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Abstract

Viral infections of the central nervous system are often associated with seizures, and while patients
usually recover from the infection and the seizures cease, there is an increased lifetime incidence
of epilepsy. These viral infections can result in mesial temporal sclerosis, and, subsequently, a type
of epilepsy that is difficult to treat. In previous work, we have shown that Theiler’s murine
encephalomyelitis virus (TMEV) infections in C57B/6 mice, an animal model of virus-induced
epilepsy, results in changes in excitatory currents of CA3 neurons both during the acute infection
and two months later, at a time when seizure thresholds are reduced and when spontaneous
seizures can occur. The changes in the excitatory system differ at these two time points, suggesting
different mechanisms for seizure generation. In the present paper, we examine GABAergic
mediated inhibition in CA3 pyramidal cells at these two time points following TMEV infection.
We found that amplitudes of sSIPSCs and mIPSCs were reduced during the acute infection, but
recovered at the two-month time point. These observations are consistent with previous
measurements of excitatory currents suggesting different mechanisms of seizure generation during
the acute infection and during chronic epilepsy.
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1. Introduction

Viral encephalitis is often associated with seizures and results in an increased risk of
developing chronic epilepsy after recovery from infection [2,7,8,27]. The magnitude of the
increased risk of chronic epilepsy is dependent on the occurrence of seizures during the
acute infection. The 20-year risk of developing epilepsy is 22% in patients that suffered
seizures during infection and 10% in patients that exhibited no seizures [2,27]. Viral
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encephalitis can cause mesial temporal sclerosis [27] and results in epilepsies that are
particularly difficult to treat with traditional pharmacological therapies [18]. In order to
better understand and to explore novel pharmacological therapies for virus-induced
epilepsies, our laboratory uses the Theiler’s murine encephalomyelitis virus (TMEV)
C57BI/6 mouse model [15,22,24]. TMEV infected mice exhibit seizures during the acute
period [15], develop mesial temporal sclerosis [26], and have an increased risk of chronic
epilepsy following a latent period [24]. This constellation of symptoms closely mimics the
human disease, making this model potentially useful for studying this often intractable form
of epilepsy.

TMEV exhibits a strong tropism for the limbic region in C57BL/6 mice [15,24,25] causing
dramatic cell death in the CA1 region and sparing CA3 [25]. A number of observations
including the death of the CAL region, results from other laboratories indicating CA3 as a
potential source of seizures in temporal lobe epilepsies [16,17], increased expression of Fos
following acute seizures, and the well known propensity of CA3 to initiate substantial
synchronous behavior under normal [5,30] and pathological situations both in vivo and in
vitro [10,19,29] led us to initially examine the CA3 region.

In our previous studies of the CA3 hippocampal region, we found increases in excitation as
measured by spontaneous EPSCs (SEPSC) and miniature EPSCs (mEPSC) both during the
acute infection and two months following infection [22]. However, the distribution of
mEPSC amplitudes differed at these two time points with a shift to mEPSC amplitudes
consistent with a strengthening of synapses on the recurrent CA3 collaterals [12], a
strengthening associated with hyperexcitability in the CA3 region. This observation suggests
different mechanisms for the seizures generated during infection and those that occur
spontaneously after the latent period [8], and is consistent with studies using animal models
of epilepsy that show different pharmacological sensitivities of seizures occurring during the
initial insult and those seizures occurring after a latent period [1,11,23]. These results
suggest that drugs effective in treating seizures during the acute infection may be quite
different than drugs effective for the chronic epilepsy resulting from infection. To further
explore network changes in the TMEV mouse model, we evaluated inhibitory currents
recorded in CA3 neurons. We found an initial decrease of inhibition as measured by
amplitude of spontaneous IPSCSs (sIPSCs) during the acute infection period; however, this
reduction was eliminated at the chronic time point. These results further emphasize the
differences in two CAS3 neural circuits both potentially giving rise to seizures, one associated
with the insult of infection and the second giving rise to reduced seizure thresholds and
spontaneous seizures.

