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Abstract

Seizures occur due to an imbalance between excitation and inhibition, with the balance tipping
towards excitation, and glutamate is the predominant excitatory neurotransmitter in the central
nervous system of mammals. Since upregulation of expression and/or function of glutamate
receptors can contribute to seizures we determined the effects of three antagonists, NBQX,
GYKI-52466 and MK 801, of the various ionotropic glutamate receptors, AMPA, NMDA and KA,
on acute seizure development in the Theiler’s murine encephalomyelitis virus (TMEV)-induced
seizure model. We found that only NBQX had an effect on acute seizure development, resulting in
a significantly higher number of mice experiencing seizures, an increase in the number of seizures
per mouse, a greater cumulative seizure score per mouse and a significantly higher mortality rate
among the mice. Although NBQX has previously been shown to be a potent anticonvulsant in
animal seizure models, seizures induced by electrical stimulation, drug administration or as a
result of genetic predisposition may differ greatly in terms of mechanism of seizure development
from our virus-induced seizure model, which could explain the opposite, proconvulsant effect of
NBQX observed in the TMEV-induced seizure model.
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Introduction

Seizures occur due to an imbalance between excitation and inhibition with the balance
tipping towards excitation (Nadler, 2012). Glutamate is the predominant excitatory
neurotransmitter in the central nervous system (CNS) of mammals with fully 60-70% of all
synapses being glutamate synapses (Nadler, 2012). Therefore upregulation of expression
and/or function of glutamate receptors can contribute to seizures (Dingledine, 2012;Nadler,
2012). There are three subfamilies of ionotropic glutamate receptors, named based on their
activation by selective agonists: AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate), NMDA (N-methyl-D-aspartate) and KA (kainate) receptors (Dingledine, 2012).
AMPA, NMDA and KA receptors are expressed on microglia, astrocytes, oligodendrocytes,
and neurons (Gottlieb and Matute, 1997;Hagino et al, 2004;Lees, 2000;Matute,
2006;Murugan et al, 2011;Nadler, 2012;Noda et al, 2000). The region of the brain with the
highest density of NMDA and AMPA receptors is the hippocampus, specifically CA1 for
AMPA receptors (Rainbow et al, 1984;Wong et al, 1986). KA receptors are found to be most
abundant in brain regions where NMDA receptors are least abundant (Nadler, 2012).
Nevertheless, hippocampal neurons have been shown to express KA receptors (Paternain et
al, 1995). The kinetic properties of KA receptors are intermediate between AMPA and
NMDA receptors and there is considerable overlap in agonist action between KA and AMPA
receptors (Nadler, 2012). Antagonists to the various ionotropic glutamate receptors, used in
this study, include: NBQX [2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxaline], a
highly selective competitive antagonist of AMPA and KA receptors (Sheardown et al, 1990);
GYKI-52466 [1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine], a
non-competitive antagonist, or negative allosteric modulator, of AMPA receptors (Lees,
2000;Wilding and Huettner, 1995); and MK 801 [(5S,10R)-(+)-5-methyl-10,11-dihydro-5+-
dibenzo[a,d]cyclohepten-5,10-imine], also known as Dizocilpine, a potent non-competitive
antagonist of NMDA receptors (Rod and Auer, 1989;Wong et al, 1986). NBQX,
GYKI-52466 and MK 801 all readily penetrate into the CNS when administered
peripherally (Sheardown et al, 1990;Smith et al, 1991;Vizi et al, 1996;Wong et al, 1986).

Previous studies have shown that NBQX, GYKI-52466 and MK 801 block seizures in
various animal seizure models (Barton et al, 2003; Chapman et al, 1991; Loscher and
Honack, 1994; Twele et al, 2015). We determined the effects of these antagonists on acute
seizure development in the Theiler’s murine encephalomyelitis virus (TMEV)-induced
seizure model, an infection-driven animal model for epilepsy [reviewed in (Libbey and
Fujinami, 2011)]. In this model, approximately 50% of C57BL/6J mice infected with TMEV
experience acute behavioral seizures between days 3 and 10 post-infection (p.i.) (Libbey et
al, 2008;Stewart et al, 2010b). The infected mice clear the virus by about day 14 p.i.
(Kirkman et al, 2010; Libbey et al, 2011b, 2010), and then approximately 50% of the mice
that had acute seizures develop spontaneous seizures (epilepsy) following a latent period
(Stewart et al, 2010a). Hippocampal neurons, particularly within the CA1 region, are
infected and undergo cell death (Kirkman et al, 2010;Libbey et al, 2008;Stewart et al,
2010b).

