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Infiltrating Macrophages Are Key to the Development of Seizures

following Virus Infection
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Viral infections of the central nervous system (CNS) can trigger an antiviral immune response, which initiates an inflammatory
cascade to control viral replication and dissemination. The extent of the proinflammatory response in the CNS and the timing of
the release of proinflammatory cytokines can lead to neuronal excitability. Tumor necrosis factor alpha (TNF-a) and interleu-
kin-6 (IL-6), two proinflammatory cytokines, have been linked to the development of acute seizures in Theiler’s murine encepha-
lomyelitis virus-induced encephalitis. It is unclear the extent to which the infiltrating macrophages versus resident CNS cells,
such as microglia, contribute to acute seizures, as both cell types produce TNF-a and IL-6. In this study, we show that following
infection a significantly higher number of microglia produced TNF-« than did infiltrating macrophages. In contrast, infiltrating
macrophages produced significantly more IL-6. Mice treated with minocycline or wogonin, both of which limit infiltration of
immune cells into the CNS and their activation, had significantly fewer macrophages infiltrating the brain, and significantly
fewer mice had seizures. Therefore, our studies implicate infiltrating macrophages as an important source of IL-6 that contrib-

utes to the development of acute seizures.

Ithough the etiology of seizures is largely unknown, infection

of the central nervous system (CNS) is a significant risk factor
for acquired epilepsy. There have been over 100 viruses implicated
in the development of seizures in humans, including herpesvi-
ruses, Japanese encephalitis virus, Nipah virus, influenza viruses,
and nonpoliovirus picornaviruses (reviewed in referencel).
Therefore, due to the large number and types of viruses, identify-
ing and deciphering the mechanism by which viral infection in-
duces seizures have been challenging. For example, two members
of the family Picornaviridae, Enterovirus (EV) and Parechovirus
(PeV), have been shown to induce seizures in infected children;
however, the available diagnostic tests for EVs do not detect PeVs
(2, 3). A recent retrospective study, using pediatric cerebrospinal
fluid samples previously screened for EV, demonstrated that the
inclusion of a novel PeV-specific PCR assay led to a 31% increase
in the detection of viruses causing virally induced CNS symptoms
and neonatal sepsis (4). Therefore, the role of viral infection in the
induction of seizures has not been fully recognized, possibly due
to the sensitivity and specificity of currently available viral diag-
nostic tests.

While there are many important, established animal models
for the study of seizures/epilepsy, such as status epilepticus and
trauma- and stroke-induced seizure models, these models do not
mirror virally induced seizures in humans (1). A significant diffi-
culty with earlier viral models is that infected animals either died
as a result of acute encephalitis and/or they did not have seizures
following infection. Our laboratory has recently developed the
first infection-driven animal model for epilepsy, called the Thei-
ler’s murine encephalomyelitis virus (TMEV)-induced seizure
model (5, 6). Approximately 50% of TMEV-infected C57BL/6
mice had seizures between days 3 to 10 postinfection (p.i.) (5).
C57BL/6 mice infected with TMEV were able to clear the virus-
infected cells by about day 14 p.i. Furthermore, approximately
50% of the mice that had acute seizures went on to develop spon-
taneous seizures after an undefined latent period (approximately 2
months), suggesting that a certain percentage of mice, as is seen in
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humans, have an epilepsy-like phenotype following viral enceph-
alitis (5, 6). Therefore, the TMEV-induced seizure model is a via-
ble model system to investigate the effect of an antiviral immune
response on the CNS that could potentially lead to seizures/epi-
lepsy.

TMEV is a picornavirus that naturally infects mice (7, 8).
TMEYV infects a variety of cells both in the CNS and in the periph-
ery, including macrophages, dendritic cells, microglia, and astro-
cytes (9-12). Infection of cells with TMEYV triggers a proinflam-
matory response consisting of type I interferons, tumor necrosis
factor alpha (TNF-a), interleukin-6 (IL)-6, and various chemo-
kines (13-18). The extent of the proinflammatory response in the
CNS and the timing of the release of proinflammatory cytokines
such as IL-6 and TNF-a can lead to neuronal excitability prior to
the induction of the adaptive immune response, thereby implicat-
ing a role for the innate immune system in the induction of sei-
zures. Therefore, TMEV infection has been used by our group to
address how the innate immune system may have a pivotal role in
the development of seizures/epilepsy.

Our recent work demonstrated an important role for microglia
and macrophages in acute seizures (15, 16, 19). PCR arrays and
antibody depletion studies were used to determine that mono-
cyte-derived cells were important in the development of acute
seizures (16). In addition, previous work from our laboratory sug-
gested that both resident cells and infiltrating cells synergistically
drive acute seizures, possibly through the secretion of IL-6 (16).
However, it remains unclear the extent to which the infiltrating
macrophages versus resident CNS cells, such as microglia, con-
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TABLE 1 TMEYV infection increases the numbers of immune cells in the
periphery

Freq. of cells by type
) (mean * SEM) at™:
Phenotypic
markers

Cell type Baseline 48 hp.i. P value®

Monocyte/ macrophage CD45" CD11b* 103 = 1.4 14.7 £ 1.4 0.02
Dendritic cell CD45" CD11c™ 2.6*+04 30*0.8 NS
T cell CD45" CD3"  23.1 +2.2 33.4+1.93 0.001
B cell CD45" CDI19" 36,5+ 0.9 499+ 0.9 0.002

@ Frequency (Freq. [%]) of cells of the indicated lymphocyte subsets in the periphery of
mice 5 days prior to infection compared to blood obtained 48 h p.i. with TMEV. Data
are means = standards errors of the means for 4 mice per group.

b Student’s paired  test was used to determine P values. NS, not significant.

tribute to acute seizures (reviewed in referencel). Our rationale
for defining what immune cells are involved in the induction of
seizures is based on the potential of developing therapeutics that
could be directed at these various cell types, ultimately resulting in
innovative approaches for the prevention and inhibition of sei-
zures/epilepsy.

