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Abstract

Long-term consequences of status epilepticus (SE) occur in a significant proportion of those who
survive the acute episode. We developed an in vivo model of acute focal neocortical SE (FSE) to
study long-term effects on local cortical structure and function and potential strategies to mitigate
adverse consequences of SE. An acute 2 h episode of FSE was induced in anesthetized mice by
epidural application of gabazine +4-aminopyridine over sensorimotor neocortex. Ten and 30 days
later, the morphological and functional consequences of this single episode of FSE were studied
using immunocytochemical and electrophysiological techniques. Results, focused on cortical layer
V, showed astrogliosis, microgliosis, decreased neuronal density, and increased excitatory
synapses, along with increased immunoreactivity for thrombospondin 2 (TSP2) and a.26-1
proteins. In addition, neocortical slices, obtained from the area of prior focal seizure activity,
showed abnormal epileptiform burst discharges along with increases in the frequency of miniature
and spontaneous excitatory postsynaptic currents in layer V pyramidal cells, together with
decreases in both parvalbumin immunoreactivity (PV-IR) and the frequency of miniature
inhibitory postsynaptic currents in layer V pyramidal cells. Treatment with an approved drug,
gabapentin (GBP) (ip 100 mg/kg/day 3 x /day for 7 days following the FSE episode), prevented
the gliosis, the enhanced TSP2- and a28-1- IR and the increased excitatory synaptic density in the
affected neocortex. This model provides an approach for assessing adverse effects of FSE on
neocortical structure and function and potential prophylactic treatments.
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1. Introduction

Epilepsy is among the most common brain disorders affecting individuals of all ages.
Episodes of unprovoked seizures lasting more than 5 min are defined as status epilepticus
(SE) and can occur in patients with or without a prior diagnosis of epilepsy (DeLorenzo et
al., 1995; Hesdorffer et al., 1998). The pathophysiological and anatomical consequences of a
single episode of FSE are not fully understood. However, it is known that SE increases the
probability for subsequent unprovoked seizures in humans and animal models (Holtkamp et
al., 2005; Santamarina et al., 2015). For example, there is evidence that prolonged febrile
seizures in children may result in hippocampal/limbic system epilepsy (Feng and Chen,
2016; Patterson et al., 2014). Therapy for SE has focused predominantly on arresting
ongoing seizures with antiepileptic drugs. To date there is no available therapy to prevent
epileptogenesis or other co-morbidities following SE.

In most experiments dealing with consequences of SE in partial (focal) or generalized
epilepsy models, SE is induced by systemic drug administration or local injection of
convulsants into limbic brain structures (temporal lobe epilepsy models). Some of these
studies have shown that SE induced in limbic system structures can result in significant
abnormalities in the neocortex (Silva et al., 2005; Teskey et al., 1999). Nonetheless, there is
a paucity of data relevant to the consequences of a single episode of FSE. The
characteristics, and course of epileptiform seizures induced by topical application of
convulsant drugs to neocortical areas have been described (Ayala et al., 1970; Baracskay et
al., 2008; Collins and Olney, 1982; Yang and Rothman, 2001). However, data regarding the
chronic consequences of an acute episode of FSE are incomplete. In particular, it is
important to know whether acute, prolonged focal neocortical epileptiform activity can
induce alterations that would increase chronic susceptibility to subsequent seizures, and
whether there might be therapeutic interventions that would limit detrimental effects of FSE.
Here we show that long-lasting structural and functional abnormalities in excitatory and
inhibitory neocortical networks occur after neocortical FSE, and that an antiepileptogenic
drug, GBP, given after FSE, can limit FSE-induced gliosis, increases in synaptogenic
proteins TSP2 and a2d-1 and development of new excitatory connectivity.

2. Materials and methods

All experiments were performed according to the National Institutes of Health guide for the
care and use of Laboratory animals and all protocols were approved by the Stanford
Institutional Animal Care and Use Committee.

