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Abstract
Activated microglia have been associated with neurodegeneration in patients and in animal models
of Temporal Lobe Epilepsy (TLE), however their precise functions as neurotoxic or neuroprotective
is a topic of significant investigation. To explore this, we examined the effects of pilocarpine induced
seizures in transgenic mice where microglia/macrophages were conditionally ablated. We found that
unilateral ablation of microglia from the dorsal hippocampus did not alter acute seizure sensitivity.
However, when this procedure was coupled with lipopolysaccharide (LPS) preconditioning (1 mg/
kg given 24 hours prior to acute seizure), we observed a significant pro-convulsant phenomenon.
This effect was associated with lower metabolic activation in the ipsilateral hippocampus during
acute seizures, and could be attributed to activity in the mossy fiber pathway. These findings reveal
that preconditioning with LPS 24 hours prior to seizure induction may have a protective effect which
is abolished by unilateral hippocampal microglia/macrophage ablation.
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Introduction
Microglia activation constitutes a major mechanism of self-defense against brain injury,
infection and disease. The role undertaken by activated microglia is complicated, since they
have been implicated as both neuroprotective and neurotoxic (Schwartz et al., 2006; Streit et
al., 1999). Extensive microglial activation (microgliosis) and reactive astrogliosis occur in the
brain parenchyma of individuals with recurrent seizure episodes and in animal models of
epilepsy (Beach et al., 1995; Drage et al., 2002). In the pilocarpine mouse seizure model,
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microgliosis persists for at least 30 days following seizure induction and correlates with local
neuronal death (Borges et al., 2003; Borges et al., 2006). Microglia in the hippocampus may
contribute to the re-occurrence of spontaneous seizures that take place days after the original
epileptic event (Coulter, 2001; Pierce et al., 2005) by facilitating aberrant migration of newborn
neurons (Yang et al., 2009). Changes in glial function could perhaps be a component of
metabolic abnormalities which are observed in epileptic patients (Altay et al., 2005; Lamusuo
et al., 2001; Magistretti and Pellerin, 1996; Vielhaber et al., 2003) and rodent seizure models
(Goffin et al., 2009; Kornblum et al., 2000; Mirrione et al., 2007; Mirrione et al., 2006). The
question remains however, whether microgliosis is a consequence of recurrent seizure
episodes, a bystander to neuronal damage, or if microglia could directly contribute to seizure
symptoms, sensitivity, or threshold. One approach to investigate this question is to modulate
the microglia activation state concurrently with seizures.

Recent studies have suggested that preconditioning microglia with bacterial lipopolysaccharide
(LPS) can be protective in rodent seizure models (Akarsu et al., 2006; Arican et al., 2006;
Dmowska et al., 2009; Sayyah et al., 2003b), a concept which has been critically investigated
in ischemia (Marsh et al., 2009b; Rosenzweig et al., 2004). The mechanism of protection in
ischemia has been shown to involve tumor necrosis factor alpha (TNF-α), interleukin-1 beta
(IL-1β), and reprogramming of the cellular response to excitotoxic insults (Marsh et al.,
2009a; Saha et al., 2009), but the potential for protection in epilepsy is controversial and less
understood. In one study, LPS administration prior to pentylenetetrazole (PTZ)-induced
seizures, was beneficial by increasing plasma levels of nitric oxide (NO) and interleukin-6
(IL-6), which reduced blood brain barrier (BBB) permeability (Arican et al., 2006). A time
course of LPS delivery prior to seizure induction with PTZ demonstrated complex effects,
where LPS administered 4 hrs before PTZ-induced seizures was pro-epileptic, but when given
18 hrs before, it conferred anticonvulsant effects attributable to the expression of
cycloxygenases-1 (COX-1) and -2 (Akarsu et al., 2006). LPS was inhibitory in a kindling model
of seizures but only when it was administered daily for 16 days (Sayyah et al., 2003b). Neuronal
protection from cell death was observed after LPS preconditioning 72 hours prior to seizure
induction (Dmowska et al., 2009). Several other studies have supported either no effect (Yuhas
et al., 2002) or a pro-convulsant role for LPS when given 1–2 hours prior to seizures (Sankar
et al., 2007; Sayyah et al., 2003a). It is clear from these studies that both positive and negative
effects are induced by LPS that appear to be time and dose dependent, thus warranting further
investigation. In the present study, we have focused on the effects of LPS when given 24 hours
prior to piolocarpine injection, as in the protocol used by Akarsu and colleagues (2006), in
order to explore the role of preconditioned microglia in seizure induction. This dose and timing
of LPS administration did not result in promotion of seizures.

We previously showed that the threshold to experimentally induced seizures, and neuronal
survival following intra-hippocampal kainate injections is affected by the levels of the protease
tissue plasminogen activator (tPA) (Carroll et al., 1994; Mirrione et al., 2007; Tsirka et al.,
1995; Wu et al., 2000; Zhang et al., 2005), which during excitiotoxic events, can activate
microglia and exacerbate neuronal injury (Gravanis and Tsirka, 2004; Rogove et al., 1999;
Siao and Tsirka, 2002). Based on this evidence, we hypothesized that microglial activation
could influence the threshold and/or sensitivity to pilocarpine induced seizures and downstream
pathology. To explore this, we evaluated microglia during acute seizures using a recently
developed transgenic model of conditional microglia and macrophage ablation (Heppner et al.,
2005). In these mice, administration of the prodrug gancyclovir (GCV) targets cells which
express the herpes simplex virus thymidine kinase (HSVTK) suicide gene under the microglia/
macrophage CD11b promoter, thereby causing specific ablation following DNA replication
failure. We evaluated behavioral seizure symptoms, histology, and in-vivo metabolic activity
(which measures brain activity on a systems level), following ablation of microglia/
macrophages with and without LPS preconditioning. Our results demonstrate a significant

Mirrione et al. Page 2

Neurobiol Dis. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modulatory role for preconditioned hippocampal microglia in mitigating acute seizure
induction.

Materials and Methods
Animals and genotyping

Transgenic animals expressing thymidine kinase (TK) in cells of monocytic lineage, including
microglia and macrophages, were generated (CD11b-HSVTK+/−) (Heppner et al., 2005).
C57Bl/6 wild-type (wt) males were bred with females heterozygous for the transgene (CD11b-
HSVTK+/−) due to male sterility, and offspring were genotyped by PCR with Taq DNA
polymerase in 17 mM MgCl2 PCR buffer with the following primers: 5′-
GACTTCCGTGGCTTCTTGCTGC-3′ and 5′-GTGCTGGCATTACAGGCGTGAG-3′. The
PCR conditions were as follows: 95°C for 3 min, 34 cycles (95°C for 30 s, 60.5°C for 30s, 72°
C for 45 s) 72°C for 4 min. Wild type littermates (that lacked the CD11b-HSVTK allele,
hereafter referred to as CD11b-HSVTK−/−) were used as controls. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at Stony Brook
University and Brookhaven National Laboratory (BNL). Animals were housed individually
on a 12:12 hour light: dark cycle with food ad libitum.