In our current study, we demonstrate that peripheral macro-
phages infiltrating the brains of TMEV-infected mice at the onset
of seizures (day 3 p.i.) are important in the induction of seizures.
In addition, we provide evidence that both microglia and macro-
phages synergistically contribute to the induction of seizures by
differentially secreting TNF-a and IL-6. Importantly, administra-
tion of the anti-inflammatory compound wogonin was shown to
inhibit the entry of peripheral macrophages into the CNS and was
effective in the treatment of seizures in the TMEV-induced seizure
model. These data provide proof-of-concept evidence for IL-6"
macrophages being involved in the development of seizures.

MATERIALS AND METHODS

Animals. All animal experiments were conducted in accordance with the
guidelines prepared by the Committee on Care and Use of Laboratory
Animals, Institute of Laboratory Animals Resources, National Research
Council. C57BL/6 mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). Transgenic mice expressing green fluorescence protein
(GFP) [C57BL/6CrSlc-Tg (ACTb-EGFP) OsbC14-Y01-FM131] were
provided by Gerald Spangrude (University of Utah). GFP chimeric mice

were generated as previously described (16). Briefly, donor bone marrow
cells were obtained from euthanized mice that were at least 8 weeks old.
The bone marrow cells were isolated from the tibias and femurs of the
donor mice by injecting phosphate-buffered saline (PBS) containing 5%
Cosmic calf serum (CCS; HyClone, Logan, UT). Red blood cells were
lysed with ACK buffer (0.15 M ammonium chloride, 10 mM potassium
bicarbonate [pH 7.2 to 7.4]) for 5 min, and the remaining cells were
washed in PBS and counted. For chimeric generation, 5 X 10° donor cells
were intravenously (i.v.) injected into lethally irradiated (1,200 rads) re-
cipient mice (16). Mice were monitored for the 6 weeks required for
engraftment before infection with TMEV. The success of the engraftment
was determined by assessing, via flow cytometry, the levels of GFP™ bone
marrow cells obtained at the termination of the experiment.

TMEYV infection. Mice used were either 5- to 6-week-old C57BL/6
mice or 11- to 12-week-old GFP chimeric mice. Mice were anesthetized
with isofluorane by inhalation and infected intracerebrally (i.c.) with 3 X
10° PFU of the Daniels (DA) strain of TMEV or mock infected with PBS at
a final volume of 20 pl per mouse. The DA strain of TMEV was propa-
gated as previously described (20).

Peripheral mononuclear cell phenotyping. Peripheral blood was ob-
tained from mice 5 days prior to TMEV infection and 48 h after TMEV
infection. Blood was obtained by submandibular bleed using Goldenrod
lancets (MEDIpoint, Inc., Mineola, NY) and collected in BD Vacutainer
tubes (BD Bioscience, San Jose, CA). Whole blood was stained with the
indicated antibodies for 30 min at room temperature and lysed for 20 min
with whole blood lysis buffer (BD Bioscience). Cells were washed two
times, fixed in 4% paraformaldehyde, and analyzed by flow cytometry.

Brain mononuclear cell phenotyping. On day 3 p.i., mice were eutha-
nized and perfused with PBS. Subsequently, cells were mechanically iso-
lated from the brains and suspended in RPMI 1640 medium (Mediatech,
Herndon, VA) supplemented with 1% r-glutamine (Mediatech), 1% an-
tibiotics (Mediatech), 50 wM 2-mercaptoethanol (Sigma-Aldrich, St.
Louis, MO), and 10% CCS. Cells were further purified with Histopaque-
1083 (Sigma). Cells were treated with Fc block (BD Bioscience), stained
with the indicated anti-mouse antibodies for 30 min at 4°C (anti-CD45—
v500, anti-CD11c—peridinin chlorophyll protein [PerCP]-Cy5.5, anti-
CD3e-allophycocyanin [APC]-Cy7, and anti-CD86—phycoerythrin
[PE]-Cy7 [all obtained from BD Bioscience]; anti-CD19-v450, anti-
CD11b-APC, anti-major histocompatibility complex [MHC] class IT an-
tigen—PE, anti-NKI1.1-PE [all obtained from eBioscience, San Diego,
CAJ), and analyzed by flow cytometry. Brain-derived cells were stained
and analyzed individually for each mouse. Gating was determined based
on fluorescence-minus-one (FMO) with isotype-matched immunoglob-
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FIG 1 Flow cytometry analysis of CD45" CD11b* monocytes/macrophages in the periphery of TMEV-infected mice. (A) Peripheral blood was collected from
asingle representative mouse by cheek bleed prior to infection (upper panel) and 48 h after TMEV infection (lower panel). (B) Graph of the flow cytometric data
of each of 4 mice before infection (baseline; circles) and 48 h p.i. (red triangles). *, P < 0.05, Student’s paired ¢ test.
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FIG 2 Numbers of specific cell types in the brains of TMEV-infected mice. Representative flow cytometry histograms (left panels) of cells isolated from the brains
of either mock-infected (gray) or TMEV-infected (blue) mice. The cell types shown are monocytes/macrophages (CD11b™) (A), B cells (CD45" CD19%) (B), T
cells (CD45" CD3™) (C), and natural killer cells (CD45" NK1.1*) (D). Control responses (black dotted lines) were determined by the FMO method as described
in Materials and Methods. Quantification of flow cytometry data (right panels) from three different experiments are presented as the mean + standard error of
the mean with a total of 4 mice per group. Mock-infected mice were injected in parallel with TMEV-infected mice for each experiment. *, P < 0.05, Student’s

paired f test.