2.1. Focal status epilepticus induction

The time line for experiments is shown in Fig. 1A. Focal neocortical SE was induced in
anesthetized (Ketamine/Xylazine 80/8 mg/kg) adult (P 80-120) male and female FVB mice
by unilateral application of a pledget centered 3 mm lateral to the midline and 1 mm
posterior to bregma (plate 40, bregma-1.06, in (Franklin and Paxinos, 1997)). EEG
epileptiform activity and associated contralateral partial seizures were monitored for two
hours. The pledget was then removed and the cortex washed with sterile saline (0.9% NaCl).
To further limit the seizure activity, diazepam was administered intraperitoneally (i.p. 5-10
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mg/kg). Mice were allowed to recover for 10 and 30d prior to immunocytochemistry (ICC)
or electrophysiological in vitro slice experiments. An age-matched naive control group was
treated identically, except that the dura was exposed to a saline moistened pledget without
convulsant drugs.

2.2. Immunocytochemistry

Either 10 or 30d after FSE, SE-induced and control naive mice were deeply anesthetized
with fatal plus, perfused intracardially with 4% paraformaldehyde and brains post-fixed
overnight at 4 °C followed by cryoprotection. 40 um sections were obtained with a sliding
microtome (Microm, HM 400) and rinsed in PBS followed by incubation with primary
antibodies at 4 °C for 12-48 h. To estimate the excitatory synapse humber, dual
immunocytochemistry (ICC) was used with antibodies for vesicular glutamate transporter
VGLUT-1(SySy, Gottingen, Germany 1:1000) and the postsynaptic marker PSD95 (In
Vitrogen Illinois, USA 1:500) (Takahashi et al., 2016).To estimate gliosis, we used an
antibody against glial fibrillary acidic protein (GFAP, Millipore, Massachusetts, USA,
monoclonal 1:1000) (Li et al., 2012). Neurofilament immunoreactivity was examined with
Neurofilament H-171111 (SySy, Gottingen, Germany 1:500). Monoclonal antibodies were
used to assess the expression of thrombospondins (TSPs; BD Transduction Labs, California
USA, dilution 1:200) and the Ca™ channel subunit a26-1 (Sigma, Missouri, USA, 1:300)
(Eroglu et al., 2009; Li et al., 2012). Neuronal cell loss was evaluated using counts of
immunoreactive neurons for the neuronal specific nuclear protein (NeuN, Millipore,
Massachusetts, USA, 1:1000, see below) and for parvalbumin (PV, Synaptic Systems,
Germany, 1:500). Immunofluorescence was visualized with laser scanning confocal
microscopy (LSM Zeiss 880 inverted confocal Airyscan GaAsP detector). Image stacks
were obtained with 0.25 um separation in the z-axis at 63 x and 40 x. Confocal images were
analyzed by measuring the immunoreactive pixel area for a given antibody within the ROI,
using Cell profiler software (Gu et al., 2017). Colocalized pixel area measurements for
VGLUT1 and PSD95 were made within 40 x 40pm? areas of neocortical layer V and pixel
areas for TSP2, a.26-1, and GFAP were obtained in 200x200um? single plane sections of
neocortical layer V at 40x. Results are reported as the IR percentage area for a 200x200um?
grid (TSP2, a26-1 and GFAP) or 40x40um? grid (VGLUT1/PSD95).

2.3. Neuronal cell counts

Neuronal cell counts were made as previously reported, (Gu et al., 2017). In short, the
number of neurons was assessed in a region of interest (ROI) within the convulsant drug
application area, 1 mm away from midline. The ROI corresponded to a 420 um-wide cortical
column extending from the pial surface to the junction between layer VI and the white
matter. Counts of NeuN labeled and parvalbumin immunoreactive (PV-IR) neurons were
obtained from non-overlapping 40 um confocal sections and analyzed using iLastik and Cell
Profiler programs (Gu et al., 2017). Values are reported as the mean number of neurons per
ROI + standard error of the mean.