2. Methods

Male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME), 4-5 weeks old, were used for
all experiments. Animals were kept on a 12-h light/dark cycle and allowed free access to
food and water. All animal care and experimental manipulations were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the University of Utah Institutional Animal Care and Use Committee.
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Under isoflurane anesthesia, mice were injected in the posterior parietal cortex with either 2
x 10 plaque forming units of the DA strain of TMEYV in a total volume of 20 pl sterile
phosphate-buffered saline (PBS) for the experimental group or PBS alone for the control
group as previously described [26]. Injections were performed with an insulin syringe and a
28-gauges needle. The needle was fitted with a plastic William’s collar to limit needle
penetration through the skin, skull, and cortex to a total depth of 2 mm. Mice were then
sacrificed either 4-7 days (acute) or 2 months post-injection for preparation of hippocampal
brain slices for electrophysiology. Mice at the 2 month time point were not monitored for
seizures, but are known to have lower seizure thresholds and can develop spontaneous
recurrent seizures at this timepoint [24]. For TMEV-injected mice, only animals exhibiting
seizures during the acute period were utilized for the electrophysiological experiments. Mice
were anesthetized with pentobarbital (Nembutal) (25 mg/kg), brains were extracted, and
hippocampal slices were cut in ice-cold sucrose solution to a thickness of 300 um. After one
hour of incubation in Ringer’s solution, whole-cell patch-clamp recordings were made of
CA3 hippocampal neurons in Ringer’s solution CNQX (10 uM) and APV (50 uM) for
recording IPSCs. Recordings were done at room temperature. The internal pipette solution
for IPSCs was composed of (in mM): 130CsCl, 1 NaCl, 5 EGTA, 10HEPES, 1 MgCI2,
1CaCl2, 5 QX314, and 2 ATP. This creates a chloride equilibrium potential of approximately
1 mV; when the neuron is clamped at =70 mV the currents are inward [21]. Series (access)
resistance values of <15 MQ were used as selection criteria for accepting recordings and
were not corrected for. Additionally, only recordings that did not exhibit substantial changes
(<20%) in either holding current or input resistance after 20 min of time allowing for the
internal pipette solution to equilibrate with the neuron were included in the study. After
baseline activity was established, TTX (1 uM) was washed on for 15 min. Recordings of 3
min were made before and after TTX application. Spontaneous IPSC and miniature IPSC
(mIPSCS) number, amplitude, rise time, and decay time were measured. Identification and
measurement of EPSCs were done using the MiniAnalysis 6.0.1 program (Synaptosoft,
Decatur, GA). The threshold for event detection was set at three times baseline root-mean-
square noise. This threshold setting biased EPSC classification errors to false negatives, and
visual inspection of analyzed traces determined the false-negative rate to be less than 3% of
all EPSCs.

2.1. Statistical analysis

3. Results

Cumulative distributions were constructed from the total number of mIPSCs recorded across
all experiments for the various groups. The Kolmogorov—-Smirnoff (KS) test was used to
assess significant differences between cumulative distributions. For comparisons of averages
between both injection type and time following infection, 2-way ANOVASs were used.
Statistical tests were performed using Prism version 5, MATLAB, and Minianalysis.

3.1. TMEV infection decreases sIPSC number acutely but sIPSC number recovers 2 months
after infection

The majority of mice begin to exhibit focal seizures that secondarily generalize on days 3—4
following TMEYV infection, after which seizure number and severity increase during the next
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few days and then resolve after 7-8 days following the injection [26]. Brain slices prepared
for study of the acute infection period were prepared from mice 4-7 days post infection. A
minimum of two months was allowed to pass post-infection for mice selected for the chronic
time point. sIPSCs were isolated by bath application of the glutamate receptor antagonists
CNQX (10 uM) and APV (50 uM) for a minimum of 20 min. Following whole-cell patch, an
additional 20 min was allowed for the cesium-based internal solution to equilibrate with the
CA3 neuron. Fig. 1A shows example traces of isolated sIPSCs recorded from both TMEV-
injected and sham-injected animals from the acute period. Application of picrotoxin (50 uM)
blocks the currents, verifying that the recordings are inhibitory (Fig. 1A bottom traces). Fig.
1B shows example control and TMEYV traces for the chronic period.