We found that, of the three antagonists of ionotropic glutamate receptors tested, only NBQX
had an effect on acute seizure development in the TMEV-induced seizure model. Treatment
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with NBQX resulted in a significantly higher number of mice experiencing seizures, an
increase in the number of seizures per mouse, a greater cumulative seizure score per mouse
and a significantly higher mortality rate among the mice. Therefore, although NBQX has
previously been shown to be a potent anticonvulsant, it has the opposite effect in the TMEV-
induced seizure model. It should be noted that animal seizure models in which the seizures
are induced by electrical stimulation, drug administration or as a result of genetic
predisposition may differ greatly in terms of mechanism of seizure development from our
virus-induced seizure model.

Animal experiments

Four week old, male C57BL/6J mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). All animal experiments were reviewed and approved by the University of Utah
Institutional Animal Care and Use Committee (Protocol #12-09006) and 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. All animal
studies complied with the ARRIVE guidelines. All efforts were made to minimize suffering.
Mice were euthanized through an overdose of isoflurane.

TMEV infection

C57BL/6J mice were anesthetized with isoflurane by inhalation and infected intracerebrally
(i.c.) with 3 x 10° plague-forming units (pfu) of the Daniels (DA) strain of TMEV at a final
volume of 20 pl per mouse. The site of injection was in the postparietal cortex of the right
cerebral hemisphere to a depth of 2 mm [posterior (caudal) and medial of the right eye at
approximately bregma —2 mm and interaural +8 mm] (Kirkman et al, 2010). The needle had
a William’s collar to limit penetration of the tip to 2 mm. The DA strain of TMEV was
propagated as previously described (Tsunoda et al, 1997).

Drug treatment

TMEV-infected mice were treated, via intraperitoneal (i.p.) injection, with MK 801 (1 mg/kg
twice daily, Sigma, St. Louis, MO), GYKI-52466 (10 mg/kg twice daily, Sigma) (Nargi-
Aizenman et al, 2004) or NBQX (approximately 22.5 mg/kg twice daily, Alomone Labs,
Jerusalem, Israel) (Docagne et al, 2007), all in a 25 pl volume, starting on day 2.5 p.i. and
stopping on day 10.5 p.i. These doses are tolerated and considered sufficient to block
ionotropic glutamate receptor transmission in an efficient and specific manner. Control
infected mice were i.p. injected with 25 pl phosphate-buffered saline (PBS).

Seizure scoring

C57BL/6J mice infected with DA were weighed and monitored daily for seizures through
day 21 p.i. The monitoring of seizure activity was performed as previously described
(Libbey et al, 2011a). Briefly, mice were observed for 2 hours each day immediately
following the first injection of antagonist of the day. However, if a mouse experienced a new
seizure (i.e. the mouse had not previously been observed having a seizure) immediately
following the second injection of antagonist of the day, then the seizure was scored and
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recorded. Mice were scored for 1 seizure per mouse per 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 (Benkovic et al, 2004;Racine,
1972). Seizure burden was analyzed by assessing both seizure incidence (numbers of mice
having seizures, numbers of observed seizures per mouse) and seizure severity [cumulative
seizure score per mouse, numbers of mice with the various maximum seizure scores (stages
1-5), numbers of seizures scored as stage 5].

Mice were euthanized on day 21 p.i. and perfused with PBS, followed by 4%
paraformaldehyde solution. Brains were harvested, divided into 5 coronal slabs, embedded
in paraffin and cut into 4 um thick tissue sections. Paraffin sections were stained with Luxol
fast blue and analyzed for neuron loss in the hippocampus as previously described (Kirkman
et al, 2010). Slides were examined in a blinded fashion using one slide, containing sections
from all 5 coronal slabs, per brain (N = 14 to 20 brains per experimental group for
antagonist-treated mice and 55 brains per experimental group for PBS-treated mice). The
tissue section of only 1 of the 5 coronal slabs per slide contained the hippocampal region of
the brain. The extent of neuron loss in the pyramidal cell layer of the hippocampus from
CALl to CA3 was given a graded score as follows: score 0, no damage; score 1, 10-29% cell
loss; score 2, 30-59% cell loss; and score 3, >60% cell loss. A score was given for each of
the two hippocampi present in a brain and then the scores were summed so the highest
possible score for neuron cell loss per brain could be 6 (the highest score, 3, for two regions
of the brain).