2.4. Slice preparation

Animals were deeply anesthetized with sodium pentobarbital (55 mg/kg ip). Brains were
rapidly removed and placed in ice-cold (4 °C) sucrose artificial cerebrospinal fluid cutting
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solution (SACSF) containing (in mM): 234 sucrose, 26 NaHCOs3, 11 glucose, 10 MgSQOy, 2.5
KCI, 1.25 NaH,POy4, and 0.5 CaCl,, gassed with 95% O,/5% CO,. The neocortex was
blocked and mounted on a vibratome stage (VT 1200, Leica). Coronal brain slices (400 or
250 um) containing the sensorimotor cortex from controls and the same area in post-FSE
mice were cut in oxygenated SACSF and immediately transferred to an incubation chamber
filled with oxygenated ACSF containing (in mM): 2.5 KCI, 126 NaCl, 1.25 NaH,POy, 2
MgSOy, 2 CaCl, 26 NaHCO3, 10 glucose; osmolarity 290-300 mOsm, pH 7.4 saturated with
95% 04/5% CO». Slices were incubated at 30 °C for 1 h and then at room temperature until
they were transferred one by one to the interface recording chamber and maintained at 30—
32 °C for the local field potential recordings.

2.5. Local field potential recordings

Coronal brain slices (400 um) were visualized with a dissecting microscope and partially
submerged and superfused continuously (~3 ml/min) with ACSF containing in mM: 5 KCl,
126 NaCl, 1.25 NaH,PQOy4, 2 MgSOQy, 2 CaCl, 26 NaHCOg3, 10 glucose, 100 uM glutamine;
osmolarity 290-300 mOsm, pH 7.4 equilibrated with 95% O,, 5% CO, and maintained at
30-32 °C. Local field potentials (LFPs) were recorded from neocortical layer V with
borosilicate glass micropipettes (2-3 MQ impedance) filled with ACSF. A concentric bipolar
tungsten electrode (FHC), with inner pole diameter 25 um, was placed at the layer VI/white
matter junction, on column with the recording electrode. Series of 0.1 Hz stimuli consisting
of single 100 ps square-wave current pulses were delivered at increasing intensities (0.75-3
WA) through a stimulation isolation unit. Additionally, continuous 3 min recordings were
made to capture occasional spontaneous epileptiform events. Epileptiform responses
consisting of variable latency bursts of all-or none polyphasic events usually lasting =100
milliseconds were evoked in FSE cortex, but rarely in controls (Graber and Prince,
2004).The minimum stimulus intensity needed to evoke 50% epileptiform responses and
50% failures was established as the threshold stimulus. Other briefer (< 100 ms) polyphasic
LFPs were also evoked at low stimulation intensities (e.g. 0.8 wA 100 ps pulses) in post-FSE
slices, but not in controls. To quantify the degree of hyperexcitability in field potential
recordings, we used the “coastline bursting index” (Korn et al., 1987).

2.6. Patch clamp recordings

Single whole cell voltage clamp recordings were made from coronal brain slices (250 pm).
Patch pipettes were pulled from borosilicate glass and had resistances of 4-6 MQ when
filled with internal solution containing in mM: 120 Kgluconate, 11 KCI, 1 MgCl, 1 CaCl, 10
HEPES, 1 EGTA, 3 ATP-Na, and 0.2 GTP. The osmolarity of the internal solution was
adjusted to 280-290 mOsm and the pH to 7.3 with 1 M KOH. Cells were visualized using a
water immersion lens (Achroplan 63 x, 0.9 W, Carl Zeiss). Layer V pyramidal neurons
were identified as large somata neurons with a single emerging apical dendrite oriented
toward the pial surface. Voltage clamp recordings were obtained at =70 mV. Series
resistance compensation (> 70%) was used to minimize the voltage error due to voltage drop
across the electrode. Access resistance was monitored in voltage clamp from responses to
small hyperpolarizing voltage pulses and data rejected for recordings where it fluctuated >
15%. Spontaneous excitatory postsynaptic currents (SEPSCs) were recorded for 3 min. Burst
events resembling epileptiform discharges were present during the SEPSC recordings and
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were excluded for the analysis of SEPSC frequency and amplitude. Miniature (m) EPSCs
and inhibitory postsynaptic currents (mIPSCs) were recorded in the presence of 1 uM
tetrodotoxin (TTX); mIPSCs were also recorded with Cs-gluconate in the internal solution at
a holding potential of +20 mV. Recordings were obtained with a Multiclamp 700A amplifier
and Clampex 10.2 software interfaced to a Digidata 1440A (Molecular Devices). EPSCs and
IPSCs were identified and analyzed with MiniAnalysis (Synaptosoft).