ANOVA'’s were performed on the data sets (sIPSC frequency and sIPSC amplitude) with
injection (saline versus TMEV) and time (acute versus 2 months) forming the two groups.
Using the Bonferroni post-hoc test, no difference in sIPSC frequency was found at either the
acute (Fig. 1C: control, N=9; TMEV, N = 12; acute mean + SEM: control 9.92 + 0.81,
TMEV 6.46 + 0.95; t=2.32, p> 0.05) or chronic (Fig. 1C: control, N=7; TMEV, N = 10;
chronic mean = SEM: control 8.15 + 1.16, TMEV 9.91 + 1.36; = 1.06, p > 0.05) time
points. However, there was a significant interaction between the two groups (ANOVA; $p =
0.026, Fig. 1C) indicating a change in the effect of TMEYV infection depending on the time
point (p = 0.025). Examining sIPSC amplitudes, a significant reduction was found at the
acute time point (Fig. 1D: acute mean £ SEM: control 67.1 £ 8.9 pA, TMEV 41.9 £ 5.1 pA,;
Bonferroni post-hoc test, £= 2.579, p < 0.05), but this reduction was rendered invariant at the
chronic time point (Fig. 1D: chronic mean + SEM: control 28.1 £ 9.5 pA, TMEV 37.3 £ 6.5
pA; Bonferroni post-hoc test, £=0.809, p> 0.05), which as sIPSC events, resulted in a
significant interaction (ANOVA, p = 0.027) between the two groups. There was also an
overall effect of time (ANOVA #, p=0.0061, Fig. 1D) meaning a decrease in amplitudes in
neurons recorded in slices from both groups as the mice mature; an effect we also saw
previously examining EPSCs [22]. Overall, both the significant interaction on sIPSC number
between groups and amplitude changes indicate different changes in the CA3 inhibitory
system following TMEV infection at these two time points.

3.2. TMEV infection decreases mIPSC amplitude acutely

To examine possible changes at the synapse, we isolated mIPSCs with bath application of
TTX (1 uM) for 10 min with continued application of APV and CNQX. Fig. 2C shows
example traces from the chronic time point before and after application of TTX. Again,
ANOVA statistics were applied to amplitudes and number of mIPSCs. Analogously to the
results on sIPSCs, no significant differences were found using Bonferroni post-hoc tests in
mIPSC frequency (Fig. 2A; acute mean = SEM: control 2.62 + 0.28 Hz, TMEV 1.91 £ 0.38
Hz; £=0.859, p> 0.05; chronic mean + SEM: control 2.28 Hz £+ 0.57 Hz, TMEV 3.66
+0.96 Hz; £=1.50, p> 0.05) but mIPSC amplitudes demonstrated a decrease in amplitude
acutely with a recovery at 2 months (Fig. 2B; acute mean + SEM: control 32.7 + 2.4 pA,
TMEV 24.7 + 1.8 pA; t=2.98, p< 0.05; chronic mean + SEM: control 9.0 £ 1.0 pA, TMEV
13.8 £ 1.9 pA; t=1.62, p> 0.05). Input resistances between controls and TMEV infected
mice were not different at either time point (acute mean + SEM: control 69.2 + 8.5 MOhms,
TMEV 80.1 + 6.9 MOhms; p=0.32; chronic mean + SEM: control 82.4 £ 10.5 MOhms,
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TMEV 94.6 + 14.5 MOhms; p= 0.54). This differing response in mIPSC amplitude at the
two time points resulted in a significant interaction between the groups, that is, the effect of
TMEYV infection on mIPSC amplitude changed depending on the time period after infection,
acute or two month (ANOVA, ¥ p=0.003). Additionally and similarly to the sIPSCs in this
study and previous work on mEPSCs [22], there was an overall effect of time on mIPSC
amplitude (ANOVA, # p < 0.0001).

3.3. TMEYV infection alters the distribution of mIPSC kinetics

Example traces of mIPSCs suggested a change in current kinetics occurred following
infection (Fig. 2C). To test this possibility, ANOVA statistics were applied to average mIPSC
rise and decay times, and the Kolmogorov—Smirnoff test was applied to distributions of
mIPSCs amplitudes. Bonferroni post-hoc tests following ANOVA revealed no change in
mIPSC average amplitudes between control and TMEV-infected animals either acutely (Fig.
3A,; rise time mean £ SEM: control 5.42 £ 0.35 ms, TMEV 5.55 £ 0.77 ms; £=0.142, p>
0.05; decay time mean = SEM: control 13.1 ms + 1.36 Hz, TMEV 10.5 + 2.07 ms; ¢=1.19,
p>0.05) or at the 2 month time point (Fig. 3B; rise time mean £ SEM: control 3.66 £ 0.71
ms, TMEV 4.82 + 0.59 ms; = 1.16, p> 0.05; decay time mean + SEM: control 5.45 Hz
+0.90 ms, TMEV 7.33 £0.79 ms; t=0.79, p> 0.05). There was a statistically significant
overall decrease in mIPSC decay times over time (# p = 0.0018), that is, both groups at the
two-month time point together had faster decay times than both groups together at the acute
time point, coincident with the observed decrease in mIPSC amplitudes in the older mice

(Fig. 2).