ulin controls. More specifically, FMO controls contained each antibody
conjugate used in the experiment except one, with the addition of the
appropriate isotype control for the excluded fluorochrome. This was per-
formed for each fluorochrome, using TMEV-infected brain samples. Live
cells were determined by forward and side scatter fluorescence on a BD
FACSCanto II apparatus (BD Bioscience). Cell sorting was performed at
the University of Utah core facility on a FACSAria-II SORP (BD Biosci-
ence). Approximately 5 X 10* sorted R2 cells were spun down onto slides
using a Cytospin 2 (Shandon, Thermo Fisher Scientific, Waltham, MA),
according to the manufacturer’s instructions. The slides were then air
dried at room temperature for 5 min, incubated with acetone for 5 min,
air dried, and stained with hematoxylin (Harris) and eosin. Cell morphol-
ogy of cells was determined by light microscopy. Flow cytometry data
analysis was performed using Flow]Jo software (Tree Star, Inc., Ashland,
OR).

Direct ICS. Direct intracellular cytokine staining (ICS) was performed
as previously described (21). Briefly, mice were injected i.v. with 250 pg
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brefeldin A (Sigma) per mouse 6 h prior to harvesting the brains. GFP
chimeric mice were perfused with PBS, and brains were rapidly processed
on ice. Extracellular surface staining for anti-CD11b—APC, and 7-amino-
actinomycin D (7-AAD; BD Bioscience) was used for dead cell exclusion.
Cells were then fixed and permeabilized with Cytofix/Cytoperm buffer
(BD Bioscience), washed in Perm/Wash buffer (BD Bioscience), and
stained with 0.5 pg/ml anti-IL-6 —PE and anti-TNF-a—v450 (eBioscience)
for 45 min at 4°C. Cells were washed with PBS containing 5% CCS prior to
flow cytometry analysis.

Immunohistochemistry. Mice were euthanized between days 5 and
14 p.i. Animals were perfused with PBS, followed by 4% paraformalde-
hyde, and brains were harvested, divided into five coronal slabs, and em-
bedded in paraffin. Multiple 4-pm-thick tissue sections were cut and
mounted onto slides. Viral antigen-positive cells were detected on paraf-
fin sections using TMEV hyperimmune rabbit serum, as previously de-
scribed (20, 22). GFP™ cells were detected with rabbit anti-GFP (Abcam,
Cambridge, MA). Secondary fluorescent antibody was donkey anti-rabbit
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IgG—fluorescein isothiocyanate (FITC; Jackson ImmunoResearch Labo-
ratories, West Grove, PA). Fluorescence was detected on a Nikon Eclipse
E800 microscope, and analysis was performed using Image-Pro Plus im-
aging software (Media Cybernetics, Inc., Bethesda, MD).

For IL-6 staining, sections were incubated with 3% normal donkey
serum (Jackson ImmunoResearch Laboratories) for 30 min at room tem-
perature, followed by incubation with rat (monoclonal) anti-mouse IL-6
unconjugated primary antibody (1:2,000 dilution in PBS; Invitrogen, San
Diego, CA) overnight at 4°C. The next day, excess primary antibody was
washed off with PBS, and the sections were sequentially incubated for 30
min at room temperature first with 1% hydrogen peroxide to block and
then with donkey anti-rat IgG—biotin-SP—conjugated secondary anti-
body (1:2,500 dilution in PBS; Jackson ImmunoResearch Laboratories).
The sections were visualized using the Vectastain ABC kit according to the
manufacturer’s recommendations (Vector Laboratories Inc., Burlin-
game, CA) in conjunction with 3,3’-diaminobenzidine tetrahydrochlo-
ride (Sigma) and 0.01% hydrogen peroxide (Sigma) treatment in PBS,
followed by counterstaining with hematoxylin.

TNF-a staining was performed similarly to the IL-6 staining with
slight modification. Briefly, an antigen retrieval step was performed by
incubating slides in acid citrate buffer at 96°C for 30 min. Additionally, the
primary antibody was anti-TNF-a (1:200 dilution in PBS; Abcam), and
the secondary antibody was donkey anti-rabbit IgG—biotin (1:1,500 dilu-
tion in PBS; Jackson ImmunoResearch).

Enumeration of IL-6- and TNF-a-stained cells was performed in a
blinded fashion with a light microscope, using one slide per brain and
evaluating the section containing the hippocampal/dentate gyral region of
the brain. Cytokine staining was enumerated in the following brain re-
gions: dentate gyrus (DG), CAl, and CA2-CA3, all regions of the hip-
pocampus, and the parietal cortex (PC). Using Image-Pro Plus imaging
software, these regions were outlined on images (X 10 magnification) of
the section, and both IL-6- and TNF-a-stained cells were counted. A
two-tailed f test was used to compare groups, and a P value of <0.05 was
considered significant.

Wogonin and minocycline treatment. Wogonin (5,7-dihydroxy-8-
methoxy-2-phenyl-4H-chromen-4-one; Sigma) was administered at 3
mg/kg of body weight once a day. Five- to 6-week-old C57BL/6 mice were
injected intraperitoneally (i.p.) 24 h prior to TMEV infection i.c. (3 X 10°
PFU) and daily thereafter. Mice treated with vehicle (100% dimethyl sul-
foxide [DMSO; Sigma]) were infected and injected in parallel with the
wogonin-treated mice. Mice were monitored daily for seizures through
day 21 p.i. Minocycline (Sigma) was administered i.p. two times a day at
50 mg/kg starting 24 h prior to TMEV infection (3 X 10° PFU) and
continuing daily thereafter, as previously described (16).