Viral antigen positive cells were detected on consecutive paraffin sections using TMEV
hyperimmune rabbit serum, as previously described (Tsunoda et al, 2001;Zurbriggen and
Fujinami, 1989). Astrocytes were detected on paraffin sections using glial fibrillary acidic
protein (GFAP) antibody (DAKO Corp., Carpinteria, CA), as previously described (Kirkman
et al, 2010). The slides were labeled using the avidin-biotin peroxidase complex technique
with 3,3’-diaminobenzidine tetrahydrochloride (Sigma) in 0.01% hydrogen peroxide
(Sigma) in PBS. Enumeration of viral antigen positive cells was performed in a blinded
fashion with a light microscope using one slide per brain and evaluating the tissue section
containing the hippocampal region (N = 15 to 20 brains per experimental group for
antagonist-treated mice and 55 brains per experimental group for PBS-treated mice). Viral
antigen positive cells were enumerated and summed from each of the two hippocampi
present in a brain and each of the two dentate gyri present in a brain. The extent of gliosis
was semi-quantified by scoring GFAP™ activated astrocytes in the hippocampus and dentate
gyrus in a blinded fashion using one slide per brain (N = 14 to 20 brains per experimental
group for antagonist-treated mice and 54 brains per experimental group for PBS-treated
mice). Activated astrocytes have larger cell bodies, fatter processes, and stain more intensely
for GFAP than quiescent astrocytes. Gliosis was given a graded score as follows: score 0,
<50 activated astrocytes present; score 0.5, 51-168 activated astrocytes; score 1, 169-285
activated astrocytes; score 1.5, 286—-402 activated astrocytes; score 2, 403-519 activated
astrocytes; score 2.5, 520-636 activated astrocytes; and score 3, 2637 activated astrocytes
present (Kirkman et al, 2010). A score was given for each of the two hippocampi present in
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a brain and each of the two dentate gyri present in a brain and then the scores were summed
so the highest possible score for gliosis per brain could be 12 (the highest score, 3, for four
regions of the brain).

Ricinus communis agglutinin (RCA)-1 lectin histochemistry

Activated microglia and macrophages were identified by biotinylated RCA-1 (Mector
Laboratories Inc., Burlingame, CA) as previously described (Suzuki et al, 1988; Tsunoda et
al, 1996, 2003, 2007). One slide per brain, with 13 to 20 brains per experimental group for
antagonist-treated mice and 55 brains per experimental group for PBS-treated mice, was
examined in a blinded fashion. RCA-1* cells in each of the two hippocampi present in a
brain and each of the two dentate gyri present in a brain were enumerated and summed.

Statistical analysis

Results

The program StatView (SAS Institute Inc., Cary, NC) was used for most statistical analyses
performed. The Student’s #test was performed for pairwise comparisons (observed seizures
per mouse, cumulative seizure score per mouse, weights). Analysis of variance (ANOVA),
followed were indicated by the Fisher’s Protected Least Significant Difference (Fisher’s
PLSD) post hoc test, was performed to determine group differences for continuous data
(RCA-1). The chi-square test was utilized for nominal data (seizures: yes or no; mortality:
live or dead; stage 5 seizure: yes or no; seizure score maximums: yes or no). Finally, the
unpaired two group Mann-Whitney U test was performed for all nonparametric analyses
(neuronal cell loss and gliosis).

