of CVF (30 �g i.p.) resulted in a reduction in
the level of mouse serum antigenic C3 to less than 3% of the initial C3 level
within 4 h of treatment, and this reduced level of C3 persisted for at least 48 h
(33). The level of C3 in serum remained below 10% of the initial C3 level up to
day 4 (33).

Statistical analysis. The StatView program (SAS Institute Inc., Cary, NC) was
used for all statistical analyses performed. Analysis of variance (ANOVA), fol-
lowed when necessary by Fisher’s protected least significant difference (PLSD)
posthoc test, was performed to determine group differences for continuous data
(C3 mRNA expression, DA viral RNA, DA viral-antigen-positive cells, and
activated microglia/macrophages). The chi-square test was utilized for nominal
data (whether the mice had seizures [yes or no]). Finally, the unpaired two-group
Mann-Whitney U test was performed for all nonparametric analyses (neuronal
cell loss and gliosis).

RESULTS

C3 is important for seizures. The levels of expression of
mRNAs for inflammatory cytokines and receptors were as-
sayed via PCR arrays as described in Materials and Methods.
mRNA expression was compared in mice injected with PBS
and mice infected with the Daniels (DA) strain of Theiler’s
murine encephalomyelitis virus (TMEV) on day 2 p.i., prior to
the development of seizures, and on day 6 p.i., when seizures
were clearly evident. mRNA expression in the brains of PBS-
injected mice on days 2 and 6 p.i. was not different from
mRNA expression in the brains of control mice. We found that
the expression of C3 mRNA was elevated as early as day 2 p.i.
and continued to rise through day 6 p.i. On day 2 p.i., the
expression of C3 mRNA was 5-fold greater in the DA virus-

infected mice than in the PBS-injected mice. On day 6 p.i., the
levels of expression of C3 mRNA were 13.5-fold and 47.7-fold
greater in infected mice without seizures and infected mice
with seizures, respectively, than in the PBS-injected mice.
Therefore, on day 6 p.i., the expression of C3 mRNA was
3.5-fold greater in the infected mice with seizures than in the
infected mice without seizures.

In order to confirm the involvement of C3 in the develop-
ment of seizures in our TMEV-induced seizure model, C3
mRNA expression levels were assayed via quantitative real-
time (QRT)-PCR as described in Materials and Methods.
mRNA expression was compared in PBS-injected and DA
virus-infected mice on day 6 p.i. On day 6 p.i., mRNA expres-
sion of C3 was significantly increased in infected mice both
with seizures and mice without seizures compared to PBS-
injected control mice (P � 0.05) (Fig. 1). Both the PCR arrays
and the QRT-PCR analyses demonstrated that mRNA expres-
sion of the C3 component of complement was increased fol-
lowing infection with TMEV. However, the PCR arrays dem-
onstrated a difference between mice with seizures and mice
without seizures, whereas the QRT-PCR analyses did not con-
firm this difference. Therefore, additional methods must be
employed to determine the contribution of C3 to the develop-
ment of seizures in this model.

We used C3-deficient mice to test how C3 could influence
whether DA virus-infected mice developed seizures. C3-defi-
cient mice or wild-type mice were infected with DA virus and
observed for the development of seizures through day 21 p.i.
Seventeen percent of mice deficient in C3 developed seizures
(Racine scale stages 3 to 5) compared to 52.4% of infected
wild-type mice (P � 0.0001) (Fig. 2).

We examined neuronal cell loss, viral persistence, and inflam-
mation in C3-deficient mice infected with DA virus (Fig. 3 to 5).
Data for days 3 and 7 p.i. for mice from three of the groups
(C57BL/6 mice without seizures, C3-deficient mice with sei-
zures, and C3-deficient mice without seizures) were combined,
as there were no differences between C57BL/6 mice without
seizures on days 3 and 7 p.i. and the numbers of C3-deficient
mice in the groups with seizures and without seizures were low.

FIG. 1. mRNA expression levels for C3. mRNA expression was
compared, using QRT-PCR specific for C3, between DA virus-infected
mice on day 6 p.i. (mice with no seizures and mice with seizures on day
6) and PBS-injected control mice. C3 mRNA expression is shown on
the y axis as a relative normalized expression level. C3 mRNA expres-
sion significantly increased in mice with seizures and mice without
seizures on day 6 compared to PBS-injected control. Values that are
significantly different (P � 0.05) from the value for the PBS-injected
control mice are indicated (‡). Results are depicted as means plus
standard errors of the means (SEMs) (error bars) for groups with three
mice per group.