Seizure scoring. The monitoring of seizure activity was performed as
previously described (16). Briefly, mice were observed for 2 h each day.
Seizure activity was graded using the Racine scale: stage 1, mouth and
facial movements; stage 2, head nodding; stage 3, forelimb clonus; stage 4,
rearing; stage 5, rearing and falling (23, 24).

RESULTS

Immune cells in peripheral blood of TMEV-infected mice. To
determine the numbers of specific mononuclear cells in the pe-
ripheral blood of individual TMEV-infected mice compared to
uninfected mice, blood was collected 5 days prior to and 48 h after
infection. The numbers of mononuclear cells expressing markers
for monocytes/macrophages (CD45% CD11b"), dendritic cells
(CD45" CD11c"), T cells (CD45" CD3™), and B cells (CD45 "
CD19™) were determined by flow cytometry. The numbers of
each cell type, except dendritic cells, was significantly higher in the
peripheral blood following infection (48 h p.i.) compared to base-
line (5 days prior to infection) (Table 1). Analysis of CD45"
CD11b" monocytes/macrophages in the peripheral blood of in-
dividual TMEV-infected mice (Fig. 1) clearly demonstrated a sig-
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FIG 3 Detection of markers of activation of CD11b"* monocyte-derived cells
in the brains of TMEV-infected mice. (A) Representative flow cytometry plots
of CD11b™" cells from the brains of either mock-infected (top panels) or
TMEV-infected (lower panels) mice. Activation markers examined included
MHC II and CD86. Gates (small boxes with percent of total cells found within
gate) were set according to FMO, as described in Materials and Methods. (B)
Quantification of flow cytometry data from three separate experiments, pre-
sented as the means + standard errors of the means of 4 mice per group. *, P <
0.05, Student’s paired ¢ test.

nificant increase in peripheral monocytes/macrophages for each
mouse following infection (P < 0.05) (Fig. 1B).

Phenotypic analysis of immune cells infiltrating the brains of
TMEV-infected mice. Previous work from our laboratory sug-
gested that monocytes/macrophages were important in the induc-
tion of acute seizures (16). To determine if the increase in the
number of peripheral blood mononuclear cells reflected what was
occurring in the brain, we obtained brains from either mock- or
TMEV-infected mice 3 days p.i. (a time point just prior to the
onset of seizures). Quantification of cells isolated from the brains
of infected mice in comparison to cells isolated from the brains of
mock-infected mice showed a marked increase in the numbers of
cells expressing CD11b (infiltrating macrophages and microglia)
(P < 0.05) (Fig. 2A). CD45 was deliberately not used in the initial
CD11b analysis as a means of including the resident monocyte-
derived CNS cells (microglia) in addition to infiltrating macro-
phages in the analysis, thereby taking a more comprehensive ap-
proach to determine if there was an increase in CD11b expression.
In contrast to the CD11b population, at 72 h p.i. few if any B cells
(CD45™ CD19™) (Fig. 2B), T cells (CD45* CD3™) (Fig. 2C), or
natural killer cells (CD45" NK1.1") (Fig. 2D) were detected. In
addition, phenotypic analysis of markers of activation of CD11b™
monocyte-derived cells showed a significant increase in MHC
class II and CD86 expression on the CD11b™ cell populations
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FIG 4 Differentiation between microglia and macrophages in the brains of TMEV-infected mice. (A) Representative flow cytometry plots of microglia
(CD45"/ ™ CD11b™; R1) and macrophages (CD45™ CD11b*; R2) isolated from the brain of either a mock-infected mouse (left panel) or a TMEV-infected
mouse (right panel). Gates were set according to FMO, as described in Materials and Methods. (B) Quantification of flow cytometry data from three separate
experiments, presented as the means + standard errors of the means for 4 mice per group. *, P < 0.05, Student’s paired ¢ test. (C) Inflammatory monocytes
(CD45" CD11b* Gr-1") were analyzed by fluorescence-activated cell sorting. (D) Photomicrograph of cells stained with hematoxylin and eosin after they were

cytospun.

isolated from the brains of TMEV-infected mice compared to
mock-infected mice (P < 0.05) (Fig. 3). These results suggest that
peripheral macrophages infiltrating the brain are involved in the
development of acute seizures and, importantly, that the periph-
eral blood does not mirror what is occurring in the CNS.
Resident microglia versus infiltrating macrophages. Both
microglia and macrophages are derived from myeloid progenitor
cells and, therefore, express similar cell surface markers (25). To
determine whether resident microglia, instead of infiltrating mac-
rophages, could be the CD11b™* cells found in the brains of
TMEV-infected mice, phenotypic markers were used to differen-
tiate microglia from macrophages; microglia have low to interme-
diate expression of CD45 and high CD11b expression, whereas
macrophages express high levels of both CD45 and CD11b on the
cell surface (26, 27). Cells from TMEV-infected mouse brains had
macrophages (CD45" CD11b") (Fig. 4A, R2) infiltrating the
brain compared to mock-infected mouse brain cells. The number
of macrophages (CD45"™ CD11b™") (Fig. 4B, R2) was significantly
higher (P < 0.05) in TMEV-infected mice (39.3 = 9.1 [mean *
standard error of the mean]) than in mock-infected mice (2.0 *
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0.8). The number of microglia (CD45° ™ CD11b™) (Fig. 4B, R1)
was lower in the TMEV-infected mice (14.3 = 3.2) than in mock-
infected mice (25.9 * 3.5), but this difference was not statistically
significant. To verify that CD45™ CD11b™ cells were monocyte-
derived cells and not neutrophils, the CD45M CD11b* (R2) cells
expressing GR-1 protein were sorted, spun down onto a slide, and
stained with hematoxylin and eosin (Fig. 4C and D). The R2-
sorted population was predominately monocytes and eosinophils,
not cells with segmented nuclei (representative of neutrophils)
(Fig. 4D).