Surgical procedures
For chronic unilateral intrahippocampal infusion of gancyclovir (GCV), animals were
anesthetized with an intraperitoneal injection of atropine (0.6 mg/kg), and 1.25% Avertin
anesthesia (0.02 ml/g), and the site of infusion was determined using stereotactic coordinates
(David Kopf Instruments, Tujunga, CA). Unilateral intracerebral administration of substances
is routinely used in our lab, as it allows the contralateral side to function as an internal control,
thus reducing the number of animals necessary to carry out the experiment. The coordinates
from bregma were 2.5 mm posterior, and 1.7 mm lateral for pilocarpine experiments, or 0.5
mm lateral for kainite experiments. A guide cannula (Plastics One), pre-cut to 1.6 mm length
was inserted. The guide cannula was connected via clear vinyl tubing (Plastics One) to mini
osmotic pumps (Alzet®, DURECT Corporation), containing 100 μl of GCV at concentrations
ranging between 0.75–2 mg/ml (Calbiochem). Pumps were incubated at 37°C for a minimum
of 4 hrs in phosphate buffered saline (PBS). Each pump (infusion rate either 0.25 μl/hr over
14 days for pilocarpine experiments, or 0.5 μl/hr over 7 days for kainate experiments) was
placed subcutaneously while the cannula was secured to the skull. Following surgery, animals
were injected subcutaneously with the analgesic buprenorphine HCL (Bedford labs, Bedford,
OH) (0.03mg/kg). At the end of the experimental period, pumps were evaluated to verify that
the cannula flow was not blocked and that the drug was delivered to the correct location. The
remaining drug volume was also determined to ensure efficient delivery.

Control vehicle infusions were previously evaluated using saline or PBS delivery via micro-
osmotic pumps followed by excitotoxic injury or LPS stimulation or pilocarpine delivery. The
control pump-infused animals were compared to non-injured control animals. The behavioral
and histological outcomes were the same, with the only exception being the presence of a very
confined area of microglial activation surrounding the site of cannula placement in the brain.
No neuronal death or other cell activation was observed. Additionally, the experiments on
kainate neurotoxicity provide an indication of how far gancyclovir diffuses (please see
supplementary figure 1I showing microglial ablation to the CA3 region of the dorsal
hippocampus diffused from the subiculum). This is consistent with the results we obtained (a
diffusion point from the CA1 area spreading throughout the dorsal hippocampus to the DG
and CA3). Areas of the ventral hippocampus in our experiments (more than 3 mm from the
infusion site) showed normally activated microglia.
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Intrahippocampal injection of kainate (KA)
Two days after GCV infusion onset, the mice were injected with KA. In brief, adult wild-type
(CD11b-HSVTK−/−), or transgenic (CD11b-HSVTK+/−) mice weighing 20–25g were
injected i.p. with atropine (0.6 mg/g of body weight) and deeply anesthetized with 1.25%
Avertin (0.02 ml/g of body weight). At stereotaxic coordinates −2.5 mm from bregma and 1.7
mm lateral, a small burr hole was made. PBS or KA (Sigma) at 0.75 nmol was delivered in
300 nl PBS at a depth of 1.6 mm over 60sec, and the needle remained in place for an extra 2
min to prevent reflux. Five days after injection the mice were sacrificed, their brains removed
and fixed overnight in 4% paraformaldehyde. Coronal sections (25 μm) through the
hippocampus were stained with cresyl violet to quantify neuronal survival. The dose of KA
used does not elicit any seizure activity in the animals.

Pilocarpine mouse seizure model
Seizures were induced using the acetylcholine receptor agonist pilocarpine hydrochloride
(Sigma), as described previously (Mirrione et al., 2006; Schauwecker and Steward, 1997).
Mice were injected first with methylscopolamine (2 mg/kg i.p. in 0.9% saline, Sigma) to
minimize peripheral cholinergic effects, and 15–30 min later with pilocarpine hydrochloride
(260 or 280 mg/kg i.p.). Seizures were recorded using a digital video camera coupled to a PC
with Ulead Video Studio software (www.ulead.com). Seizure intensity was determined using
a scale of 0–7; 0: normal activity; 1: immobility; 2: forelimb and/or tail extension, rigid posture;
3: repetitive movements, head bobbing; partial body clonus 4: rearing; 5: continuous rearing
and falling, whole body clonus; 6: severe tonic-clonic seizures with loss of posture or jumping
and 7: mortality (Borges et al., 2003; Racine et al., 1972; Schauwecker and Steward, 1997).
The experimenter was blinded to genotype while scoring seizure intensity, which was then
confirmed by a second independent observer. Status epilepticus (SE) was defined by
continuous seizure activity for at least 30 minutes and included multiple stage 4–6 level
seizures. Seizure symptoms were continuously monitored for 60 minutes, and the maximum
score observed in 5-minute intervals was used to establish a mean overall seizure score for
each animal. In the event of mortality, a score of 7 was denoted for the remainder of the
observation period and factored into the overall score. Animals were monitored for an
additional hour and then daily during the experiment for recovery. Mice were injected (i.p.)
with 300 μl of 5% dextrose in Ringer’s solution if weight loss was apparent.

Experimental groups
Group conditions are outlined in Table 1. Group I (n=3 CD11b-HSVTK−/− and n=3 CD11b-
HSVTK+/−) mice were given pilocarpine at the dose 280 mg/kg. Group II (n=6 CD11b-
HSVTK−/− and n=8 CD11b-HSVTK+/−) received mini osmotic pumps containing GCV (with
7 days of infusion) prior to 280 mg/kg pilocarpine induced seizures. For group III (n=3 CD11b-
HSVTK−/− and n=3 CD11b-HSVTK+/−) animals were given a pre-treatment of
lipopolysaccharide LPS (1 mg/kg) 24 hours prior tissue collection. Group IV animals (n=3
CD11b-HSVTK−/− and n=3 CD11b-HSVTK+/−) received LPS and pilocarpine (280 mg/kg)
the following day. Group V (n=10 CD11b-HSVTK−/− and n=7 CD11b-HSVTK+/−) received
GCV infusion, LPS pretreatment, and pilocarpine (280 mg/kg). Group VI (n=10 CD11b-
HSVTK−/− and n=13 CD11b-HSVTK+/−) mice were given GCV infusion, LPS pre-treatment
and a lower dose of piloarpine (260 mg/kg). Animals were pooled from 2 or 3 separate
experiments for groups II, V, and VI. The overall seizure severity trend was consistent in all
experiments.

Small animal PET
For small animal imaging a subset of animals from Group V were used: n=6 CD11b-HSVTK
−/− and n=4 CD11b-HSVTK+/−, aged 2–3 months, 22–31 gr. These animals received a
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maximum of 4 microPET scans (scan 1: naïve, scan 2: GCV pump baseline [allowing for 2
days of recovery between the surgery and the second scan], scan 3: GCV pump acute seizures,
scan 4: GCV pump day 7 post seizures), one scan per week over consecutive weeks as
previously described (Mirrione et al., 2006). For each scan, animals were injected i.p. with 500
μCi (200–500μL) of 18FDG and returned to their home cage for a 60-min uptake period. Mice
were anesthetized with atropine (0.6 mg/kg, i.p.) and 1.25% Avertin (0.02 ml/g, i.p.) and
scanned using a 10-min acquisition protocol. Whole blood glucose was measured by collecting
10μl of tail vein blood using glucose strips and a glucometer (CVS brand). Following
maximum-likelihood expectation maximization algorithm (MLEM) reconstruction, data were
spatially preprocessed using PMOD (http://www.pmod.com) and Statistical Parametric
Mapping (SPM2) software (http://www.fil.ion.ucl.ac.uk/spm), as previously described
(Mirrione et al., 2007). In brief, the analysis design selected was ‘PET multi-subject condition
and covariate’ for comparisons where each scan (1–4) was entered as a separate condition.
Main effects were modeled by entering contrasts of 0, 1, or −1 for each condition depending
on the comparison. This analysis determined differences between each pair of scans within
groups and provided an overall 3-dimensional map (T-map) of the statistically significant
voxels apparent between the conditions. Methylscopolamine alone did not alter 18FDG uptake
(Mirrione et al., 2007).