FIG. 2. Frequency of seizures (Racine scale stage 3 to 5) in C3- and
C5-deficient and treated mice. Significantly fewer C3-deficient (C3
/
)
mice (17%) developed seizures compared to wild-type control mice.
��, P � 0.0001. In contrast, no significant difference in seizure fre-
quency was seen in mice undergoing cobra venom factor (CVF) treat-
ment compared to wild-type control mice. Significantly fewer DBA/2
mice (C5
/
; 6.7%) and C57 � DBA F1 mice (13.6%) developed
seizures compared to wild-type control mice. †, P � 0.001. Also, sig-
nificantly fewer DBA/2 mice developed seizures compared to C57 �
DBA F1 mice. ‡, P � 0.05. The total number of mice infected (N) is
shown over the individual bars of the graph. Percent mice with seizures
(y axis) is calculated as follows: (number of mice with seizures/total
number of mice infected) � 100.
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In this study, there were no C57BL/6 mice with seizures on day
3 p.i.

Neuronal cell loss was apparent in C57BL/6 mice without
seizures on days 3 and 7 p.i. and in C57BL/6 mice with seizures
on day 7 p.i. (Fig. 3). C57BL/6 mice with seizures on day 7 p.i.
had significantly greater neuronal cell loss than C57BL/6 mice
without seizures on days 3 and 7 p.i. (P � 0.01). No neuronal
cell loss was apparent in C3-deficient mice with or without
seizures on days 3 and 7 p.i. However, neuronal cell loss was
apparent in C3-deficient mice with or without seizures on day
10 p.i. (Fig. 3). Thus, the C3-deficient mice with seizures had
significantly greater neuronal cell loss than the C3-deficient
mice without seizures on day 10 p.i. (P � 0.05).

Interestingly, viral genome and viral protein were found to
persist in C3-deficient mice infected with DA virus (Fig. 4).
Data for days 14 and 19 p.i. for mice from two groups
(C57BL/6 mice with seizures and C57BL/6 mice without sei-
zures) were combined to study the persistence of the viral
genome. Viral genome was found, in a significantly greater
quantity, in C3-deficient mice without seizures on days 14 and
19 p.i. than in C57BL/6 mice with and without seizures at the
same time points (P � 0.05) (Fig. 4a). The levels of viral
protein in C3-deficient mice with and without seizures on days
3 and 7 p.i. were found to be comparable to the levels in
C57BL/6 mice with seizures on day 7 p.i. and C57BL/6 mice
without seizures on days 3 and 7 p.i. (difference not significant)
(Fig. 4b). However, by day 10 p.i., the number of viral-antigen-
positive cells was significantly greater in the C3-deficient mice
with seizures than in the C3-deficient mice without seizures
(P � 0.0001).

Inflammation in C3-deficient mice infected with DA virus
was measured via Ricinus communis agglutinin I (RCA-I) lec-
tin histochemical detection of activated microglia/macro-
phages and glial fibrillary acidic protein (GFAP) immunohis-
tochemical detection of activated astrocytes (gliosis) (Fig. 5).
The numbers of activated microglia/macrophages in C3-defi-
cient mice with and without seizures on days 3 and 7 p.i. were

found to be significantly less than those in C57BL/6 mice with
seizures on day 7 p.i. (P � 0.0001) but comparable to those in
C57BL/6 mice without seizures on days 3 and 7 p.i. and PBS-
injected control mice (difference not significant) (Fig. 5a).
However, by day 10 p.i., the numbers of activated microglia/
macrophages in C3-deficient mice with seizures were found to
be significantly greater than the numbers in both the PBS-
injected control mice (P � 0.01) and the C3-deficient mice
without seizures (P � 0.001) (Fig. 5a). The gliosis score for
C57BL/6 mice with seizures on day 7 p.i. was significantly
greater than the scores for PBS-injected control mice (P �
0.01), C57BL/6 mice without seizures on days 3 and 7 p.i.
(P � 0.05), C3-deficient mice with seizures on days 3 and
7 p.i. (P � 0.05), and C3-deficient mice without seizures on
days 3 and 7 p.i. (P � 0.01) (Fig. 5b). The gliosis score was
also significantly greater in C57BL/6 mice without seizures
on days 3 and 7 p.i. than in PBS-injected control mice (P �
0.05) and C3-deficient mice without seizures on days 3 and
7 p.i. (P � 0.05) (Fig. 5b). However, by day 10 p.i., the gliosis
score for C3-deficient mice with seizures was found to be
significantly greater than the score in PBS-injected control
mice (P � 0.05) (Fig. 5b).