GFP chimeric mice were used to confirm that macrophages
were infiltrating the brains of TMEV-infected mice and to exclude
the possibility that microglia, expressing high levels of CD45 upon
activation following infection, could account for the higher num-
ber of CD45™ CD11b" cells present in the brains of TMEV-in-
fected mice (Fig. 4, R2). GFP chimeric mice were generated by
adoptive transfer of GFP* bone marrow cells into C57BL/6 le-
thally irradiated mice (26, 28-31). Although the chimeric mice
were older than the wild-type mice, previous work from our lab-
oratory had demonstrated that age does not have an effect on the
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FIG 5 Bone marrow-derived GFP™ cells (macrophages) infiltrate the brains of TMEV-infected mice. Brains were harvested 72 h p.i. The generation of GFP
chimeric mice is described in Materials and Methods. (A) Representative flow cytometry plots of cells obtained from the brain of a TMEV-infected chimeric
mouse in which the microglial (R1) and macrophage (R2) cell populations were assayed for GFP expression. (B) Representative flow cytometry plots of cells,
obtained from the brains of either a mock-infected chimeric mouse (left panel) or a TMEV-infected chimeric mouse (right panel), that were assayed for the
presence of the following cell surface markers: CD11¢~ CD11b* GFP™/~. (C) Quantification of flow cytometry data from three separate experiments, presented
as the means + standard errors of the means of 5 mice per group. **, P < 0.005, Student’s paired f test.

number of mice having seizures after TMEV infection (16). GFP
chimeric mice were infected with TMEV, and phenotypic analysis
was used to quantify the numbers of CD11¢~ CD11b* GFP*'~
cells (Fig. 5). Flow cytometric differentiation of microglia from
macrophages confirmed that the R1 resident microglia popula-
tion (CD45'™ CD11b") was the CD11c~ CD11b" GFP ™ cells,
and the R2 infiltrating macrophage population (CD45" CD11b™)
was the CD11¢™ CD11b™ GFP™ cells (Fig. 5A). The brains from
TMEV-infected mice had a significantly higher number of GFP™"
cells, i.e., macrophages (53.42 = 18.7) than brains from mock-
infected chimeric mice (9.5 = 3.1; P < 0.005) (Fig. 5B and C). The
number of GFP™ cells (microglia) quantified from the brains of
TMEV-infected mice (46 * 18.6) was significantly lower than in
mock-infected mice (87.5 = 4.8; P < 0.005) (Fig. 5C). Taken
together, these results demonstrate that macrophages are the
dominant cell type infiltrating the brain during acute seizures.
Link between the number of mice having seizures and mac-
rophages infiltrating the brain. To establish a link between mac-
rophages infiltrating the brain and mice having seizures, GFP chi-
meric mice were infected with TMEV and monitored daily for
seizures. Mice were sacrificed between days 5 and 14 p.i., and brain
sections were stained for GFP (infiltrating cells) (Fig. 6A). The
GFP™ macrophages were quantified in the right hemisphere of the
brains (site of injection) in a blinded fashion using Image-Pro Plus
(Fig. 6B). Tissue sections from both mice having seizures and mice
not having seizures were equally split between day 5 and day 14 for
this analysis. There was a significant difference in the number of
GFP* macrophages in the brains of mice that had seizures (n = 6)
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versus mice that did not have seizures (n = 4; P < 0.05) (Fig. 6B).
In support of previous work (32), the number of viral antigen-
positive cells found to be present in the brains of these mice was
markedly increased in mice with seizures (1,541 * 654) than in
mice without seizures (144 = 87). These results show a link be-
tween macrophages infiltrating the brain and animals experienc-
ing a seizure.

Microglial cell versus macrophage cytokine production.
Both TNF-« and IL-6 cause the amplification of proinflammatory
signals within the CNS, which can lead to neuronal excitability
and its related neuropathology (16, 33-35). To determine if mi-
croglia and/or macrophages produce these cytokines following
infection, cells were isolated from the brains of mock- and TMEV -
infected GFP chimeric mice on day 3 p.i., and ex vivo ICS staining
was performed for TNF-a and IL-6 (Fig. 7). None of the mice at
day 3 p.i. was observed to have seizures, thereby not allowing a
comparison between mice that had seizures and mice that did not
have seizures. However, we could compare the cytokine levels
between resident microglia and infiltrating macrophages. Signifi-
cantly higher numbers of microglia (GFP™) were positive for
TNF-a versus macrophages (GFP"; P < 0.05) (Fig. 7A). Con-
versely, macrophages (GFP™) represented significantly higher
numbers of cells positive for IL-6 in comparison to microglia
(GFP™; P < 0.05) (Fig. 7B). Furthermore, R1 and R2 cells from
TMEV-infected wild-type mice were stained for IL-6, and the R2
infiltrating macrophages had a markedly higher number of IL-6"
cells than the R1 resident microglia cells (data not shown), thereby
supporting the GFP chimeric cytokine results (Fig. 7). To confirm
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FIG 6 Mice that have seizures have a significantly higher number of GFP"
infiltrating macrophages in the brain. Mice were observed for seizures daily as
described in Materials and Methods. (A) Representative immunofluorescence
of brain sections from mice that either had seizures (right panels) or did not
have seizures (left panels). GFP™ cells (infiltrating macrophages) are shown in
green. (B) Quantification of GFP™ cells. Whole-tissue slides were quantified
for the right hemisphere (site of injection). ¥, P < 0.05, t test.