The cumulative distributions of the rise and decay times were also examined using the
Kolmogorov—Smirnoff test. Normalized cumulative distributions of rise times at the acute
time point were statistically different between controls and TMEV-infected mice (p <
0.0001; Fig. 3C), but were not different at the 2 month time point (v = 0.674; Fig. 3E).
Cumulative distributions of decay times between control and TMEV-infected mice are
statistically different for both the acute (p < 0.0001; Fig. 3D) and 2 month (p < 0.0001; Fig.
3F) time points.

4. Discussion

TMEV-infected mice exhibit seizures during the acute infection period, as well as
spontaneous recurrent seizures after a latent period of 1-2 months [24], analogous to what is
seen in patients following CNS infections. In previous work examining excitatory synaptic
transmission in CA3 pyramidal cells, we found that these two periods are associated with
differential changes in excitability indicated by shifts in mEPSC amplitudes at the two time
points, suggesting differences in the CA3 networks contributing to seizures [22]. This same
study also showed enhanced numbers and amplitudes of SEPSCs at both time points. In the
present study, we examined the inhibitory networks in the CA3 region and found that sIPSC
amplitudes were significantly reduced during the acute infection period, but rendered
invariant during the period of reduced seizure thresholds, when chronic epilepsy may also be
observed. The excitatory and inhibitory work taken together provides a potential explanation
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for the much greater seizure number seen during the acute period relative to the chronic time
point [24,26]. The excitatory/inhibitory imbalance is more severe during the acute period.

There is an overall effect of time on the amplitudes of the mIPSCs, that is mIPSC amplitudes
were reduced for both control and TMEV infected mice at the two month time point. We
saw a similar overall reduction in mEPSCs amplitudes in a previous study as well [22],
which is predicted by the need for homeostatic excitatory/ inhibitory balance [6]. The
decrease in amplitudes over time has been observed in normal rats and seems to be a simple
consequence of maturing [20]. The continued maturation of the mice after initial infection
raises the concern that the mice might respond differently to a later infection, but we have
seen the same disease progression when the TMEV infection occurs at three months [14].
There was a reduction of mIPSC amplitude in TMEYV infected mice relative to controls at
the acute, but not at the two month time point. No change in frequency was observed. This is
different from similar studies looking at granule cell mIPSCs in kainate-treated [21] and
pilocarpine-treated rats in the week following treatment, a period closer to the acute time
point [13]. Both studies saw a decrease in frequency associated with inhibitory cell loss, and
there was also a reduction in mIPSC amplitude in the pilocarpine-treated rats. There was no
change in frequency of mIPSCs in the TMEV model at either time point, which suggests
that inhibitory cell loss may not be as dominant a factor as in the other models of epilepsy.
The reduction in mIPSC amplitude could be due to a reduction of receptor number or to
changes in GABA receptor subunits [3,9]. While the pattern of mIPSC changes seen in the
TMEV animal model are different to varying degrees compared to similar studies in other
animal models of epilepsy [13,21], it is analogous to anatomical changes in inhibitory
synapses onto granule cells in a pilocarpine treated rat model of epilepsy [28]. This study
examined inhibitory synapse at two time points, 5 days and over two months following
pilocarpine treatment. At the 5 day time point, a decrease in inhibitory synapse number was
measured, but at the later time point inhibitory synapses had rebounded to numbers greater
than controls [28]. However, while the pattern of changes in this study is analogous to the
pattern seen in the TMEV model, the absence of an increase in sIPSCs or mIPSCs in the
TMEV model suggests inhibitory cell death is not a major factor.