In summary, we examined neuronal cell loss, viral persis-
tence, and inflammation in C3-deficient mice infected with DA
virus (Fig. 3 to 5). We found that although neuronal cell loss
was undetectable in C3-deficient mice early after infection
(days 3 and 7 p.i.), neuronal cell loss was significant in C3-
deficient mice with seizures by the time that acute behavioral
seizures resolved (day 10 p.i.). Virus was found to persist in
C3-deficient mice through the time that acute behavioral sei-
zures resolved and beyond (days 14 and 19 p.i.). As for inflam-
mation, we examined the numbers of activated microglia/mac-
rophages and gliosis. Although the numbers of activated
microglia/macrophages were low in C3-deficient mice early

FIG. 4. DA viral persistence in the brains of C3-deficient mice. DA
viral RNA as determined by QRT-PCR (a) and DA viral-antigen-
positive cells as determined by immunohistochemistry (b) demonstrate
the presence of DA viral RNA and protein in the brains of C3-
deficient mice, both with and without seizures. (a) The level of viral
RNA was normalized against 	-actin mRNA levels. DA viral RNA was
significantly greater in the C3-deficient mice without seizures on days
14 and 19 p.i. than in C57BL/6 mice with seizures (4 mice) and without
seizures (3 mice) on days 14 and 19 p.i. ‡, P � 0.05. Results are
depicted as means plus SEMs (error bars) for groups with seven mice
per group. (b) There were no significant differences in the numbers of
DA viral-antigen-positive cells between C57BL/6 mice with seizures on
day 7 p.i. or C57BL/6 mice without seizures on days 3 and 7 p.i.
compared to C3-deficient mice with or without seizures on days 3 and
7 p.i. DA viral antigen was significantly greater in the C3-deficient mice
with seizures than in C3-deficient mice without seizures on day 10 p.i.

**, P � 0.0001. Results are depicted as means plus SEMs (error bars)
for groups with 3 to 11 mice per group.

FIG. 3. Neuronal cell loss within the hippocampus in C3-deficient
mice infected with DA virus. Neuronal cell loss was scored as described
in Materials and Methods for mice sacrificed on days 3, 7, and 10 p.i.
Neuronal cell loss was significantly greater in the C57BL/6 mice with
seizures on day 7 p.i. than in C57BL/6 mice without seizures on days 3
and 7 p.i. The C3-deficient mice (C3
/
) with seizures had significantly
greater neuronal cell loss than the C3-deficient mice without seizures
on day 10 p.i. ‡, P � 0.05; *, P � 0.01. Results are depicted as means
plus SEMs (error bars) for groups with 3 to 18 mice per group.
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after infection, the numbers were significant in C3-deficient
mice with seizures by the time that acute behavioral seizures
resolved. The gliosis score for C3-deficient mice with seizures
was comparable to that for PBS-injected control mice early
after infection; however, the gliosis score for C3-deficient mice
with seizures was significantly higher than the score for PBS-
injected control mice by the time that acute behavioral seizures
resolved. Therefore, the extent of neuronal cell loss and in-
flammation seen in C57BL/6 mice with seizures for days 3 and
7 p.i. was seen for C3-deficient mice with seizures on day
10 p.i., and virus persisted in C3-deficient mice.

In order to determine the importance of C3 in the CNS
versus C3 in the periphery, mice were treated with cobra
venom factor (CVF) before and after infection. This treatment
has been shown to deplete C3 in the periphery (outside the
CNS) (33, 34). Our initial CVF injection occurred 22 h prior to
infection, and booster injections were given on days 1 and 3 p.i.
C3 was depleted at the time of infection, and the reduced level
of C3 would have been maintained due to the booster injec-
tions at least through day 7 p.i. As acute seizures develop
between days 3 and 10 p.i. and the peak of seizure activity
occurs on day 6 p.i., this treatment regiment should have re-
sulted in depletion of C3 through the peak of seizure activity in
these mice. CVF-treated mice and wild-type mice were ob-
served for the development of seizures through day 21 p.i.
Forty-one percent of CVF-treated mice developed seizures
(Racine scale stage 3 to 5) compared to infected wild-type mice
(difference not significant) (Fig. 2). These data indicate that C3
within the CNS, but not C3 in the periphery, contributes to the
development of seizures.