that TMEV-infected mice experiencing seizures had more IL-6"
and TNF-a™ cells in the brains than did controls and mice not
experiencing seizures, immunohistochemical staining was per-
formed (Tables 2 and 3; Fig. 8 and 9). There was a significant
increase (P < 0.05) in the number of IL-6" cells in the CA2-CA3
region of the hippocampus and PC region in mice that had sei-
zures (Table 2; Fig. 8). Conversely, the DG and CA1 regions of the
hippocampus had a significantly higher (P < 0.05) number of
TNF-a™ cells (Table 3; Fig. 9). Taken together, microglia make up
the majority of the TNF-a-producing cells, and infiltrating mac-
rophages make up the majority of the IL-6-producing cells, which
suggests that microglia and macrophages synergistically produce
proinflammatory cytokines that potentially lead to the induction
of acute seizures.

Inhibition of macrophage infiltration. The natural root ex-
tract wogonin and the antibiotic minocycline were used to inhibit
macrophage activity. Wogonin has antioxidant properties and can
induce apoptosis of cells that have been previously sensitized by
TNF-a (36, 37). Minocycline has anti-inflammatory properties
that lead to lower CNS excitability (38). Flow cytometry was per-
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formed on cells isolated on day 3 p.i. from the brains of TMEV-
infected C57BL/6 mice, which were treated with vehicle (DMSO),
wogonin, or minocycline (Fig. 10). The number of microglial cells
(R1) was not statistically different between the three treatment
groups, but the number of infiltrating macrophages (R2) was sig-
nificantly lower in the wogonin-treated (16.4%) and minocycline-
treated (13.6%) groups versus the vehicle-treated group (32.1%;
P <0.05) (Fig. 10B). Both wogonin and minocycline inhibited the
infiltration of macrophages by approximately 2-fold.

Fewer mice experience seizures when treated with wogonin.
Previous work by our laboratory using the TMEV-induced seizure
model demonstrated that minocycline was able to significantly
inhibit the number of mice having seizures by approximately half
(16, 39). Therefore, to determine if wogonin had a similar effect as
minocycline on the number of mice having seizures, TMEV-in-
fected C57BL/6 mice were treated with either vehicle (DMSO) or
wogonin (3 mg/kg/day) and monitored daily for seizures. Mice
treated with wogonin had significantly fewer seizures (35%) than
vehicle-treated mice (63%; P < 0.05) (Fig. 11). This was about a
2-fold reduction in the number of mice having seizures, similar to
the 2-fold reduction in the number of mice having seizures fol-
lowing minocycline treatment and similar to the 2-fold reduction
in the number of infiltrating macrophages following treatment
with wogonin. These results indicate that the inhibition of mac-
rophages by 2-fold could potentially have a therapeutic benefit.

DISCUSSION

The role of the immune system in seizures/epilepsy is largely un-
known; however, evidence of proinflammatory mechanisms be-
ing involved in seizures/epilepsy has been described in experimen-
tal models (reviewed in reference40). Previous studies performed
in our TMEV-induced seizure model demonstrated that the inhi-
bition of monocytes resulted in significantly fewer mice experi-
encing seizures; therefore, monocyte-derived cells (microglia and
macrophages) contributed to the induction of seizures (reviewed
in referencel). In this study, we found a significantly higher num-
ber of macrophages in the brains of TMEV-infected mice that had
seizures than in mock-infected mice. Furthermore, treatment
with the anti-inflammatory compounds wogonin and minocy-
cline significantly reduced the number of macrophages infiltrating
the brain. Therefore, infiltrating macrophages drive acute seizures
during viral infection, likely through IL-6 production.

Various cell types of the innate immune system have been hy-
pothesized to be involved in the induction of seizures, including
monocytes and neutrophils (41). Mononuclear cell infiltration in
epilepsy has been described in mesial temporal lobe epilepsy
(TLE) patients; based on the pan-mononuclear cell marker anti-
CD45 antibody, a higher number of mononuclear cells (CD45™)
were observed in the hippocampus of mesial TLE patients com-
pared to control non-mesial TLE stained tissue sections (42, 43).
This suggests widespread activation of the innate immune system
in epileptic patients (42, 43). Consistent with these reports, in the
present study, cells isolated from TMEV-infected mouse brains
had a significantly higher number of mononuclear cells (CD45™)
(data not shown). Furthermore, phenotypic analyses of TMEV-
infected mouse brain cells clearly showed macrophages (CD45"
CD11b™) as being the major mononuclear cell population infil-
trating the brain at day 3 p.i. (Fig. 2 and 4).

We examined the role of neutrophils in our previous studies by
depleting neutrophils through the administration of the anti-
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FIG 7 TNF-« and IL-6 cytokine levels in GFP chimeric mice. TNF-a and IL-6 cytokine levels were assessed in GFP~ and GFP™ cells isolated from TMEV-
infected mouse brains. (A) TNF-a levels; (B) IL-6 levels. The red histograms are the FMO controls. The black line is representative of CD11¢~ CD11b" GFP~
cells. The green line is representative of CD11c~ CD11b* GFP™ cells. Each symbol in the far right graphs is representative of one mouse. The mean value is shown

by the black line. *, P < 0.05, Student’s paired t test.

granulocyte differentiation antigen-1 (Gr-1) antibody (clone
RB6-8C5) (16). We found that there was no significant effect on
the number of mice having seizures (16). However, a study using
a different seizure model identified infiltrating neutrophils in the
brains of mice that had seizures when examined after day 7 of
seizure induction (43). The anti-Gr-1 antibody (clone RB6-8C5)
has been shown to be nonspecific for neutrophils (44); therefore,
we verified that the majority of cells in the CD45™ CD11b™ R2
population were monocytes, as opposed to neutrophils, by sorting
the R2 population of cells and performing hematoxylin and eosin
staining (Fig. 4C and D). Taken together, these results suggest that
neutrophils could be involved in the development of epilepsy, but
notin the induction of acute seizures during viral encephalitis (16,
41, 43).