Tissue collection
Following acute seizures mice were sacrificed by 2 hours post pilocarpine injection, at day 3
by transcardial perfusion, or in the cases of mortality, fresh brain tissue was collected as soon
as possible and placed in 4% paraformaldehyde (PFA). For perfusions, mice were anesthetized
with an i.p. injection of Avertin and then rapidly transcardially perfused using PBS coupled
with 100μl containing 1000units/ml of heparin, followed by 35–50ml of 4% PFA in PBS (pH
7.4). A subset of mice from group VI (n=4) were not perfused to maintain conditions for
measuring tPA activity (see zymography below). Brains were rapidly excised, post fixed for
an additional hour in 4% PFA, and then placed in 30% sucrose with 0.02% sodium azide at 4°
C until fully dehydrated. Tissue was then frozen embedded in O.C.T. Compound (Tissue-Tek)
overnight and sectioned using a Leica (Nussloch, Germany) cryostat into 14–30 μM coronal
sections. Sections were mounted onto slides (Fisher SuperFrost Plus; Fisher Scientific), air
dried, and stored at −80°C.

Immunohistochemistry
Slides were post fixed in 4% PFA/PBS for 20 min at room temperature and procedures were
conducted according to previously established methods (Siao et al., 2003). For biotinylated
secondary antibodies, endogenous peroxidase activity was quenched with peroxide treatment
(3% H2O2 in PBS, or 0.3% H2O2 in methanol for 20–30min). Blocking was performed in serum
from the host of the secondary antibody [5–10% serum in PBS-T (0.5% Triton X-100 in PBS)]
for 1 hr at room temperature. Primary antibodies used at the following concentrations, Iba1
1:500 (Wako Pure Chemical Industries, Ltd), glial fibrillary acidic protein (GFAP) 1:1000
(Dako), and neuropeptide Y (NPY) 1:500 (Chemicon) were added into 3–5% serum in PBS-
T overnight at 4°C. After washes in PBS, appropriate biotinylated or fluorescent secondary
antibodies were added in serum/PBS-T and incubated for 1 hour at room temperature with
agitation. For fluorescence microscopy, slides were mounted with VectaShield and DAPI. For
biotinylated secondary antibodies, the ABC reagent was added to conjugate avidin-peroxidase
to the immune complex (Vector Laboratories, Burlingame, CA). The signal was visualized
using Fast 3,3′-Diaminobenzidine (DAB) Tablet Sets (Sigma). For isolectin B4 histological
stain, sections were incubated with Bandeiras simplicifolia isolectin B4 conjugated to
peroxidase (Sigma). After extensive washing, the signal was visualized with DAB. Select
sections were counterstained with cresyl violet for neuronal survival/death, successively
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dehydrated in ethanol, defatted in xylenes, and cover slipped with Permount (Fisher Scientific,
Houston, TX).

Slides were photographed digitally using SPOT advanced software
(www.diaginc.com/SpotSoftware/) on a Nikon Eclipse E600 microscope under bright-filed
optics at 4× or 40×. For figures 1, 2 and 4 displaying Iba1+ microglia, images were taken from
the CA1 and DG subregions at 2.3–2.7 mm from bregma. Coordinates for the CA1 images
were taken centered at 1.6–1.8 mm medial and 1.8 mm ventral. Coordinates for the DG were
from 1.4–1.7 mm medial and 1.7–1.9 mm ventral. Quantification of microglia was done by a
blinded experimenter, by counting the total number of iba1 positive cells at 40× in a rectangular
region of interest (300×400 μm2). 2–3 fields were counted per animal and group counts were
averaged; results are presented as means ± standard error of the mean (S.E.M) in the counted
area.

Zymography for tPA proteolytic activity
Fresh frozen sections (30 μm) from 2 mice per genotype from group VI (with representative
seizures scores per group, 1.1±0.1 for CD11b-HSVTK−/−, and 2.6±0.9 for CD11b-HSVTK+/
−, average ± S.E.M.) were overlaid with an agarose mixture containing plasminogen,
ammiloride, and 10% milk for 1–3 hours at 37°C as previously described (Siao and Tsirka,
2002). tPA activity was inferred by enzymatic clearing of the white substrate. Slides were
observed with a Nikon Eclipse E600 microscope using dark field illumination. The mean area
of clearing in the CA3 or DG over the total hippocampus was quantified (arbitrary units).

Statistical analyses
All statistics were performed using SPSS Statistics 17.0, GraphPad Prism 4.00 for Windows,
GraphPad Software (http://www.graphpad.com), or Microsoft Excel. Numerical data were
graphically presented using Prism. Univariate Analysis of Variance (ANOVA) was conducted
between genotype and group for overall seizure score and further evaluated with Tukey honest
significance post-tests for within group comparisons, or student t-tests for between group
comparisons. Data from interval seizure scoring, Iba1 cell counts, and ROI analysis, are
displayed as the mean ± S.E.M. and were analyzed by Two-way ANOVA with Bonferroni
post-tests.

Results
Reduction of the extent of excitotoxic cell death in the absence of activated microglia

Experimental neuronal death in the hippocampus is accompanied by microglia/macrophage
activation, an event that also contributes to the progression of cell death. We have previously
shown that delay of microglia activation protects neurons from cell death (Rogove and Tsirka,
1998). As a proof of principle using transgenic microglia/macrophage ablation, we assessed if
neuroprotection would be obtained in excitotoxin-challenged CD11b-HSVTK+/− mice. We
delivered gancyclovir (GCV) unilaterally to the dorsal hippocampus, off midline, to spatially
accommodate the subsequent injection of either kainic acid (KA) or PBS to the CA1 two days
later. We have previously shown KA induces neuronal death as analyzed five days later, and
it should be noted that the dose of KA used in this protocol does not induce any seizure activity
(Tsirka et al., 1995; Tsirka et al., 1997; Rogove et al., 1999; Siao et al., 2003; Parathath et al.,
2007; Sheehan et al., 2007).

As shown in Supplemental Figure 1, the delivery of GCV alone had no effect on the tissue nor
did it elicit any microglial response (panels a-c), comparable to delivery of PBS alone (data
not shown and (Sheehan et al., 2007). Following GCV infusion, injection of KA in wild-type
animals (littermates lacking the transgene designated as CD11b-HSVTK−/−) showed typical
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neuronal sensitivity to KA and microglial activation, migration and accumulation to the site
of cell death (the CA1 subregion, indicated by arrows in panels D and E). However, GCV
infusion and injection of KA in CD11b-HSVTK+/− animals (littermates containing the
transgene HSVTK on one CD11b locus) resulted in protection to neurons from KA-induced
death, and reduced both the number of detectable microglia and their activation state (panels
E versus H, and the high magnification images F versus I). Iba1+ cell counts for each group
in the CA1, CA3, and DG reveal group differences as shown in panel J (two-way ANOVA,
Bonferroni post tests p<0.001). The small extent of CA3 cell death in G may have resulted
from acute necrotic death ensuing from the KA injection, as the same area in I shows efficient
diffusion of GCV to ablate microglia throughout the dorsal hippocampus. These results are
consistent with our previous data using macrophage inhibitory factor (MIF) to inhibit microglia
activation (Rogove and Tsirka, 1998), and demonstrate microglia activated consequent to
excitotoxic neuronal death are functioning to phagocytose necrotic cellular debris.

Quiescent hippocampal microglia do not modulate seizure threshold
As the localized GCV delivery was effective in the excitotoxic paradigm, we investigated the
hypothesis that activated microglia could modulate seizure induction threshold based on data
from our lab and others (Beach et al., 1995; de Bock et al., 1996; Drage et al., 2002; Ravizza
et al., 2008; Riazi et al., 2008; Rodgers et al., 2009; Shapiro et al., 2008; Turrin and Rivest,
2004; Yang et al., 2009). We used the transgenic microglia/macrophage ablation mouse model
to investigate this question, and the pilocarpine paradigm of SE to elicit seizures and assess
the effect of microglial elimination.