We examined neuronal cell loss, viral persistence, and in-
flammation in CVF-treated mice infected with DA virus (Fig.
6 to 8). Neuronal cell loss was very similar in CVF-treated and
wild-type mice on days 14 and 21 p.i. (Fig. 6). C57BL/6 mice
with seizures on day 14 p.i. had significantly greater neuronal
cell loss than C57BL/6 mice without seizures (P � 0.001) and
CVF-treated mice without seizures (P � 0.01). CVF-treated

mice with seizures on day 14 p.i. also had significantly greater
neuronal cell loss than C57BL/6 mice without seizures and
CVF-treated mice without seizures (P � 0.01). On day 21 p.i.,
only C57BL/6 mice with seizures had significantly greater neu-
ronal cell loss than C57BL/6 mice without seizures (P � 0.001)
and CVF-treated mice without seizures (P � 0.01).

Viral protein was found to persist in CVF-treated mice with
seizures through day 14 p.i. (Fig. 7). The number of antigen-
positive cells was significantly greater in the CVF-treated mice
with seizures than in the CVF-treated mice without seizures
(P � 0.05), the C57BL/6 mice with seizures (P � 0.05), and the
C57BL/6 mice without seizures (P � 0.01 [data not shown]) on
day 14 p.i. By day 21 p.i., viral-antigen-positive cells were not

FIG. 5. Inflammation within the hippocampus and dentate gyrus of C3-deficient mice infected with DA virus. Activated microglia/macrophages
(a), detected through RCA-I lectin histochemistry, and activated astrocytes (gliosis) (b), detected through GFAP immunohistochemistry, are
measures of inflammation. (a) The numbers of RCA-I� cells were significantly greater in C57BL/6 mice with seizures on day 7 p.i. than in
PBS-injected control mice, C57BL/6 mice without seizures on days 3 and 7 p.i., and C3-deficient mice with or without seizures on days 3 and 7 p.i.
On day 10 p.i., C3-deficient mice with seizures had a significantly greater number of RCA-I� cells than both the PBS-injected control mice and
the C3-deficient mice without seizures. *, P � 0.01; †, P � 0.001; **, P � 0.0001. Results are depicted as means plus SEMs (error bars) for groups
with 3 to 14 mice per group. (b) Gliosis was scored as described in Materials and Methods. Gliosis was significantly greater in C57BL/6 mice with
seizures on day 7 p.i. than in PBS-injected control mice, C57BL/6 mice without seizures on days 3 and 7 p.i., and C3-deficient mice with or without
seizures on days 3 and 7 p.i. Gliosis was also significantly greater in C57BL/6 mice without seizures on days 3 and 7 p.i. than in PBS-injected control
mice and C3-deficient mice without seizures on days 3 and 7 p.i. Gliosis was significantly greater in C3-deficient mice with seizures than in
PBS-injected control mice by day 10 p.i. ‡, P � 0.05; *, P � 0.01. Results are depicted as means plus SEMs (error bars) for groups with 3 to 16
mice per group.

FIG. 6. Neuronal cell loss within the hippocampus of CVF-treated
and untreated mice infected with DA virus. Neuronal cell loss was
scored as described in Materials and Methods for mice sacrificed on
days 14 and 21 p.i. Neuronal cell loss was significantly greater in the
untreated mice with seizures than in CVF-treated mice and untreated
mice without seizures on days 14 and 21 p.i. The CVF-treated mice
with seizures had significantly greater neuronal cell loss than the CVF-
treated mice and untreated mice without seizures on day 14 p.i. *, P �
0.01; †, P � 0.001. Results are depicted as means plus SEMs (error
bars) for groups with 3 to 12 mice per group.
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detected in CVF-treated and wild-type mice, both with and
without seizures (data not shown).

Inflammation in CVF-treated mice infected with DA virus
was measured via RCA-I lectin histochemical detection of
activated microglia/macrophages and GFAP immunohisto-
chemical detection of activated astrocytes (gliosis) (Fig. 8).
The numbers of activated microglia/macrophages in C57BL/6
mice and CVF-treated mice with seizures were found to be
significantly greater than those in PBS-injected control mice
(P � 0.001), C57BL/6 mice without seizures (P � 0.0001), and
CVF-treated mice without seizures (P � 0.0001) on day 14 p.i.
(Fig. 8a). On day 21 p.i., the numbers of activated microglia/
macrophages in C57BL/6 mice with seizures were found to be
significantly greater than those in PBS-injected control mice
(P � 0.001), C57BL/6 mice without seizures (P � 0.0001), and