2.7. EEGrecordings

Before the application of the convulsant drugs, epidural electrodes were placed in 3 holes
drilled over both hemispheres at sites between bregma and lambda and ~ 2 mm from the
midline, marked by squares 1-3 in Fig. 1D. A reference electrode was implanted in the
midline over the cerebellum (square number 4 in Fig. 1D). Electrodes were connected to an
EEG preamplifier (VOUTn =10 (VInn - VREF) and signals were filtered through a 500 Hz
low pass filter. EEG signals were recorded, digitized and stored for later analysis (pCLAMP)
without further filtering. EEG recording sessions began 10 min before drug placement (Fig.
1B) and were continuous for 2.1-3 h after convulsant drug application. Seizure onset began
as regular interictal spikes that evolved over ~1 h to ictal activity (Fig. 1C, lead 3-4).

2.8. Statistical analysis

Data analysis and graphing was processed with Graph Pad Prism 7. Statistical analysis was
performed using unpaired Mann-Whitney U'test, Unpaired #test or Kruskall-Wallis with
Dunn’s posthoc test with a p < .05. Comparisons were made between age-matched controls,
FSE-induced + saline mice and GBP treated FSE mice. Data are expressed as mean +
standard error of the mean (S.E.M).

3. Results

3.1. Behavioral and focal electrographic status epilepticus

Focal SE was induced by unilateral application of a pledget soaked with 4AP and
GABAzine (150 pM each) to the dura overlying the sensorimotor cortex. A total of 129 adult
anesthetized mice had convulsant drug application and EEG recordings, of these, 43 were
excluded from the results, including 8 animals that had generalized behavioral seizures with
ipsilateral and contralateral electrographic ictal discharges, 3 animals that did not develop
FSE, and 32 animals that died during recovery from the FSE. The remaining 86 animals
recovered from the FSE and were used for electrophysiological and immunocytochemical
experiments. Groups of 47 and 40 mice were studied 10d and 30d post-FSE, respectively. In
the 10d group, 21 mice were used for immunocytochemical and 26 for electrophysiological
experiments. In the 30d group, 17 mice were used for immunocytochemical and 23 for
electrophysiological experiments.

Electrographic interictal discharges, consisting initially of single, high amplitude spikes,
began 2 £ 1 min after the epidural drug application. Epileptiform EEG activity evolved over
~1 h into higher frequency polyspike bursts at the site of the convulsant drug application,
associated with contralateral jerking (Fig. 1C). Behavioral seizures consisted of contralateral
myoclonic hind-limb jerking starting 16 + 9 min after the convulsant drug application.
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Generalized seizures were detected in some animals as high amplitude and high frequency
spikes in all recording electrodes along with behavioral bilateral jerking. Only animals with
FSE without generalization were included in the present study. During ictal episodes, EEG
recordings showed repetitive bursts of high amplitude, high frequency unilateral focal
epileptiform activity in the area of convulsant drug application site (Fig. 1C). Mean spike
frequency within bursts was 10 + 3 Hz (Fig. 1C, E) that was projected at lower amplitude
contralaterally and anterior to the pledget site (leads 1-4 and 2-4 of Fig. 1C). Two hours
after the behavioral seizure activity began, the pledget was removed, the cortex washed with
saline solution and diazepam (ip 5-10 mg/kg) given to stop the behavioral seizures.
Diazepam completely suppressed behavioral seizures in 8 animals within 5 to 10 min, while
contralateral behavioral jerking persisted in the other 78 mice for up to 2.5 h after the
diazepam injection. EEG was not monitored beyond 2 h, so that the duration of subclinical
continuing focal discharges could not be assessed.