Figure 1 compares acute seizures with and without GCV infusions in CD11b-HSVTK−/− (wt)
and +/− mice. Panel A outlines the group conditions for the experiment. Acute seizures were
induced in group I and II using standard protocols (2mg/kg methylscopolamine followed by
280 mg/kg pilocarpine), however group II also received 7 days of GCV infusion unilaterally
directly to the CA1 region of the hippocampus. Animals were observed for 60 minutes
following pilocarpine injection where seizure symptoms were continuously recorded. Seizure
activity was rated with the Racine Scale 0–6 (Racine et al., 1972), and a score of 7 was added
to denote mortality. An overall seizure score was calculated by averaging the maximum scores
during each 5 minute interval over the 60 min observation period (Figure 1B). No significant
differences in seizure threshold were found between genotypes or groups with average scores
being 3.67±0.76 (n=3), 4.88±0.66 (n=3) for group I and 2.86±0.53 (n=6), 3.43±0.62 (n=8) for
group II, (−/−) and (+/−) respectively. To represent the data with more detail, we show interval
scores for each genotype in group II over the observation period (Figure 1C), showing an onset
to stage 3 seizures at 12.5±3.35min (−/−) or 9.2.0±2.4min (+/−), followed by a steady
expression of stage 3–5 seizures. No statistically significant differences were found between
genotypes.

Animals in each group were sacrificed within 2 hours following pilocarpine injection and
evaluated for the presence of activated microglia (using immunofluorescence against Iba1) to
assess the effectiveness of ablation. Figure 1D and E show representative sections with
microglia/macrophages (green) and neuronal layers (nuclei stained for DAPI) in the CA1 and
DG of the ipsilateral/injected hippocampus. Quantification of Iba1+ cells (counted per
300×400 μm2 region) is given to the right of each set of sections. No significant differences
were found in the CA1 or DG between genotypes in group I with average scores being 64±4,
59±8 for CA1 and 38±4, 46±5 for DG, (−/−) and (+/−) respectively. In group II however,
histology confirmed efficient microglia ablation in CD11b-HSVTK+/− mice, as we did find
significant differences between genotypes in both the CA1 (63±3 > 20±5) and DG (42±10 >
11±1) regions, (CD11b-HSVTK−/− greater than CD11b-HSVTK+/−, tested with two-way
ANOVA, Bonferroni post tests p<0.05). The arrows in Figure 1E indicate several activated
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microglia/monocytes in the CA1 and DG of −/− mice, but only a few scattered, dystrophic Iba1
positive cells in +/− mice. It should be noted that the intensity of DAPI in panels D and E were
different due to taking the pictures at different times, but do not reflect any change in neuronal
density. Astrocytes were also evaluated with GFAP and found to be unaffected by microglia
ablation (data not shown), consistent with (Falsig et al., 2008). Furthermore, microglia ablation
was confined to the dorsal hippocampus of +/− mice, as normal microglial activation was
observed in other regions such as the thalamus and frontal cortex (data not shown). Overall,
these results suggested that the presence of quiescent hippocampal microglia per se does not
inherently change the seizure induction threshold or acute seizure sensitivity in mice, although
since our experimental design employed unilateral hippocampal ablation further studies are
warranted to support this conclusion.

Activated microglia and LPS preconditioning modulate seizure threshold
Since previous studies have demonstrated an interaction between microglia preconditioning
with lipopolysaccharide (LPS) and seizure threshold (Akarsu et al., 2006; Arican et al.,
2006; Auvin et al., 2009; Dmowska et al., 2009; Sayyah et al., 2003a; Sayyah et al., 2003b),
and since we were interested in determining if modulating microglia activation could influence
seizure vulnerability, we exposed subsequent groups to an LPS pre-treatment following the
same seizure induction paradigm. Based on evidence from the literature, we chose to administer
LPS 24 hours prior to seizure induction (Akarsu et al., 2006; Sayyah et al., 2003a).

Figure 2A outlines the group conditions for the experiment. Group III received LPS only, group
IV received LPS followed 24 hours later by pilocarpine induced seizures, and group V received
7 day of GCV infusion and LPS 24 hrs prior to pilocarpine (brain tissue was collected the day
after LPS injection). Overall seizure scores shown in Figure 2B indicated normal behavior for
group III (LPS, scores of zero, as expected; −/−, n=3 and +/−, n=3) and typical seizure activity
in group IV (LPS+PILO) 2.69±0.56 (−/−, n=3) and 2.24±0.30 (+/−, n=3). We did observe
however, a trend toward reduced seizure symptoms concurrent with LPS administration when
comparing pilocarpine alone versus LPS pretreatment with pilocarpine (Univariate ANOVA,
Tukey HSD post test, p=0.062).

Overall seizure scores for group V (GCV+LPS+PILO) revealed significant differences in
seizure sensitivity between genotypes 2.14±0.35 (−/−, n=10), 4.35±0.50 (+/−, n=7), (p=0.002,
t-test). The onset times to the first stage 3 seizure were at 20.56±4.52 min for −/−, and 15.0
±1.5 min for +/− (Figure 2C). Furthermore, a significant divergence in scores emerged starting
25-min after pilocarpine injection (Two-way ANOVA, Bonferroni post-tests), as +/− mice
showed more severe generalized seizures and increased rate of mortality (2 out of 10 or 20%
for −/−, versus 6 out of 7 or 86% for +/−). In the graph presented, all intervals post death were
scored at 7, making the divergent effect clearly obvious. However, it is important to note that
even when the analysis was limited to include only one scoring point of ‘7’ (and then not include
any scores for the subsequent time intervals up to 60 min), there was still a significant difference
between the genotypes by two-way ANOVA (p<0.0001), and Bonferroni post-hoc
comparisons at 25 min, 35 min (p<0.01) and 50 min (p<0.05) due to the increased number of
stage 4–6 level seizures preceding mortality in +/− mice (data not shown).

Histological evaluation confirmed activation of microglia in all LPS treated groups, and cell
counts did not reveal significant differences between genotypes in expression of Iba1+ cells
by LPS or PILO alone (Figure 2D,E). However, the analysis did reveal significant differences
in group V (wild type mice receiving GCV, LPS, and PILO versus similarly-treated transgenic
mice; panel F) for the CA1 (43±8 > 9±3), and DG (39±7 > 10±2), (CD11b-HSVTK−/− greater
than CD11b-HSVTK+/−, two-way ANOVA, p<0.0001, with Bonferroni post-tests).
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Overall, these data suggest that hippocampal microglia can be significant modulators of the
threshold of seizure induction. When hippocampal microglia were preconditioned with LPS
24 hours prior to pilocarpine injection, both genotypes of mice experienced lower acute seizure
scores, although the difference was not statistically significant (compare group I verses IV,
Figure 1B and Figure 2B). However, the ablation of LPS-preconditioned microglia resulted in
significantly higher acute seizure scores in CD11b-HSVTK+/− mice (compare group II verses
V, Figure 1B,C and Figure 2B,C). Further experiments are required to identify the chemical
mediators underlying this phenomenon, and whether there would be an additive effect with
bilateral micorglial ablation.

Metabolic correlates of seizures and microglia/macrophages in LPS preconditioned mice
We next explored the divergent seizure sensitivity observed in the group V (GCV+LPS+PILO)
animals using metabolic imaging. We have previously shown correlations between seizures
and region-specific 18FDG uptake (Mirrione et al., 2007; Mirrione et al., 2006). We asked if
these correlations would be altered by LPS preconditioning and microglia/macrophage
ablation. Our goal was to identify the brain regions involved in this behavioral divergence using
a systems approach.