CVF-treated mice without seizures (P � 0.001). On day 21 p.i.,
the numbers of activated microglia/macrophages in CVF-
treated mice with seizures were found to be significantly
greater than those in PBS-injected control mice (P � 0.05) and
C57BL/6 mice without seizures (P � 0.05) (Fig. 8a). The gliosis
score for C57BL/6 mice with seizures was significantly greater
than the scores for PBS-injected control mice (P � 0.01),
C57BL/6 mice without seizures (P � 0.01), CVF-treated mice
with seizures (P � 0.01), and CVF-treated mice without sei-
zures on day 14 p.i. (P � 0.01) (Fig. 8b). Also, on day 14 p.i.,
the gliosis score for CVF-treated mice with seizures was sig-
nificantly greater than the scores for PBS-injected control mice
(P � 0.05), C57BL/6 mice without seizures (P � 0.05), and
CVF-treated mice without seizures (P � 0.05) (Fig. 8b). As
expected, on day 21 p.i., the PBS-injected control mice had a
significantly lower gliosis score than the C57BL/6 mice with
seizures (P � 0.05) and the CVF-treated mice with seizures
(P � 0.05) did (Fig. 8b).

In summary, we examined neuronal cell loss, viral persis-
tence, and inflammation in CVF-treated mice infected with
DA virus (Fig. 6 to 8). We found that the extents of neuronal
cell loss and inflammation were comparable in CVF-treated
mice with seizures and C57BL/6 mice with seizures and in
CVF-treated mice without seizures and C57BL/6 mice without
seizures for days 14 and 21 p.i. Virus was found to persist in
CVF-treated mice with seizures through day 14 p.i., although
virus was cleared by day 21 p.i.

C5 may also be important for seizures. The DBA/2 strain of
mouse is deficient in the complement component C5. We
tested the DBA/2 strain to determine the role of C5 in seizure
development in DA virus-infected mice. DBA/2 and C57 �
DBA F1 mice were infected with DA virus (2 � 104 PFU) and
monitored for the development of seizures through day 21 p.i.
Interestingly, 6.7% of DBA/2 mice (male) and 13.6% of C57 �

FIG. 7. DA viral persistence in the brains of CVF-treated mice
with seizures. DA viral-antigen-positive cells, as determined by immu-
nohistochemistry, demonstrate the presence of DA viral protein in the
brains of CVF-treated mice with seizures on day 14 p.i. C57BL/6 mice
with seizures were assayed on day 14 p.i. for comparison. DA viral
antigen was significantly greater in the CVF-treated mice with seizures
than in both the CVF-treated mice without seizures and the C57BL/6
mice with seizures. ‡, P � 0.05. Results are depicted as means plus
SEMs (error bars) for groups with five or six mice per group.

FIG. 8. Inflammation within the hippocampus and dentate gyrus of CVF-treated and untreated mice infected with DA virus. Activated
microglia/macrophages (a), detected through RCA-I lectin histochemistry and activated astrocytes (gliosis) (b), detected through GFAP immu-
nohistochemistry, are measures of inflammation. (a) The numbers of RCA-I� cells were significantly greater in C57BL/6 mice and CVF-treated
mice with seizures than in PBS-injected control mice and C57BL/6 mice and CVF-treated mice without seizures on day 14 p.i. The numbers of
RCA-I� cells were significantly greater in C57BL/6 mice with seizures than in PBS-injected control and C57BL/6 mice and CVF-treated mice
without seizures on day 21 p.i. The numbers of RCA-I� cells were significantly greater in CVF-treated mice with seizures than in PBS-injected
control and C57BL/6 mice without seizures on day 21 p.i. ‡, P � 0.05; †, P � 0.001; **, P � 0.0001. Results are depicted as means plus SEMs (error
bars) for groups with three to seven mice per group. (b) Gliosis was scored as described in Materials and Methods. Gliosis was significantly greater
in C57BL/6 mice with seizures than in PBS-injected control mice, CVF-treated mice with seizures, and C57BL/6 mice and CVF-treated mice
without seizures on day 14 p.i. Also, on day 14 p.i., gliosis was significantly greater in CVF-treated mice with seizures than in PBS-injected control
mice and C57BL/6 mice and CVF-treated mice without seizures. There was significantly less gliosis in PBS-injected control mice than in C57BL/6
mice and CVF-treated mice with seizures on day 21 p.i. ‡, P � 0.05; *, P � 0.01. Results are depicted as means plus SEMs (error bars) for groups
with three to seven mice per group.
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DBA F1 mice (12 males and 10 females) also developed sei-
zures (Racine scale stage 3 to 5) following infection with DA
virus compared to infected C57BL/6 mice (P � 0.001) (Fig. 2).
In addition, significantly fewer DBA/2 mice developed seizures
compared to the C57 � DBA F1 mice (P � 0.05) (Fig. 2).