TABLE 2 TMEYV infection leads to an increase in IL-6™ cells in mice
that had seizures

Through the use of GFP chimeric mice, we demonstrated that
monocyte-derived CD11b" GFP™ cells were present in the brain
following TMEV infection (Fig. 5B and C). In turn, we showed
that these GFP™ cells were infiltrating macrophages (Fig. 5A).
Further analysis of these TMEV-infected GFP chimeric mice
showed that those mice that experienced seizures had a signifi-
cantly higher number of GFP* cells (infiltrating macrophages) in
the brain tissue sections versus TMEV-infected GFP chimeric
mice that did not have seizures (Fig. 6). Therefore, these results
demonstrate a link between macrophage infiltration and mice ex-
periencing seizures.

Activated microglia and macrophages release inflammatory
cytokines, prostaglandins, and nitric oxide, possibly leading to
neuronal excitability and neuronal damage (45). In our study,

TABLE 3 TMEYV infection leads to an increase in TNF-a* cells in mice
that had seizures

No. of IL-6" cells in compartment (mean *= SEM)”

No. of TNF-a* cells in compartment (mean * SEM)*

Mice (n) DG CAl CA2-CA3 PC Mice (1) DG CAl CA2-CA3 PC

Control (4)  225*0.75 275+095 10 2.25 = 0.48 Control (4) 250 + 1.55  6.75 = 3.61 2.75+0.85 1.75 + 0.48
Seizure (3) 36 £ 2434 4225+ 21.83 42.75+20.78 43.38 £ 19.79  Seizure (6) 54.33 + 14.73 85.67 = 24.7 113.33 + 50.05 84.00 * 24.11
No seizure (4) 2 * 1.08 825+ 131 375*149 7=*168 No Seizure (4) 6 *+ 1.58 18.75 + 5.02 8.5 *+ 1.66 53 + 50.34

P value® NS NS <0.05 <0.05 P value” <0.05 <0.05 NS NS

“ Data are means * standard errors of the means for the indicated number of mice per
group. DG, dentate gyrus; PC, parietal cortex.

b A t test was used to determine P values. Values were considered significant if P was
<€0.05 for both the control (IL-6 knockout mouse tissue sections) and no-seizure mice.
NS, not significant.
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“ Data are means * the standard errors of the means for the indicated number of mice
per group. DG, dentate gyrus; PC, parietal cortex.

b A t test was used to determine P values. Values were considered significant if P was
<0.05 for both the control (no primary antibody) and no-seizure mice. NS, not
significant.

Journal of Virology

1sanb Aq 2T0Z ‘ST AInC uo /6o wse’1Aly:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

IL-6 and Acute Seizures in Viral Encephalitis

CAl CA2-CA3 DG PC

No Seizure

Seizure

IL-67-

FIG 8 IL-6" cells in GFP chimeric mice, shown in representative hippocampal tissue sections immunohistochemically stained for IL-6. All representative brain
tissue sections were obtained from TMEV-infected mice at day 7 p.i. (A to D) Sections from a mouse that did not experience seizures. (E to H) Sections from a
mouse that experienced seizures. (I to L) Sections from a C57BL/6 IL-6"'~ mouse. Arrows point to IL-6" cells. Magnification, X20; for insets, magnification
is X40. Control (IL-6~/~) TMEV-infected mice were stained in conjunction with the experimental tissue sections. CA, cornu ammonis; DG, dentate gyrus; PC,
parietal cortex.

TMEV-infected mice had significantly higher expression of MHC  infected with TMEV experienced seizures than did wild-type in-
class II and CD86 on monocytes, indicating that microglia and  fected mice, implicating both IL-6 and TNF-a in the pathogenesis
macrophages were highly activated (Fig. 3). Furthermore, in our  ofseizures (15, 16, 39). However, the pathological changes in mice
model, fewer IL-6-deficient and TNF receptor 1 knockout mice experiencing seizures were consistent, regardless of the mouse ge-

CAl CA2-CA3 DG PC

No Seizure

Seizure

Control

FIG9 TNF-a™ cells in GFP chimeric mice, shown in representative hippocampal tissue sections immunohistochemically stained for TNF-a. All representative
brain tissue sections were obtained from TMEV-infected mice at day 7 p.i. (A to D) Sections from a mouse that did not experience seizures. (E to H) Sections from
a mouse that experienced seizures. (I to L) Sections from a mouse that experienced seizures with no primary antibody (Ab). Brown indicates TNF-« staining.
Magnification, X20; for insets, magnification is X40. Control (no primary Ab) TMEV-infected mice were stained in conjunction with the experimental tissue
sections. CA, cornu ammonis; DG, dentate gyrus; PC, parietal cortex.

February 2013 Volume 87 Number 3 jviasm.org 1857

dny wouy papeojumoq

0

‘WSse’IA

1sanb Aq 2T0Z ‘ST AInc uo /Bio


http://jvi.asm.org
http://jvi.asm.org/

Cusick et al.