A subset of animals from Group V (GCV+LPS+PILO, n=6 −/−, n=4 +/−) were used for the
imaging experiments (Figure 3). Normal metabolic activity was confirmed in both genotypes
with baseline scans where 18FDG uptake was quantified in the naïve state (Scan 1: Baseline).
The same mice were imaged again following recovery from GCV pump implantation (Scan 2:
Baseline with GCV pump). A hypometabolic area in the ipsilateral cortex of each genotype
was found corresponding to the cannula implantation site, which remained present throughout
the course of the experiment (Figure 3A, ‘Probe’ two-way ANOVA, Bonferroni post-tests,
***, p<0.001 for both genotypes). This was in agreement with previous data showing metabolic
decreases associated with probe implants in rats (Schiffer et al., 2006). Immunohistochemical
analysis confirmed the presence of inflammatory response and tissue damage at the
implantation site coincident with localized cortical hypometabolism (data not shown). No other
differences were observed between genotypes or between scans 1 and 2.

One week later, LPS was administered and seizures were induced concurrently with 18FDG
injection. Metabolic imaging was preformed following a 60-minute uptake period during which
time seizure symptoms were recorded (Scan 3: Pilocarpine). Interval scores for this subset of
group V (GCV+LPS+PILO) are shown in Figure 3B (two way ANOVA, Bonferroni post-tests,
**p<0.01, ***p<0.001). The overall scores were significantly different between genotypes;
the average score for CD11b-HSVTK−/− animals was 1.88±0.19, whereas that of CD11b-
HSVTK+/− animals was 4.68±0.63, (p=0.002, t-test). All mice underwent scanning, however
between 35–70 min, mortality was observed in 1/6 (17%) of CD11b-HSVTK−/−, and 4/4
(100%) of CD11b-HSVTK+/− mice. Region of interest analysis revealed significant changes
between scans 3, and scans 1 or 2. Specifically, a decrease in metabolic activity was observed
in the striatum, and a significant increase in activity was found in the septum, hippocampus
(left and right combined), thalamus, midbrain, and cerebellum (Figure 3A, and data not shown,
*, p < 0.05, **p<0.01, ***p<0.001, two-way ANOVA, Bonferroni post-tests comparing all
scans to each other by region).

A voxel based SPM analysis was employed to quantify regional changes in 18FDG uptake with
greater specificity, thus removing the constraint of pre-determined ROIs (maps show areas of
statistically significant changes below a threshold p value set at 0.001 uncorrected, with the
associated t-score given as a color range). A comparison of the main effect between scans 2
and 3 demonstrated increases in 18FDG uptake corresponding to the septum, thalamus,
hippocampus, midbrain, and cerebellum, and decreases in the striatum for both genotypes
corresponding to the ROI analysis (Figure 3C, and data not shown). This pattern of pilocarpine-
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induced activation was consistent with our previous findings in wild type mice (Mirrione et
al., 2007). However in the current study, the analysis did show unilateral differences in
hippocampal 18FDG uptake between genotypes. Although CD11b-HSVTK+/− mice displayed
more severe symptoms, there appeared to be a lack of 18FDG uptake in the dorsal hippocampus
around the site of GCV infusion (Figure 3C, arrows). This effect was further investigated by
ROI analysis comparing the percent increase in activity from scan 2 to scan 3 for both genotypes
in the ipsilateral or contralateral, dorsal and ventral hippocampus. As shown in Figure 3D, all
hippocampal subregions for both genotypes showed significant percent increase in seizure
induced 18FDG uptake between scans 2 and 3 (*, p < 0.05, **p<0.01, ***p<0.001, two-tailed
t-test). However, since the threshold for SPM analysis was set at 0.001, it became clear why
the dorsal hippocampus of CD11b-HSVTK+/− mice was absent in the SPM T-map (that is, its
significance fell below the stringent cut off threshold). ANOVAs for both genotypes did not
reveal significant differences between percent increase in hippocampal subregions (one-way
ANOVA; −/−, p=0.48; +/−, p=0.36) or between genotypes (two-way ANOVA; p=0.69).
Therefore, this subtle change in the ipsilateral dorsal hippocampus should be interpreted with
caution, but could represent a small proportion of 18FDG uptake to which healthy activated
microglia contributed to. Overall, these data revealed that pilocarpine induced changes in
metabolic activity which reflected regional circuits involved in mediating seizure symptoms.

The surviving CD11b-HSVTK−/− mice (n=5) were given a final scan (Scan 4: Silent period)
one week after seizure induction to determine if there were any metabolic changes associated
with low level (stage 1–3) seizures during the silent period (Supplemental Figure 2).
Surprisingly, despite the low stage seizures, these mice did show small metabolic differences
between scans 2 and 4 (panel A shows ROI data and t-tests; panel B shows SPM analysis with
the p value set at 0.05, uncorrected). Using either ROI or SPM analysis, bilateral increases
in 18FDG uptake were apparent in the thalamus, superior colliculus (δ, ROI: p=0.08), and
cerebellum. Bilateral decreases were observed in the anterior striatum (δ, ROI: p=0.09), cortical
amygdaloid nucleus, piriform cortex and dorsolateral entorhinal cortex (*, combined ROI:
p=0.04). Unilateral decreases were observed in the ipsilateral somatosensory cortex. Two days
following scan 4, the mice were transcardially perfused with 4% PFA and examined
histologically. Microglial activation was apparent especially in the CA1, CA3 and the DG
hippocampal subregions (Supplemental Figure 2C). Hippocampal neuronal survival was
visualized by cresyl violet and revealed absence of neuronal death in these mice.

Activated microglia and LPS preconditioning modulate seizure threshold through the mossy
fiber pathway

Our final experiment was aimed at evaluating the cellular effects of activated microglia and
LPS preconditioning following SE to begin to understand the mechanism of divergent acute
seizure symptoms. Since the mortality rate for group V (GCV+LPS+PILO) was 86%, we
repeated the seizure induction experiments but lowered the dose of pilocarpine used (260 mg/
kg for group VI) in an effort to extend the experimental time-course. The brain tissue was
collected 3 days following SE induction (Figure 4A). The overall scores for each genotype
were 1.24±0.07 (CD11b-HSVTK−/−, n=10) and 2.68±0.30 (CD11b-HSVTK+/−, n=13),
(p=0.0005 t-test, Figure 4B). At this lower pilocarpine dose, mortality from acute seizures was
also lower [0/10 (0%) and 2/13 (15%) in −/− and +/− mice respectively]. Seizure symptoms
over the 60-minute observation period were again more severe in CD11b-HSVTK+/− mice
compared to CD11b-HSVTK−/− (Figure 4C, p<0.0001, two-way ANOVA with Bonferroni
post-tests, *p<0.05, **p<0.01, ***p<0.001).

CD11b-HSVTK−/− mice fully recovered showing no further symptoms, whereas 45% (5/11)
of CD11b-HSVTK+/− mice displayed immobility, stiffness, arched back, lack of grooming,
and weight loss over the subsequent 3 days, potentially suggesting that they never fully
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recovered from SE. Moreover, when these mice were touched or lifted, a spontaneous seizure
would occur reaching stages 3–5. While this was an unexpected and not quantified result, this
behavior was none the less noted.