The effect of treatment, with antagonists of ionotropic glutamate receptors, on the
development of seizures was examined in the TMEV-induced seizure model. TMEV-infected
C57BL/6J mice treated with MK 801, GYKI-52466, NBQX or PBS as control (treatment:
day 2.5-10.5 p.i.) were monitored for seizures through day 21 p.i. Mice were observed for 2
hours each day immediately following the first injection of antagonist of the day. The time
course of seizure occurrence was not altered by antagonist treatment; antagonist-treated
mice experienced seizures between day 3 and 7 p.i. while PBS-treated mice experienced
seizures between days 3 and 8 p.i. Treatment with MK 801 or GYKI-52466 did not
significantly alter the numbers of mice experiencing seizures compared to PBS treatment
(Fig. 1). Treatment with NBQX, however, resulted in a significantly greater number of mice
experiencing seizures compared to mice treated with PBS (p<0.001, chi-square) (Fig. 1).
Additionally, the mice treated with NBQX experienced 1.9-fold more seizures per mouse
(19 mice experienced 44 seizures) than the mice treated with PBS (60 mice experienced 75
seizures) over the course of the study (mice were scored for 1 seizure per mouse per day);
this increase was found to be significant (p<0.01, #test). Likewise, the mice treated with
NBQX had a significantly higher (p<0.01, #test) cumulative seizure score per mouse [10.9
+ 1.4 standard error of the mean (SEM)] compared to the mice treated with PBS (5.8 £ 0.9).
Treatment with MK 801 or GYKI-52466 did not significantly alter either of these two
seizure burden metrics. However, for mice that were experiencing seizures, only MK 801
demonstrated a significant increase in the numbers of mice that experienced stage 3
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(p<0.0001, chi-square) and stage 4 (p<0.001, chi-square) maximum clinical stages,
compared to PBS-treated mice (Table 1). There were no significant differences for
GYKI-52466 or NBQX for stage 3, 4 or 5 maximum clinical stages or for MK 801 for stage
5 maximum clinical stages (Table 1). Finally, of all of the seizures that were observed, the
numbers of seizures that were scored as a stage 5 on the Racine scale (the most severe
seizure) were not significantly different between the various antagonist-treated mice (MK
801: 10/19, 52.6%; GYKI-52466:15/21, 71.4%; NBQX: 34/44, 77.3%) and the PBS-treated
mice (55/75, 73.3%).

We previously reported (Libbey et al, 2008) that weight loss correlated with mice
experiencing seizures. Examination of weight demonstrated that animals treated with
GYKI-52466 had significantly lower body weights, compared to the PBS-treated control
mice, over the entire course of the study (p<0.01, £test) (Fig. 2). Animals treated with MK
801 also had lower body weights, compared to PBS treatment, over the entire course of the
study and these differences reached significance on days 4-9, 11-12 and 15-21 p.i. (p<0.05,
ttest) (Fig. 2). Animals treated with NBQX also had lower body weights, compared to PBS
treatment, over most of the study course (excluding days 18-21 p.i.), however, these
differences only reached significance for days 3-11 p.i. (p<0.05, #test) (Fig. 2).

The percentage of mice that were either found dead or were moribund and needed to be
euthanized varied with treatment. No mice treated with MK 801 died during the course of
the study (Fig. 3). Three mice died over the course of the study in both the PBS-treated
group and the GYKI-52466-treated group (Fig. 3). Four mice died in the NBQX-treated
group (Fig. 3). Of the mice that died, all but one mouse (PBS group) died between days 9—
12 p.i. (Fig. 3). The mortality of the NBQX-treated group was significantly greater than the
PBS-treated group and the MK 801-treated group for days 12-21 p.i. (p<0.05, chi-square).

Therefore, of the three antagonists tested, NBQX was the antagonist that had the greatest
effect on disease. NBQX-treated mice had significantly greater seizure incidence, both
numbers of mice having seizures and numbers of observed seizures per mouse, and
significantly greater seizure severity in the cumulative seizure score per mouse metric, but
not in the numbers of mice with the various maximum seizure scores or numbers of seizures
scored as stage 5 metrics. Additionally, NBQX-treated mice had significantly higher
mortality among the mice.