3.2. Decreased neuronal density in the neocortex following status epilepticus

3.3. Status

A group of 4 mice were perfused 10d after FSE induction and brains processed for cortical
cell counts. Neuronal profiles were counted in NeuN immunoreacted tissue in single 420 pm
wide confocal sections, extending through all cortical layers from the pial surface to the
junction between layer VI and the white matter (Methods; Fig. 2A, B). A decrease in the
density of NeuN labeled neurons was prominent in both supra- and infragranular lamina in
cortex sections from the post-FSE mice (cf sections A and B of Fig. 2). Neuronal density
was assessed by counting the total number of NeuN-IR neurons per ROI. Ten days after
recovery from FSE, the density of the neuronal population was reduced by 43% (control
1706 = 68 neurons per ROI, n= 10 sections from 4 animals; FSE 974 + 164 neurons per
ROI, n = 7sections from 4 animals; p=.002 unpaired Mann-Whitney U'test) (Fig. 2C). The
total thickness of the cortex in the area of drug application was 802 + 20 um in 7 sections
from 4 SE animals and 878 + 31 um in 10 sections from 4 controls (p=.02; unpaired Mann-
Whitney U test), a 9% reduction in the FSE mice; e.g. Fig. 2B vs 2A.

epilepticus induces gliosis in the affected area

Immunoreactivity for astrocytic marker glial fibrillary acidic protein (GFAP) was increased
in the post-FSE cortex at the site of convulsant application vs saline control at 10 and 30d
post FSE (Fig. 3, Tables1 and 2). Significant microgliosis was also present at both time
points after FSE (Fig.S1). The glial reaction included an increase in hypertrophic astrocytes
that had elongated cell bodies and thicker processes (red in Fig. 3B, B1; E, E1). As shown in
Fig. 3G, the percentage pixel area of GFAP-IR was increased 10 and 30d after the induction
of FSE (Tables 1 and 2). Activation of astrocytes can release astrocyte-secreted proteins such
as thrombospondins (TSPs) that are one factor involved in the development of new
excitatory synapses (Christopherson et al., 2005; Eroglu et al., 2009). TSP2-IR was
increased 10 and 30d after FSE induction (Tables 1 and 2) (Fig. 3A vs; B, B1; D vs, E, E1;
H). There was also an increase in TSP receptor a28-1 in the gliotic cortex 10d and 30d post-
FSE (Tables 1 and 2) (Fig. 4 A, Ai; B, Bi; C, D).
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3.4. Effects of FSE on excitatory synaptic connectivity

To test whether the increases in TSP2 and a.26-1 were associated with an increase in
excitatory synapses, we measured close appositions of presynaptic and postsynaptic
markers, VGLUT1- and PSD95-IR (putative excitatory synapses (Eroglu et al., 2009)) in
cortical layer V of control and 10d and 30d post FSE sections (Fig. 5). Both VGLUT1- and
PSD95-IR were increased 10d post FSE (cf Fig. 5A-Al and 5B-Bi) (VGLUT1 control 7% +
2%, n= 13 sections from 3 animals; FSE 18.7% + 2%, n= 14 sections from 4 animals; p
=.004 Mann-Whitney test; PSD95 control 9.1% * 2%, n = 13 sections from 3 animals; FSE
17.4% + 2%, n = 14 sections from 4 animals; p = .042 Mann-Whitney test). The percentage
of the colocalization area between VGLUT1- and PSD95-IR per ROI at 10 and 30 d post-
FSE (yellow puncta; examples in white circles in Fig. 5A-B, Ai-Bi and Aii-Bii) was
increased at both time points post-FSE (Tables 1 and 2) (Fig. 5Ai, Bi). The results support
the conclusion that there is an increase in density of excitatory synapses in neocortex lasting
at least 30d following prolonged FSE.