The state of microglial activation was evaluated using immunofluorescence. Robust microglial
activation (Iba1+ cells) was evident in the CA1 and DG regions of the CD11b-HSVTK−/−
mice on day 3, while significantly less cell counts were observed in CD11b-HSVTK+/−
animals, confirming that GCV was successful in eliminating the cells (quantification given in
Figure 4D, and representative staining shown in Figure 4E). Astrocytic activation was assessed
using GFAP immunohistochemistry, but no differences were observed between groups for
either number of reactive cells or morphology (data not shown), and has also been shown by
(Falsig et al., 2008). Coincident with observed behavioral seizure symptoms, CD11b-HSVTK
+/− animals showed changes in proteolytic activity along the mossy fiber pathway. Increased
tPA activity (Figure 4F, arrows in CA3 and DG designate areas of proteolytic clearing of
overlay substrate), and enhanced NPY expression (Figure 4G, arrows pointing to a band of
fluorescence in CD11b-HSVTK+/− adjacent to the CA3 pyramidal layer) was observed in
CD11b-HSVTK+/− mice that had experienced SE. tPA activity was measured as mean area
of clearing over total hippocampus ± s.e.m. (CD11b-HSVTK−/−, CA3 3.6 ± 0.51, DG 0.88 ±
0.63, n=2; CD11b-HSVTK+/−, CA3 4.2 ± 0.55, DG 3.0 ± 0.27, n=2). NPY immunoreactivity
in the CA3 was not detectable in CD11b-HSVTK−/− mice (0/3) but was observed in CD11b-
HSVTK+/− mice coincident with SE (2/4).

We have previously shown that extracellular tPA plays a role of facilitator in mossy fiber
sprouting (Carroll et al., 1994; Tsirka et al., 1995; Wu et al., 2000; Zhang et al., 2005). Several
investigators have demonstrated NPY expression as an endogenous mechanism of ‘coping’
with aberrant neuronal rewiring following SE in animal models and humans (Sperk et al.,
2007; Thom et al., 2009). The results presented support this notion and suggest an adaptive
response to the increased hippocampal neuronal activity associated with pilocarpine induced
SE in the transgenic mice. Specifically, increased tPA and NPY expression suggest that the
differences in acute seizure behavior between genotypes may involve the mossy fiber pathway.
Future experiments could examine additional time points in the latent period, and also during
SRS.

Discussion
Striking differences in acute seizure symptoms were observed between Cd11b-HSVTK−/−
and Cd11b-HSVTK+/− mice when LPS preconditioning was combined with unilateral
hippocampal microglia ablation. The seizure score differences were consistent at two doses of
pilocarpine (260 mg/kg and 280 mg/kg). In this experimental paradigm, the only quantifiable
cellular difference between Cd11b-HSVTK−/− and Cd11b-HSVTK+/− mice (in groups V and
VI) was the numbers of activated microglia/macrophages in the hippocampus. A significant
reduction in the number of activated hippocampal microglia/macrophages was observed,
suggesting that the activation state of microglia in the hippocampus can have a direct impact
on sensitivity to acutely induced seizures. The higher seizure scores in mice lacking microglia
would suggest that preconditioned microglia/macrophages may function in a protective way.
This could become particularly important in maintaining a balance of hippocampal function
during seizure generation and/or propagation.

We hypothesized that microglia ablation could alter the balance of inflammatory mediators in
the brain, and potentially neuronal functioning as well which might change the threshold to
pilocarpine induced seizures. Surprisingly however, we did not find any differences in seizure
susceptibility when quiescent microglia were ablated. Instead, we found that ablation of
activated microglia (by LPS preconditioning) significantly impacted seizure threshold. It
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would be important to go back and measure cytokines and other inflammatory markers
(proteases, reactive oxygen species) in the hippocampus following microglia ablation by GCV
infusion (before and after LPS) in order to examine alternative reasons for this effect, namely
potentially ongoing brain inflammation due to the killing of microglia cells. Despite this caveat,
our results are consistent with the interpretation that absence of activated hippocampal
microglia significantly reduced seizure threshold.

Although the relationship between microglial activation and neurodegenerative disease is not
completely understood, there is a great deal of evidence supporting a pathological role for
microglia in the progression of disease (Beach et al., 1995; Taniwaki et al., 1996; van Vliet et
al., 2007). Severe acute seizures caused by pilocarpine are known to progress into a silent
period (lasting from a few days post SE, to about a month), where neuronal death, gliosis and
rewiring of circuitry presumably occur. This is followed by a chronic phase where spontaneous
recurrent seizures (SRS) can take place (Borges et al., 2003; Shibley and Smith, 2002). During
severe SRS activated microglia are observed in the same hippocampal regions associated with
neuronal death (Borges et al., 2003; Taniwaki et al., 1996; Tooyama et al., 2002) suggesting
that they function as neurotoxic mediators, but recent studies have suggested that their impact
can be far more complex.

The primary function of activated microglia in the brain is thought to be the return of injured
tissue to homeostasis (Streit and Xue, 2009). Excitotoxic insult causes quiescent ramified
microglia to become activated, morphologically become amoeboid, and phagocytose dead
cells. Potentially neurotoxic substances are concurrently secreted including nitric oxide (NO),
reactive oxygen species (ROS), cycloxygenases, proteases, and proinflammatory cytokines,
which can further damage the neurons. This secondary death is decreased when microglial
activation is inhibited (Rogove and Tsirka, 1998; Wang et al., 2003), and as shown here via
microglia ablation (suppl fig 1). Interleukin-1β (IL-1β), for example, is upregulated during
kindling (Plata-Salaman et al., 2000) and has been targeted as a contributory factor in epilepsy
(Ravizza et al., 2006).

Studies also suggest, however, that activated microglia can release neurotrophins and other
positive factors to promote neuronal stability (Elkabes et al., 1996). This effect is particularly
interesting in the context of preconditioning, where several studies have shown that LPS-
stimulated rat brain microglia/macrophages can release nerve growth factor (NGF) and brain-
derived neurotropic factor (BDNF) (Elkabes et al., 1998; Heese et al., 1998; Miwa et al.,
1997; Nakajima et al., 2001a; Xiong et al., 1999), molecules known to promote neuronal
recovery from injury. Preconditioning with LPS (allowing time for recovery from the acute
LPS-induced inflammation) may facilitate an accumulation of protective factors, or initiate a
compensatory or adaptive response to excitotoxic insult. This effect may be similar to the
neuroprotection observed following preconditioning with brief kainate-induced seizures prior
to prolonged SE, which resulted in upregulation of both neuronal genes associated with
structural changes and signaling, and glial genes such as upregulated glutamate transporters
(Borges et al., 2007). The timing of this pre-activation in relation to the insult seems to be
crucial in the net effect of the glial response. This is evident in PTZ-induced seizures, where
LPS given early (1–4 hours) was pro-convulsant, but later administration (18–24 hours) had
anticonvulsant effects, (Akarsu et al., 2006; Sayyah et al., 2003a). Furthermore, a recent study
showed LPS preconditioning could actually protect hippocampal neurons from a typical
neurodegenerative fate, although in this study the dose used (0.5 mg/kg) did not affect seizure
symptoms (Dmowska et al., 2009).

LPS-induced neuroinflammation has also been shown to decrease and modulate hippocampal
neurogenesis (Ekdahl et al., 2003; Monje et al., 2003; Yang et al., 2009). In a recent study,
LPS injected into the DG of the hippocampus resulted in enhanced inhibitory synaptic drive
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of adult-born integrated neurons, which was thought to be a compensatory response to the
inflammation (Jakubs et al., 2008). However, several studies have also shown that reactive
gliosis (microglia and astrocytes) can lead to damage or permanent hyperexcitability of neurons
(Binder and Steinhauser, 2006) by promoting synaptogenesis and synaptic remodeling
(Cullheim and Thams, 2007; Wake et al., 2009). SE can induce aberrant hippocampal
neurogenesis, which often leads to a recurrent excitatory circuitry. Whether preconditioning-
mediated LPS-induced plasticity could modulate adaptive responses to excessive neuronal
firing during seizures remains to be explored.