DISCUSSION

In our previous study of the TMEV-induced seizure model,
we implicated the innate immune response, specifically cyto-
kine production and inflammation, as contributing to the de-
velopment of acute behavioral seizures (19). Complement is
part of the innate immune response and can contribute to the
release of cytokines and the induction of inflammation (1).
More specifically, activation of C3 has been shown to result in
the release of TNF-� and IL-6 (46). It has been reported that
the complement activation fragments (C3a and C5a) could
synergistically upregulate lipopolysaccharide-induced produc-
tion of the TNF-� and IL-6 cytokines (46). In our previous
exploration of the importance of both TNF-� and IL-6 in the
TMEV-induced seizure model, it was found that mice that
were deficient in either TNF receptor I or IL-6 were signifi-
cantly less susceptible to the development of seizures (19).
Also, TNF-� and IL-6 mRNA expression levels were increased
in TMEV-infected mice experiencing seizures (19). Thus, the
contribution that C3 makes to the development of seizures, as
demonstrated in the present study through the use of C3-
deficient mice, may be through the TNF-� and IL-6 signaling
pathways. We are developing plans to investigate both the
interactions between C3 and the cytokines, TNF-� and IL-6,
which may lead to the development of acute seizures, and the
importance of TNF-�, IL-6, and C3 in the development of
epilepsy using this TMEV-induced seizure model.

In the CNS, inflammation can consist of gliosis and the
infiltration of macrophages and/or the activation of microglial
cells. C3a and C5a have been shown to induce activation of
microglia (25), and C5a is chemotactic for microglia and as-
trocytes in vitro (2, 43). The presence of macrophages/activated
microglia and activated astrocytes (gliosis), detected via RCA-I
lectin histochemistry and GFAP immunohistochemistry, re-
spectively, has been previously demonstrated for the TMEV-
induced seizure model (19). Both the number of RCA-I� cells
and the extent of gliosis were significantly greater in TMEV-
infected mice experiencing seizures than in TMEV-infected
mice without seizures for particular time points p.i. (19). The
presence of activated microglia and activated astrocytes sug-
gests a role for complement-induced inflammation in the de-
velopment of seizures in the TMEV-induced seizure model.
This is supported by the current study in which inflammation
was examined in C3-deficient mice and CVF-treated mice.
Early after infection (days 3 and 7 p.i.), mice deficient in C3
(with or without seizures), and therefore lacking in C3 activa-
tion, demonstrated significantly reduced migroglial/macro-
phage activation and gliosis (Fig. 5). C3-deficient mice with
seizures did develop a significant amount of inflammation by
day 10 p.i., which probably occurred as a result of the seizures
(Fig. 5). Mice treated with CVF, and therefore lacking in
complement activation in the periphery but not the CNS, dem-
onstrated inflammation comparable to that in untreated mice
(Fig. 8).

CVF has long been known to deplete C3 in the periphery
(serum or plasma and peritoneal lavage fluid) from the time
that it was first purified (7) through the development of a
recombinant form (20) to the present (22, 45). As for the CNS,
complement proteins are constitutively expressed at low levels
by cells locally in the CNS, and thus, complement activation
within the CNS is not exclusively dependent on complement
from the systemic circulation. Examination of complement,
and more specifically C3, in the CNS following CVF treatment
has been performed previously (8). It was found that CVF
treatment did not eliminate complement activation and depo-
sition in the brain following a complement-activating insult
(hypoxic-ischemic brain injury) to the CNS. The potential local
sources of C3 within the injured brain were determined to be
activated microglia and cells of the endothelium, ependyma,
and choroid plexus cell types (8). The presence of complement
activation within the CNS explains the results of Kim and
Perlman (18) in which antibody-induced demyelination was
reduced by 85 to 90% in mouse hepatitis virus strain JHM-
infected FcR�
/
 RAG1
/
 mice (FcR�, Fc receptor
gamma), but demyelination was reduced by only 76% in JHM-
infected RAG1
/
 mice treated with CVF to deplete comple-
ment. As complement activation occurs within the CNS fol-
lowing viral infection and we see an increase in C3 mRNA
expression within the brain following TMEV infection, we
would not expect CVF treatment to eliminate TMEV-induced
complement activation within the CNS.