The difference in rise and decay time distributions and lack of difference in the averages
suggests these changes likely reside in particular time ranges, similar to the changes in
mEPSC amplitudes seen in previous work [22]. This can be observed in the cumulative
distributions where the control and TMEV curves pull farther apart relative to the rest of the
plot. Further work will be needed to determine if these changes result from potential GABA
subunit changes [3,4] or alterations in the relative abundance of anatomically different types
of synapses onto the CA3 neurons [12,22]. In the latter case, the location of the synapse on
the dendritic arbor affects the kinetics of the mIPSCs.

Different animal models of epilepsy can exhibit different patterns of change in inhibitory
circuits [21,31] and changes in pharmacological sensitivity of seizures can change over time
in the same model [11,22,23]. These observations suggest that attention must be paid to the
current state of epileptic networks when determining treatments. The present study also
finds changes in the CA3 inhibitory network at two different time points, reduced inhibition
during acute infection and recovery during the period in which seizure thresholds are
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reduced and spontaneous seizures can again be observed. That these two periods where
seizures can occur are separated by a lengthy latent period suggests that this period, a period
of transition between two excitable states, is deserving of further study.
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HIGHLIGHTS

e A mouse model of virus-induced epilepsy is used to explore inhibitory circuit
changes.

» IPSC amplitudes are reduced during acute infection but recover at the chronic
condition.

e mIPSC amplitudes are similarly reduced during the acute infection but not
chronically.

e mIPSC kinetics demonstrate subtle changes following TMEV infection.
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Fig. 1.

Ar?1p|itudes of spontaneous IPSCs decrease during acute infection, but recover during the
time in which seizure thresholds are reduced and spontaneous seizures can occur. (A)
Example traces of sIPSCs recorded during acute infection and (bottom) traces verifying
picrotoxin blocks IPSCs. (B) Example traces recorded 2 months following infection. (C)
There were no significant differences in SIPSC number between control and TMEV-infected
animals at either of the two time points examined (ACUTE: control, N=9; TMEV, N=12;
mean + SEM: control 1786 + 145, TMEV 1162 + 170; ¢= 2.32, Bonferroni post-hoc test p >
0.05; CHRONIC: control, N=7; TMEV = 10; chronic mean + SEM: control 1467 + 208,
TMEV 1784 + 245; t=1.06, Bonferroni post-hoc test p> 0.05), however, there was a
significant interaction (ANOVA,; # p= 0.026). (D) There was a significant reduction of
sIPSC amplitudes at the acute time point that recovered chronically (mean £ SEM: control
28.1 + 9.5 pA, TMEV 37.3 + 6.5 pA,; Bonferroni post-hoc test, = 0.809, p> 0.05). There
was a significant interaction (ANOVA, ¥ p= 0.027) and an overall effect of time (ANOVA, #
p=0.0061).
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Fig. 2.

Miniature IPSC amplitudes are decreased during acute infection, but recover during the time
in which seizure thresholds are reduced and spontaneous seizures can occur. (A) There were
no significant differences at either time point in mIPSC frequency (B) there was a significant
reduction in mIPSC amplitude at the acute time point (mean = SEM: control 32.7 + 2.4 pA,
TMEV 24.7 + 1.8 pA; £=2.98, Bonferroni post-hoc test, p < 0.05) that was no longer
observed at the chronic time point (mean £ SEM: control 9.0 + 1.0 pA, TMEV 13.8 £ 1.9
pA; t=1.62, Bonferroni post-hoc test, p> 0.05). There was a significant interaction
(ANOVA, # p= 0.003) and overall effect of time (ANOVA, ¢ p=0.0001). (C) Example
traces from sham injected and TMEYV injected mice at the chronic time point and the traces
after application of TTX. (Right) Expanded traces of mIPSCs.
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Fig. 3.

IPSC rise and decay times have altered cumulative distributions following TMEYV infection
at both time points, but these changes do not result in changes in average rise and decay
times. Bonferroni post-hoc tests revealed no change in average (A) rise times or (B) decay
times between control and TMEV-infected animals either acutely or at the 2 month time
point. Kolmogorov—-Smirnoff tests determined significant differences in the cumulative
distributions of events in TMEYV infected animals compared to controls in (C) rise times
during the acute infection, (D) decay times during the acute infection, and (F) decay times at
the 2 month time point. The rightward shift in the cumulative distribution at the more
frequent amplitudes is consistent with the perceived lengthening of decay times in the
average mIPSC trace at the 2 month time point in Fig. 2C. However, no differences in rise
times at the 2 month time point were found.
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