Recycling of extracellular glutamate is normally an astrocyte specific responsibility, but
activated microglia expressing the high-affinity glutamate transporter GLT-1 can contribute
approximately 10% to it (Persson et al., 2005; Shaked et al., 2005). 12 hours after LPS
administration the capability of microglia to take up glutamate has been reported to be
significantly increased through enhanced expression of GLT-1 (Jacobsson et al., 2006; Persson
et al., 2005), which in our study, could be a major contributing factor to the increased seizure
sensitivity seen after microglia/macrophage ablation. Additionally, microglial/macrophage
glutamate uptake has been shown to reduce glutamate-induced neuronal death in vitro
(Rimaniol et al., 2000). The glutamate uptake is then coupled with a concomitant increase in
glutathione synthesis, which could provide another protective mechanism via enhanced
antioxidant capacity (Persson et al., 2006). Recent evidence, showing that astrocytes in the
hilar region are highly susceptible to damage caused by seizures (Borges et al., 2006; Kang et
al., 2006), supports the notion that microglial glutamate uptake may be a back-up system for
astrocytes during pathological conditions (Nakajima et al., 2001b; Persson et al., 2005;
Rimaniol et al., 2000). Therefore, in our study, ablation of preconditioned microglia could be
severely detrimental during acute seizures, as glutamate clearance from the extracellular milieu
would be affected. These data have physiological relevance as patients with TLE were shown
to have reduced glutamate/glutamine cycles and altered expression of important components
of the cycle, such as the glial glutamate transporters (Petroff et al., 2002).

Small animal imaging has increasingly become an important tool used to understand changes
in the brain due to acute and chronic seizures in animal models (Dedeurwaerdere et al.,
2007; Jupp and O’Brien, 2007; Jupp et al., 2006; Liefaard et al., 2009; Navarro Mora et al.,
2009; O’Brien and Jupp, 2009; Yakushev et al., 2009). The advantage of using imaging
approaches to study seizure disorders is that animals can be evaluated at several time points
spanning seizure induction, the latent period, and development of SRS, in addition to response
to various therapies. Also, these measures are on a systems level (albeit with limited resolution),
but can provide novel clues for regional network activity changes that may correlate with
different stages of the disease. Studies have shown that early on in the silent period there is
decreased metabolism in the hippocampus, thalamus, and entorhinal cortex (Goffin et al.,
2009; Guo et al., 2009), which are regions of increased metabolism during the seizures
(Kornblum et al., 2000; Mirrione et al., 2007; Mirrione et al., 2006). This decreased metabolism
could represent recovery from excessive neuronal firing and/or a progression of neuronal
changes which lead to SRS. Our study suggests that activated microglia/macrophages may
provide some component of the metabolic signature during acute seizures (either directly, or
indirectly through modulating neuronal activation), as their ablation correlates with less
hippocampal 18FDG uptake compared to the contralateral side. This interpretation is supported
by literature suggesting astrocytes contribute to the metabolic signal (Magistretti and Pellerin,
1996; Magistretti and Pellerin, 2000), and one recent PET study showing microglia activation
corresponds to increased metabolic demand in the peri-infarct zone of a rat model of ischemia
(Schroeter et al., 2009).

Interestingly, it has been suggested that kainate preconditioning may render vulnerable
hippocampal neurons more resistant to prolonged ATP-depleting damage, as such caused by

Mirrione et al. Page 13

Neurobiol Dis. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



seizures (Borges et al., 2007), and this process could be compromised by microglia/
macrophage ablation. Our results are consistent with well established histological studies
showing progressive damage in affected areas including the endopiriform nucleus, piriform
cortex entorhrinal cortex, amygdaloid nuclei, and thalamus (Leite et al., 1990; Turski et al.,
1984; Turski et al., 1983a). Further studies combining in-vivo imaging techniques with
postmortem high resolution end-point methods, such as microscopy, will contribute a more
integrated understanding of pathology associated with metabolic changes during
epileptogenesis (O’Brien and Jupp, 2009).

These data demonstrate the usefulness of imaging the same animals over time to evaluate
metabolic changes corresponding to the different stages that follow pilocarpine induced SE.
Interestingly, we observed apparent changes in 18FDG uptake despite lack of generalized
seizures. This result may be consistent with a recent study reporting that pilocarpine-injected
rats developed spontaneous recurrent seizures (SRS), even in the absence of initial SE, after a
long latency period (Navarro Mora et al., 2009). In a separate report, the availability of the
dopamine D2/3 receptor in the anterior striatum was 27% lower in pilocarpine-treated rats
during the chronic phase (Yakushev et al., 2009), which could correlate with the changes we
observed in that region. It is also noteworthy that despite the lack of generalized seizures, the
regions visualized corresponded to typical locations of neuronal damage, such as the septum,
thalamus, amygaloid complex, piriform and entorhinal cortices (Turski et al., 1983b).

A decrease or absence of the typical latent period in these mice suggests that microglia may
be involved not only in acute seizure symptoms, but also in epileptogenesis itself (the process
whereby spontaneous recurrent seizures develop following abnormal plasticity). The microglia
may contribute to plasticity through diffusible factors which can modulate synaptic strength
[for example studies have shown that TNF-alpha increases surface expression of AMPA
receptors in the synapse (Beattie et al., 2002; Savin et al., 2009; Stellwagen and Malenka,
2006)], can regulate potassium and calcium (Beck et al., 2008; Kofuji and Newman, 2004),
and secrete neurotrophins which may aid injured neurons in recovery from the initial epileptic
event (Miwa et al., 1997; Nakajima et al., 2001a). In the case of the mice used in this study,
upon ablation of functional microglia, which would normally phagocytose necrotic neurons
(and other necrotic or apoptotic neighboring cells and cell debris), plasticity of surviving
neurons and glia could indeed be altered, and manifest itself as early handling-induced seizures
or lack of recovery from acute seizures.

Taken together, our data show that seizure symptoms were decreased for CD11b-HSVTK−/−
and increased for CD11b-HSVTK+/− mice following LPS preconditioning and microglia/
macrophage ablation. LPS pretreatment affected the number of mice experiencing higher stage
seizures at both doses of pilocarpine used in this study.