Mice infected with TMEV that experience seizures have a profound loss of CA1 pyramidal
neurons (Kirkman et al, 2010;Libbey et al, 2011b). Therefore, the effects of treatment, with
antagonists of ionotropic glutamate receptors, on neuron loss in the pyramidal cell layer of
the hippocampus from CALl to CA3 were evaluated, at day 21 p.i., in the TMEV-induced
seizure model. TMEV-infected C57BL/6J mice were treated with MK 801, GYKI-52466,
NBQX or PBS as control (treatment: day 2.5-10.5 p.i.). Statistical differences in the extent
of neuronal cell loss were present between groups of mice that had seizures and those that
did not have seizures (Fig. 4A, compare left bars to right bars) with those mice experiencing
seizures having greater neuronal cell loss than those mice not experiencing seizures.
However, there were no statistical differences between the various treatment groups for those
mice that had seizures (left bars) or between the various treatment groups for those mice that
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did not have seizures (right bars) (Fig. 4A). These results are consistent with previous data
demonstrating that mice that experience seizures have more extensive cell loss than mice
that do not experience seizures (Kirkman et al, 2010;Libbey et al, 2011b). Figure 4B shows
representative images of neuronal cell loss within the pyramidal cell layer of the
hippocampus in a NBQX-treated mouse that experienced seizures (left) compared to the one
NBQX-treated mouse that did not experience seizures (right). These results also
demonstrated that although more mice treated with NBQX experienced seizures, those
NBQX-treated mice that experienced seizures did not have demonstrably more neuronal cell
loss compared to mice from the other treatment groups that also experienced seizures.

The effects of treatment, with antagonists of ionotropic glutamate receptors, on viral
clearance were evaluated in the TMEV-induced seizure model. TMEV-infected C57BL/6J
mice were treated with MK 801, GYKI-52466, NBQX or PBS as control (treatment: day
2.5-10.5 p.i.). Treated and control mice were still able to clear virus infected cells. No
appreciable amount of viral antigen positive cells were found in the hippocampus and
dentate gyrus of the brains of mice, at day 21 p.i., irrespective of the treatment (data shown
as mean + SEM: MK 801, 0 £ 0; GYKI-52466, 1.06 £ 0.64; NBQX, 0 + 0; PBS, 0.07

+ 0.07). Therefore, virus does not persist within the brain following antagonist treatment.

Finally, TMEV-infected mice that experience seizures have more inflammatory changes in
the hippocampus (Kirkman et al, 2010;Libbey et al, 2011c). Thus the effects of treatment,
with antagonists of ionotropic glutamate receptors, on inflammation in the brain were
evaluated in the TMEV-induced seizure model. TMEV-infected C57BL/6J mice were treated
with MK 801, GYKI-52466, NBQX or PBS as control (treatment: day 2.5-10.5 p.i.) and
gliosis and infiltration of macrophages and/or activation of microglial cells, as markers of
inflammation, were evaluated at day 21 p.i. Gliosis was evaluated through staining and
scoring of GFAP™-activated astrocytes in the hippocampus and dentate gyrus. For gliosis, the
only differences that were significant were between the group of mice that was treated with
MK 801 and experienced seizures (significantly more gliosis) and the groups of mice that
were treated with PBS and GYKI-52466 and did not experience seizures (p<0.05, Mann-
Whitney U) (Fig. 5, compare left bars to right bars). There were no statistical differences
between the various treatment groups for those mice that had seizures (compare within left
bars only) or between the various treatment groups for those mice that did not have seizures
(compare within right bars only) (Fig. 5). Infiltration of macrophages and/or activation of
microglial cells were evaluated through staining and counting of RCA-1" cells in the
hippocampus and dentate gyrus. Statistical differences in the numbers of RCA-1* cells were
present between groups of mice that had seizures and those that did not have seizures (Fig.
6, compare left bars to right bars) with those mice experiencing seizures having greater
numbers of RCA-17 cells than those mice not experiencing seizures. In contrast, however,
there were no statistical differences in the numbers of RCA-1* cells between the various
treatment groups for those mice that had seizures (left bars) or between the various treatment
groups for those mice that did not have seizures (right bars), although, the NBQX group
only had one mouse that did not experience seizures (Fig. 6). Interestingly, although more
mice treated with NBQX experienced seizures, those NBQX-treated mice that experienced
seizures did not have demonstrably more inflammation in the form of gliosis and infiltration
of macrophages and/or activation of microglial cells compared to mice from the other
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treatment groups that also experienced seizures. This suggests that the increase in infected
mice having seizures when treated with NBQX is independent of inflammation.