A. Wogonin Minocycline
1 10° 10° ‘
104— 104— 10 4
+
=
o 10 10 10
o—
Q 10 10 4 102—
Q 1 1
10 10 10
10’I 102 103 104 05 10 2 03 104 105 10’I 102 103 104 105
CD45*
B. Microglia (R1) Macrophages (R2)
20
%
1 _k
N
z® [ %
a = o1
@) a
s o
5 10 z .
g g T
a a
o .| )
G\a G\G 10
0 [
Vehicle Waogonin Minocycline Vehicle Wogonin Minocycline

FIG 10 TMEV-infected C57BL/6 mice treated with minocycline and wogonin have a significantly lower number of infiltrating macrophages in the brain than
do vehicle-treated mice. (A) Representative flow cytometry plots of cells obtained on day 3 p.i. from the brains of TMEV-infected mice treated with vehicle
(DMSO), wogonin, or minocycline. Microglial cells are CD45'/™ CD11b* (R1). Macrophages are CD45" CD11b™ (R2). (B) No significant differences in the
numbers of microglia (R1) were detected. Minocycline- and wogonin-treated mice had significantly fewer macrophages (R2) that infiltrated into the brain than
did vehicle-treated mice. Data are means + standard errors of the means for 5 mice per group. *, P < 0.05, Student’s paired ¢ test.

netic background, suggesting that the amount, timing, and the
type of cell producing these cytokines could be factors in cytokines
having a pathogenic role in viral encephalitis-induced seizures.
For example, exercise-induced IL-6 production in the CNS has
been shown to decrease apoptosis of dentate granule neurons in
the hippocampus after chemical treatment in mice that exercised
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FIG 11 Seizure frequencies (Racine scale, stages 3 to 5) in wogonin- and
vehicle-treated mice. C57BL/6 mice infected with TMEV were treated, as de-
scribed in Materials and Methods, with either vehicle (DMSO) or wogonin and
monitored for seizures. Wogonin-treated mice had significantly fewer seizures
(35%) than vehicle-treated mice (63%). ¥, P < 0.05, chi-square test. The total
number of mice infected is shown above each individual bar in the graph. The
percentage of mice was determined based on the number of mice with seizures
divided by the total number of mice infected for each group, X 100.
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compared to mice that did not exercise (46). Conversely, overex-
pression of IL-6, a key activator of astrocytes and microglia, above
a theoretical threshold leads to immunopathology, including se-
vere motor impairments, in various models (47, 48). Single-cell
analysis of brain cells demonstrated that both microglia and mac-
rophages produced TNF-a and IL-6 in TMEV-infected mice (Fig.
7). However, significantly more infiltrating macrophages were
IL-6" versus resident microglia (Fig. 7). Conversely, resident mi-
croglia had a significantly higher number of TNF-a™ cells than
infiltrating macrophages (Fig. 7). Taken together, the increase in
IL-6-producing macrophages infiltrating the brain, in conjunc-
tion with resident microglia producing TNF-a, could be elevating
the levels of proinflammatory cytokines above a protective/repar-
ative threshold to a pathological state, causing neuronal excitabil-
ity, damage, and seizures. Once the threshold to a pathological
state is crossed during viral encephalitis, the mice will experience
seizures and have similar pathology due to the antiviral immune
response, thereby accounting for the observation that the immu-
nopathology in the mice that have seizures is similar between mice
regardless of the viral titer (32). However, the role(s) of astrocytes
and other resident CNS cells producing these cytokines has not yet
been characterized. Therefore, further experiments are needed to
characterize the role(s) of IL-6 and TNF-« in the induction of
seizures.

The inhibition of seizures with anti-inflammatory compounds
has provided indirect experimental evidence that inflammation is
important in the induction of seizures (49-51). For example, ad-
ministration of minocycline prior to kainic acid (KA)-induced
status epilepticus significantly decreased the number of activated
microglia in the hippocampus (49). Furthermore, administration
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of minocycline to TMEV-infected mice resulted in significantly
fewer mice having seizures (16, 39). However, these studies did
not determine the effect of minocycline on peripheral macro-
phages (16, 39, 49). In our study, minocycline administered to
TMEV-infected mice significantly reduced the number of macro-
phages infiltrating the brains by approximately 2-fold (Fig. 10).
Another potential anti-convulsive compound, wogonin (52), was
administering to TMEV-infected mice. Similar to minocycline,
wogonin treatment resulted in an approximately 2-fold decrease
in infiltrating macrophages (Fig. 10) and significantly fewer mice
experiencing seizures (Fig. 11). Taken together, these results link
the number of infiltrating macrophages to the number of mice
experiencing seizures. Unfortunately, a potential side effect of an
anti-inflammatory compound is the suppression of the immune
response to a pathogen. This could leave the host susceptible to
viral persistence and/or opportunistic infection. However, in our
study, immunohistochemical staining (on days 14 and 21 p.i.) for
TMEV on brain tissue sections of vehicle-treated and wogonin-
treated TMEV-infected mice showed no difference in the number
of cells containing TMEV antigen (data not shown). Whether
wogonin targets activated TMEV-specific T cells is not known;
however, due to the low concentration of wogonin administered,
a certain percentage of activated TMEV -specific T cells may escape
targeting and be sufficient for viral clearance. These results are in
agreement with previous reports that demonstrated wogonin spe-
cifically targeted activated cells and not resting immune cells (36,
53). Therefore, wogonin-treated mice are able to clear TMEV,
even though wogonin inhibits activated macrophages.

In conclusion, these results demonstrate a role for infiltrating
macrophages as a pathological mechanism in the induction of
acute seizures, possibly through secretion of IL-6 in the CNS. Fur-
thermore, administration of anti-inflammatory compounds, such
as wogonin, in the treatment of seizures could provide a nontoxic
therapeutic approach for seizures/epilepsy, and work is under way
to determine the mechanism of action that wogonin may use on
IL-6-producing cells to inhibit seizures in the CNS.
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