With respect to complement and neurons, prominent con-
stitutive synthesis of many complement proteins and comple-
ment receptors (C3a receptor [C3aR] and C5aR) has been
localized to the hippocampal neurons, as well as the pyramidal
cortical neurons and cerebellar Purkinje neurons, in healthy
murine brains (9, 26, 27, 44). Complement components C3, C5,
and C6, both mRNA and protein, were found to be expressed
in the granular neurons of the dentate gyrus and the pyramidal
neurons of the CA1 to CA3 regions of the hippocampus (44).
The expression of complement proteins in the pyramidal neu-
rons of the CA1 to CA3 regions of the hippocampus coincides
with the region of marked neuron loss previously described for
the TMEV-induced seizure model (19, 23). Quantification of
neuron loss demonstrated that TMEV-infected mice experi-
encing seizures had a significantly greater amount of neuron
loss than TMEV-infected mice without seizures (19). Activa-
tion of complement within these neurons may play a role in the
resultant neuron loss. The current study supports this in that
early after infection (days 3 and 7 p.i.), mice deficient in C3
(with or without seizures), again lacking in complement acti-
vation, do not experience neuronal cell loss (Fig. 3). Also in
support of activation of complement within neurons playing a
role in neuron loss are the following findings. (i) Cell death of
hippocampal pyramidal neurons in TMEV-infected C57BL/6
mice early after infection is not caused by direct viral infection
of the neurons (6). (ii) Mice treated with CVF, again lacking in
complement activation in the periphery but not the CNS, ex-
perience neuronal cell loss comparable to that in untreated
mice (Fig. 6). Of all the CNS cell types, neurons are the most
susceptible to complement-mediated cell lysis, as they express
only very low levels of most complement inhibitors (reviewed
in reference 13). If the majority of neurons that are lost are
inhibitory neurons, then excitotoxicity by the remaining exci-
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tatory neurons would be expected to be the cause of the re-
sultant seizures. If, however, seizures occur in the absence of
complement activation within neurons, then neuronal cell loss
can still occur, as seen for C3-deficient mice with seizures on
day 10 p.i. (Fig. 3), probably as a result of the seizures.

In our previous study of the TMEV-induced seizure model,
we discounted a role for viral persistence in the development
of acute behavioral seizures, as C57BL/6 mice (viral clearance)
experienced seizures and OT-I mice (viral persistence) expe-
rienced comparable seizures, while SJL/J mice (viral persis-
tence) did not experience seizures (19). In the current study,
we again discount a role for viral persistence, as viral genome
(Fig. 4a) and viral protein (Fig. 4b) persist in C3-deficient
mice, which have a much reduced frequency of seizures (Fig.
2), while viral protein (Fig. 7) persists in CVF-treated mice,
which have a seizure frequency comparable to that of control
mice (Fig. 2). Conversely, viral persistence in both the C3-
deficient and CVF-treated mice suggests a role for comple-
ment in the clearance of virus. Previously, in support of this
concept, studies treating TMEV-infected SJL/J mice with CVF
suggested that complement played a role in limiting the spread
of TMEV within the CNS (29), and the titer of TMEV was
shown to be increased, on days 6, 7 and 8 p.i., in the spinal
cords of ddY mice treated with an antibody against comple-
ment type 3 receptor (21).

In addition to the C3 gene, genes within and outside the
major histocompatibility complex (MHC) may contribute to
the development of seizures in the TMEV-induced seizure
model. DBA/2 mice are C5 deficient and significantly less
susceptible to seizure development than C57BL/6 mice are
(6.7% compared to 50%, respectively). However, the differ-
ence in seizure susceptibility between C57BL/6 mice (C3 and
C5 sufficient) and DBA/2 mice (C5 deficient) may arise due to
differences in the genetic background as opposed to differences
in the presence (C57BL/6) or absence (DBA/2) of C5.
C57BL/6 mice and DBA/2 mice differ at the MHC locus in that
C57BL/6 mice have the H-2b allele and DBA/2 mice have the
H-2d allele. We previously demonstrated that another inbred
strain of mice that has the H-2d allele at the MHC locus,
BALB/c mice (C3 and C5 sufficient), do not experience sei-
zures following TMEV infection (0%; 0/17) (23). In addition,
we previously showed that another inbred strain of mice that
are C5 deficient, FVB/N mice (H-2q), do not experience sei-
zures following TMEV infection (0%; 0/20) (23). Therefore, it
is difficult to correlate the occurrence of seizures with only the
presence or absence of C5. Interestingly, 13.6% of C57 � DBA
F1 mice also developed seizures, and the intermediate pheno-
type of the C57 � DBA offspring demonstrates heritability of
the seizure susceptibility. The data suggest that C5 may con-
tribute to the development of seizures in conjunction with
other genes, within and/or outside the MHC locus, in the
TMEV-induced seizure model.