Discussion

NBQX competitively binds to the glutamate-binding site on both AMPA and KA receptors
(Lees, 1996, 2000). In terms of selectivity, NBQX has been demonstrated to be more potent
against AMPA receptors compared to KA receptors (Lees, 2000;Sheardown et al,
1990;Wilding and Huettner, 1996). NBQX treatment was found to protect hippocampal CAl
neurons against ischemic injury (Sheardown et al, 1990), but not against damage caused by
status epilepticus (SE) in an adult mouse model (KA injection into the CA1 area of the
hippocampus of FVB/N mice) of medically resistant mesial temporal lobe epilepsy (nTLE)
(Twele et al, 2015). Protection following ischemia may be through both the direct action of
NBQX and its induction of prolonged brain hypothermia (Lees, 2000). In addition, NBQX
exerted anti-seizure but not antiepileptogenic effects, when administered after KA-induced
SE, in this mouse model of mTLE (Twele et al, 2015). Using the TMEV-induced seizure
model, surprisingly we found that NBQX significantly increased the number of mice
experiencing seizures compared to control (Fig. 1) and did not protect hippocampal CA1
neurons against damage (Fig. 4). There is precedence for our observation. Berg et al (1993)
found that NBQX treatment before and during systemic KA administration caused enhanced
toxicity and a lowered seizure threshold. Also, others have found that the antagonistic action
of some compounds may be dependent on the local environment, such as the concentration
of available agonist (Wahl et al, 1992). Thus, although antagonists at AMPA/KA receptors
are usually potent anticonvulsants (Lees, 2000), this is not always the case, and NBQX has
the opposite effect in the TMEV-induced seizure model. The mechanism of seizure
development in our virus-induced seizure model may differ greatly from that of models
where seizures are induced by electrical stimulation, drug administration or as a result of
genetic predisposition. These differences may account for the opposite, proconvulsant effect
observed in the TMEV-induced seizure model.

Although agonists of AMPA/KA and NMDA receptors are generally considered to be
proconvulsants, there is some evidence that agonist activation of some KA receptors can be
anticonvulsant. Agonist activation of presynaptic, low affinity KA receptors is thought to
reduce glutamate release from presynaptic terminals (Nadler, 2012). It was previously shown
that the AMPA/KA receptor agonists, KA and domoate, caused presynaptic depression of
excitatory glutamatergic transmission from CA3 projections to the CAL region in the
hippocampus, an effect thought to reduce the transmission of epileptiform activity (Frerking
et al, 2001). Moreover, this depressive activity was blocked with CNQX (6-cyano-7-
nitroquinoxaline-2,3-dione), another quinoxaline derivative having similar action to NBQX
(Catarzi et al, 2007), while GYKI-53655 [1-(4-aminophenyl)-3-methylcarbamyl-4-
methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine], an AMPA receptor
antagonist akin to GYKI-52466, failed to have any effect (Frerking et al, 2001). In contrast,
others found that NBQX was ineffective at reducing the release of glutamate from
synaptosomes when exposed to KA (Chittajallu et al, 1996). Although the reasons for these
conflicting results concerning glutamate release are unknown, there are additional studies
suggesting a possible role of KA receptor activation in driving inhibitory action in the
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hippocampus. Work on rat brain slices showed that direct activation of KA receptors
(containing the GIUR5 subunit) on a subpopulation of inhibitory y-aminobutyric acid
(GABA)ergic interneurons in the CA1 region caused high frequency firing of these neurons
resulting in tonic inhibition (dampened excitation) of pyramidal neurons in the hippocampus
(Cossart et al, 1998). Furthermore, some models of MTLE display a selective degeneration
of these GABAergic interneurons (Cossart et al, 1998;Houser and Esclapez, 1996).
Therefore, it is possible that the blockade (antagonism) of some KA receptors could result in
a loss of inhibitory tone (disinhibition). Based on these experiments, we hypothesize that
KA receptor antagonism with NBQX may reduce protective mechanisms against
hyperexcitability, resulting in an increase in the numbers of mice experiencing seizures in
the TMEV-induce seizure model. This remains to be tested.