Although our data focus only on the pilocarpine model of seizures (along with kainate
neurotoxicity), other models could be investigated including kainate induced epileptogenesis
and kindling. It would be interesting to evaluate whether similar pro-convulsant properties are
exhibited when preconditioned microglia are ablated in these models. If similar trends are
observed with kainate induced seizures, such result might directly suggest that glutamate
release can be modulated by microglia to influence neuronal firing. In fact, evidence suggests
that in kainate induced seizures, TNF-α may actually be neuroprotective (Balosso et al.,
2005; Lu et al., 2008) and IL-1β is proconvulsant by enhancing glutamate (Vezzani et al.,
1999; Vezzani et al., 2000). Future studies will also address behavioral outcomes from bilateral
infusions of gancyclovir in order to incorporate activity from both sides of the hippocampus.
Additionally, intracerebroventricular infusion will allow us to reach not only the hippocampi,
but other areas of the ventral forebrain that may also be implicated in seizure initiation.
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Overall, the data presented here point towards a neuroprotective function for preconditioned
hippocampal microglia/macrophages during the acute phase of seizures through potential
secretion/release of factors that may be anti-convulsant. Our data support emerging literature
reports investigating the interaction between the immune system and neuronal firing during
seizures. It has been suggested that immunomodulatory therapies could be used to prevent
trauma-induced spontaneous recurrent seizures (Rodgers et al., 2009), and treat other forms of
epilepsy (Billiau et al., 2005). While this is an intriguing possibility, a continued critical
evaluation of the timing of microglia activation and releasable factors that influence neurons
during epileptogeneis is warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quiescent hippocampal microglia do not modulate seizure threshold
A) Schematic of experimental design in group I: PILO (pilocarpine only) and II: GCV + PILO
(gancyclovir [GCV] infusion before pilocarpine) representing each genotype, white bars are
CD11b-HSVK−/− (wild type mice lacking the transgene) and black bars are CD11b-HSVTK
+/− (transgenic mice susceptible to microglia ablation by GCV). Administration of pilocarpine
(280 mg/kg i.p.) is denoted by a hexagon at day 0 (and is always preceded 15–30 min by
methylscopolamine, 2 mg/kg i.p.). Infusion of GCV (for 7 days) is denoted by the rectangular
bars from day −7 to 0. B) Following pilocarpine injection, seizure symptoms were continuously
recorded, the maximum score during each 5 minute interval was listed over the 60 minute
observation period for each animal and averaged by genotype and group providing the overall
seizure score. C) The maximum score during each 5 min interval was plotted over time, data
points represent the average score ± S.E.M. for each set of animals. D–E) Tissue was collected
2 hours post seizure induction and stained with Iba1 (green fluorescence) for microglia/
macrophages. Iba1 is upregulated in activated cells. CA1 and hilar region of the dentate gyrus
(DG) are shown with nuclei (DAPI). Panels in D represent group I, and E group II. Arrows in
E indicate activated microglia/macrophages. To the right of each set of panels is quantification
of Iba1+ cell number counted at 40× in regions of interest (ROIs) sized 300×400μm2 for each
group (scale bar 50 μm, two-way ANOVA, Bonferroni post tests, * = p<0.05, data in all graphs
plotted as average ± S.E.M.).
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Figure 2. Preconditioning microglia with LPS affects seizure severity differently in CD11b-HSVTK
−/− and CD11b-HSVTK+/− mice
A) Schematic of experimental design in group III: LPS (arrows designate lipopolysaccharide
[LPS] only, 1 mg/kg i.p.), IV: LPS + PILO (LPS given 24 hours prior to piloarpine [PILO]
injection 280 mg/kg i.p.), and V: GCV + LPS + PILO (gancyclovir [GCV] infusion, LPS given
at day −1, then pilocarpine given 24 hours later, 280 mg/kg i.p.). Each genotype is represented,
white bars for CD11b-HSVK−/− (wild type mice lacking the transgene) and black bars for
CD11b-HSVTK+/− (transgenic mice susceptible to microglia ablation by GCV).
Administration of pilocarpine is denoted by a hexagon at day 0 (and is always preceded 15–
30 min by methylscopolamine, 2 mg/kg i.p.). Infusion of GCV (for 7 days which continues
throughout the experiment) is denoted by the rectangular bars from day −7 to 0. B) Following
pilocarpine injection, seizure symptoms were continuously recorded; the maximum score
during each 5 minute interval was listed over the 60 minute observation period for each animal
and averaged by genotype and group providing the overall seizure score. C) The maximum
score during each 5 min interval was plotted over time, data points represent the average score
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± S.E.M. for each set of animals. D–F) Tissue was collected 2 hours post seizure induction and
stained with Iba1 (green fluorescence) for microglia/macrophages. Iba1 is upregulated in
activated cells. CA1 and hilar region of the dentate gyrus (DG) are shown with nuclei (DAPI).
Panels in D represent group III, E group IV, and F group V. Arrows in F indicate activated
microglia/macrophages. The wild type DG panel in F was taken at slightly different coordinates
(a more medial aspect of the granule cell layer). To the right of each set of panels is
quantification of Iba1+ cell number counted at 40× in regions of interest (ROIs) sized
300×400μm2 for each group (scale bar 50 μm, two-way ANOVA, Bonferroni post tests, * =
p<0.05, ** = p<0.01, *** = p<0.001, data in all graphs plotted as average ± S.E.M.).
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Figure 3. Metabolic correlates of seizures and microglia/macrophages in LPS preconditioned mice
A) A subset of animals from group V were used for serial metabolic imaging experiments (n
= 6 CD11b-HSVTK−/− and n = 4 CD11b-HSVTK+/−). Each animal underwent small animal
imaging with 18FDG for 3 scans. Scan 1: Baseline, prior to any perturbation (white bars), Scan
2: Baseline with GCV pump, followed implantation with GCV mini pump (hatched bars), San
3: Pilocarpine, regional 18FDG uptake during acute seizures (black bars). ROI analysis
developed from a standard template (Ma et al., 2005), with an additional ROI placed at the
cortical region above the dorsal hippocampus associated with probe implant (Probe). The graph
also shows significant differences in the striatum (STR), septum (SEP), hippocampus (HIPP,
left and right combined), and thalamus (THA) for each genotype between scans 1, 2 and 3. B)
The maximum score during each 5 min interval was plotted over time, data points represent
the average score ± S.E.M. for each subset of animals (**p < 0.01, ***p < 0.001, two-way
ANOVA, Bonferroni post-tests to compare replicate means). C) MRI reference template
overlaid with voxel based analysis for neuronal activation during acute seizures. Activations
in the septum, hippocampus, thalamus, midbrain, and cerebellum are observed. Arrows
represent decreased uptake corresponding to the ipsilateral hippocampus. Thresholds for
displayed images were set at p < 0.001, uncorrected and t-scores are represented by respective
color scales. D) Detailed ROI analysis of the hippocampus for CD11b-HSVTK−/− (white bars)
and CD11b-HSVTK+/− (black bars), ipsilateral and contralateral to GCV infusion. The percent
increase in 18FDG uptake was measured between scan 2 and 3 to correspond to the SPM T-
map displayed in ‘C’ (*, p < 0.05, **p<0.01, ***p<0.001, two-tailed t-test).
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Figure 4. Activated microglia and LPS preconditioning modulate seizure threshold through the
mossy fiber pathway
A) Schematic of experimental design in group VI representing ganciclovir (GCV) pump
implantation at day −7, LPS pretreatment at day −1, pilocarpine induced seizures at day 0 (260
mg/kg), and tissue collection at day 3, for mice CD11b-HSVTK−/− (white bars) and CD11b-
HSVTK+/− (black bars). B) Overall seizure scores were calculated by continuously monitoring
acute effects of pilocarpine for 1 hour (the maximum score during 5 min intervals was listed
for each animal over 60 minutes, then these twelve scores were averaged together and
compared, t-test). C) Interval seizure scores are shown for both genotypes, the maximum score
during each 5 min interval is plotted over time (Two-way ANOVA, Bonferroni post-tests). D)
Quantification of Iba1 positive cells in both genotypes of mice in the CA1 and DG at day 3
(Two-way ANOVA, Bonferroni post-tests). Data in all graphs were plotted as average ±
S.E.M., (*, p < 0.05, ** p < 0.01, *** p < 0.001). E) Representative sections of iba1 positive
microglia/macrophages (green fluorescence) and nuclei (DAPI, scale bars, 50 μM). F)
Zymography analysis for tPA activity following acute seizures, showing tPA activity present
in the mossy fiber pathway at day 3 (600 μM scale bar). G) NPY immunoreactivity associated
with neurite outgrowth in the CA3 on day 3 of CD11b-HSVTK+/− mice but not −/− (25 μM
scale bar).
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Table 1

Conditions for experimental groups

Experimental groups LPS GCV Pilocarpine

Group I (3 −/−, 3 +/−) NO NO 280 mg/kg

Group II (6 −/−, 8 +/−) NO YES 280 mg/kg

Group III (3 −/−, 3 +/−) YES NO NO

Group IV (3 −/−, 3 +/−) YES NO 280 mg/kg

Group V (10 −/−, 7 +/−) YES YES 280 mg/kg

Group VI (10 −/−, 13 +/−) YES YES 260 mg/kg
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