Previously, we suggested that the TMEV-induced seizure
model could be a potential model for human mesial temporal
lobe epilepsy (TLE) with hippocampal sclerosis based on the
loss of neurons and the presence of gliosis in both conditions
(19). We extend this comparison in the present study by dem-
onstrating the importance of complement in the TMEV-in-
duced seizure model. Human mesial TLE is a seizure disorder
in which complement is suspected to play a role in pathogen-

esis (17). Human mesial TLE is most likely a multifactorial
disease involving multiple susceptibility genes and various en-
vironmental factors, including CNS infections (40). A large-
scale gene expression profiling (microarray) study of human
mesial TLE has implicated complement component C3 (up-
regulated at the transcriptional level) in the pathophysiology of
this disease (17). By immunohistochemistry, altered expression
of C3 was demonstrated at the protein level (perivascular in-
filtration of C3-positive leukocytes) and/or MAC was detected
on neurons within the entorhinal cortex (EC) of nine out of 11
mesial TLE patients. These are indications of complement
activation within the EC, which provides the main excitatory
input to the hippocampus (17). A large-scale gene expression
study of the post-status epilepticus (post-SE) rodent model, an
animal model which mimics the mesial TLE syndrome, also
implicated the complement pathway in epileptogenesis (15).
Several components of the complement pathway (C1qa, C1qc,
C3, and C4a) were upregulated in the CA3 region of the
hippocampus and the EC region, but not in the cerebellum, at
the latent period time point (1 week after electrically induced
SE; the epileptogenesis phase), and this upregulation re-
mained through the chronic period time point (3 to 4 months
post-SE; the epilepsy phase) (15). This study has been ex-
tended to examine expression of complement components at
the protein level in the animal model and to compare the
experimental model findings to humans with TLE (3). Protein
expression of the complement components C1q and C3d
mainly occurred in microglial cells, perivascular astrocytes, and
some hippocampal neurons in the animal model. Examination
of surgical specimens from TLE patients with hippocampal
sclerosis demonstrated that expression of the C1q and C3
genes was significantly upregulated in patient material and that
protein expression of C1q, C3c, C3d, and MAC was increased
in the CA1 to CA4 and hilus regions of the hippocampus. C1q,
C3c, and C3d were expressed in reactive astrocytes, microglial
cells, and neurons, whereas MAC was predominantly ex-
pressed in activated microglial cells and macrophages. In gen-
eral, in the TLE specimens, complement activation in astro-
cytes correlated with areas of gliosis and complement
activation in microglial cells correlated with areas of neuronal
loss (3). As a potential model for human mesial TLE with
hippocampal sclerosis, the TMEV-induced seizure model will
be used to study the pathogenesis underlying the progression
from acute seizures, through the latent period (epileptogen-
esis), to the development of spontaneous seizures (epilepsy).

In this study, we have demonstrated the importance of com-
plement activation within the CNS in the development of acute
behavioral seizures following viral infection. Complement ap-
pears to be activated as part of the innate immune response to
viral infection. This in turn leads to the production/release of
IL-6 and the induction of inflammation. Neurons are lost, and
ultimately, seizures result. Further work is required to eluci-
date other genes within and outside the MHC that may con-
tribute to seizure susceptibility.
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10. Depboylu, C., M. K. H. Schäfer, W. J. Schwaeble, T. A. Reinhart, H. Maeda,
H. Mitsuya, R. Damadzic, D. M. Rausch, L. E. Eiden, and E. Weihe. 2005.
Increase of C1q biosynthesis in brain microglia and macrophages during
lentivirus infection in the rhesus macaque is sensitive to antiretroviral treat-
ment with 6-chloro-2�,3�-dideoxyguanosine. Neurobiol. Dis. 20:12–26.

11. Dietzschold, B., W. Schwaeble, M. K. H. Schäfer, D. C. Hooper, Y. M. Zehng,
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