GYKI-52466 is an antagonist that binds to a desensitization site outside of both the
glutamate-binding site and the ion channels on AMPA receptors, and this binding decreases
the extent and duration of ion channel activation (Lees, 1996, 2000;Vizi et al, 1996). As this
mechanism of inhibition is non-competitive, changes in the concentration of glutamate in the
synapse do not affect the level of blockade, as happens with competitive antagonists (Lees,
1996;Lees and Leong, 2001;Wilding and Huettner, 1995). Examination of selectivity
demonstrated that the concentration of GYKI-52466 that prevents ion channel opening in
AMPA receptors has minimal effects at KA receptors, thus distinguishing between these two
receptors [reviewed in (Lees, 2000)]. Administration of the AMPA receptor agonist, AMPA,
results in hippocampal neuron loss due to both direct toxic effects on neurons and seizure-
induced damage, and GYKI-52466 treatment /n7 vivo was found to be minimally effective as
a neuroprotective agent against the latter, through its anticonvulsant action, but totally
ineffective against the former (Lees and Leong, 2001). We found that GYKI-52466 (AMPA
receptor antagonist) had no effect on the numbers of mice experiencing seizures in the
TMEV-induced seizure model (Fig. 1) and it did not protect hippocampal CA1 neurons
against damage (Fig. 4). This result supports the suggestion that the action of NBQX
(AMPAJ/KA receptor antagonist) is through the KA receptors as opposed to the AMPA
receptors in the TMEV-induce seizure model.

MK 801 has been shown to be an antagonist of the NMDA receptor ion channel (Kemp et al,
1987;Wong et al, 1986). MK 801 treatment was found to protect hippocampal neurons
against ischemic neuronal necrosis in the rat (Rod and Auer, 1989), and to protect
hippocampal CA1 and CA3 neurons against damage in a rat model of mTLE (KA-induced
SE), however no antiepileptogenic effects were evident when MK 801 was administered
after KA-induced SE (Brandt et al, 2003). We found that MK 801 had no effect on the
numbers of mice experiencing seizures in the TMEV-induced seizure model (Fig. 1) and did
not protect hippocampal CAL neurons against damage (Fig. 4).

Mechanisms, other than upregulation of expression and/or function of ionotropic glutamate
receptors, potentially responsible for tipping the balance of excitation and inhibition towards
excitation and seizures that could occur at the level of the glutamate synapse include an
increased number of glutamate synapses, an alteration in the expression and/or function of
metabotropic glutamate receptors and increased extracellular glutamate concentration
(Nadler, 2012). An increase in the number of glutamate synapses could occur through
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axonal sprouting of glutamatergic neurons (Bernard, 2012). Mossy fiber sprouting
throughout the hippocampus was previously examined, via Timm staining, in the TMEV-
induced seizure model and any reorganization at this level was found to be insignificant
(Stewart et al, 2010a), however this analysis was performed at 4 to 8 months p.i. Mossy fiber
sprouting has not yet been examined during the acute infection period. Enhanced activation
of Group | metabotropic glutamate receptors and reduced regulation of glutamate release by
Group Il and Group 111 metabotropic glutamate receptors can potentially contribute to the
development of seizures (Nadler, 2012). Increased extracellular glutamate concentration
could occur due to enhanced glutamate biosynthesis via glutaminase, enhanced glutamate
release via synaptic vesicles and vesicular glutamate transporters, impaired metabolic
glutamate conversion to glutamine via glutamine synthetase and impaired glutamate
clearance from the extracellular space via excitatory amino acid transporters (Nadler, 2012).
We are fully aware of these alternate mechanisms and are actively exploring the role that
each may play in the development of seizures in the TMEV-induced seizure model.
Examination of miniature excitatory postsynaptic currents in the CA3 pyramidal cells of the
hippocampus during acute TMEV infection demonstrated significant increases in the
amplitude and frequency indicative of changes at the synapse both presynaptically and
postsynaptically (Smeal et al, 2012). Therefore, it is quite likely that a combination of
mechanisms occurring in concert and involving all aspects of the synapse ultimately results
in the development of acute seizures.

The TMEV-induced seizure model is similar to mTLE, a common form of refractory (drug-
resistant) epilepsy (Kirkman et al, 2010). It is known that epilepsy-associated alterations in
the distribution, density and composition of receptors and voltage-gated ion channels can
influence the efficacy of anti-seizure drugs (ASDs) (Schmidt and Loscher, 2005). Therefore,
it is possible that changes in the hippocampus specific to mTLE, and/or the TMEV-induced
seizure model, could result in the reduced or altered effects of ASDs, and further
investigation of possible mechanisms is needed.
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Highlights
Upregulation of glutamate receptors can contribute to seizures

NBQX is a highly selective competitive antagonist of AMPA/KA glutamate
receptors

NBQX had an effect on acute seizure development in the virus-induced seizure
model

NBQX treatment resulted in a greater seizure burden, both incidence and
severity

NBQX, a potent anticonvulsant, has the opposite effect on virus-induced
seizures
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* %
N=19

N=60

PBS MK 801 GYKI- NBQX
52466

Percent mice with seizures (Racine scale, stages 3 to 5) in antagonist-treated mice. TMEV-
infected C57BL/6J mice were treated with MK 801, GYKI-52466 and NBQX or with
phosphate-buffered saline (PBS) as a control (treatment: day 2.5-10.5 post infection). Mice
were monitored for seizures through day 21 post infection. Mice were observed for 2 hours
each day immediately following the first injection of antagonist of the day. The number of
mice in each group is given as N above each column. The percentage of mice with seizures
was calculated as follows: (number of mice with seizures/total number of mice infected) x
100. **p<0.001, chi-square test.
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Figure 2.
Weight change in antagonist-treated mice. TMEV-infected C57BL/6J mice were treated with

MK 801, GYKI-52466 and NBQX or with PBS as a control (treatment: day 2.5-10.5 post
infection). Mice were weighed daily through day 21 post infection. Data represents percent
of daily weight in comparison to weight at day —1, given as mean * standard error of the
mean (SEM) for groups of 20 mice (MK 801, GYKI-52466), 19 mice (NBQX) and 60 mice
(PBS). 1p<0.05, *p<0.01, #test.
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Figure 3.

Mortality in antagonist-treated mice. TMEV-infected C57BL/6J mice were treated with MK
801, GYKI-52466 and NBQX or with PBS as a control (treatment: day 2.5-10.5 post
infection). Mice were monitored through day 21 post infection. Data represents percent daily
survival in comparison to day 0. The numbers of mice per group at day 0 were 20 mice (MK
801, GYKI-52466), 19 mice (NBQX) and 60 mice (PBS). tp<0.05, chi-square test.
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Figure 4.
Neuronal cell loss within the hippocampus of antagonist-treated mice. TMEV-infected

C57BL/6J mice were treated with MK 801, GYKI-52466 and NBQX or with PBS as a
control (treatment: day 2.5-10.5 post infection). Mice were sacrificed on day 21 post
infection. A. Neuronal cell loss was scored as described in the Methods. The number of
mice in each group is given as N above each column. Data is given as mean + SEM.
tp<0.05, *p<0.01, **p<0.001, $p<0.0001, Mann-Whitney U test. B. Representative images
are shown for an infected, NBQX-treated mouse that experienced seizures (left) and the one
infected, NBQX-treated mouse that did not experience seizures (right).
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Figure 5.
Gliosis within the hippocampus and dentate gyrus of antagonist-treated mice. TMEV-

infected C57BL/6J mice were treated with MK 801, GYKI-52466 and NBQX or with PBS
as a control (treatment: day 2.5-10.5 post infection). Mice were sacrificed on day 21 post
infection. Gliosis was scored as described in the Methods. The number of mice in each
group is given as N above each column. Data is given as mean + SEM. Tp<0.05, Mann-
Whitney U test.
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Figure 6.

Activated microglia/macrophages within the hippocampus and dentate gyrus of antagonist-
treated mice. TMEV-infected C57BL/6J mice were treated with MK 801, GYKI-52466 and
NBQX or with PBS as a control (treatment: day 2.5-10.5 post infection). Mice were
sacrificed on day 21 post infection. RCA-1* cells were enumerated as described in the
Methods. The number of mice in each group is given as N above each column. Data is given
as mean + SEM. 1p<0.05, *p<0.01, **p<0.001, $p<0.0001, ANOVA and Fisher’s PLSD.
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