To determine whether the increases in VGLUT1- PSD95 colocalizations induced by a single
episode of FSE were associated with increases in functional glutamatergic synaptic
excitation, we recorded spontaneous (S)EPSCs and miniature (m)EPSCs from layer Vp
pyramidal (Pyr) neurons 10 and 30d after the induction of FSE and from age matched
controls (Fig. 6). Ten and 30d post-FSE, the frequency but not the amplitude of spontaneous
(S)EPSCs increased compared to controls (excluding burst discharges) (Tables 3 and 4) (Fig.
6 A, B; D, E; G, H). The increase in SEPSC frequency was not associated with a significant
change in input resistance (Rm: 214.8 £ 47MQ, 7= 8 in control from 4 animals; 208.7 £
18MQ n =15 in FSE + saline 30d post-SE in 5 animals, ns). mEPSC frequency in 1 uyM
TTX in FSE animals was increased at both time points without a change in amplitude (Fig. 6
I, J; L, M; O, P) (Tables 3 and 4). These results indicate that there are increases in action-
potential evoked excitatory synaptic transmission after the FSE induction, as well as changes
in mEPSC frequency, due, at least in part, to increased numbers of synaptic contacts (Fig. 5).

3.5. Decreased frequency of mIPSCs after FSE

Another consequence of prolonged seizures in SE might be decreases in function or loss of
inhibitory interneurons as occurs in hippocampal models of temporal lobe epilepsy (e.g.;
(Kobayashi and Buckmaster, 2003; Sloviter, 1987; Zhang and Buckmaster, 2009)). Counts
of PV interneurons were made in ROIs extending from the pial surface (Fig. 7A-D, white
dashed lines) to the junction between layer VI and the white matter. Fig. 7E-F shows that the
number of PV-IR neurons/um? in the affected area is decreased at 10 and 30d post-FSE (Fig.
7E: 10 d: control 33 £ 2 neurons, n = 15 sections from 4 animals; FSE 20 £ 1, n=12
sections from 4 animals; p < .0001; F: 30 & control 36 + 2, 7= 10 sections from 4 animals;
FSE 18 £ 2, n = 8 sections from 4 animals; p < .001). To determine whether these
anatomical abnormalities were associated with decreases in functional inhibition, we
measured the frequency and amplitude of mIPSCs in layer V o pyramidal neurons in slices
from cortex of 10d post-FSE (Methods). Results (Fig. 7G, H) showed that the frequency but
not the amplitude of mIPSCs was decreased 10d post FSE (control 13.03 £ 1.79 Hz n= 16
from 5 animals; FSE 6.02 + 0.68 Hz n= 14 from 5 animals; unpaired £test, p=.002). In
summary, ICC and electrophysiological data indicate that there is a long lasting increase in
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excitatory and decrease in inhibitory connectivity and function in the area of
pharmacologically-induced FSE.

3.6. Focal SE increases the incidence of evoked epileptiform field potentials

Maladaptive synaptic rearrangements can lead to the formation of aberrant network
excitability. To determine whether this occurred after FSE in this model, we obtained local
field potential recordings from in vitro slices in control and 10 and 30d post-FSE.
Extracellular bipolar 0.1 Hz single 100 ps current pulses were delivered at increasing
intensities (up to 3 x threshold; 0.75-3 YA) to the white matter/layer VI junction and
responses recorded on column from layer V. Epileptiform field potentials, consisting of long,
variable latency, all-or-none polyphasic bursts of field potentials with durations of =100
milliseconds, were evoked at or near threshold stimulation and he threshold stimulus
intensity required to evoke epileptiform discharges was often lower than that necessary to
evoke a minimal field response in control animals (Fig. 8B, F). The amplitude of evoked
bursts increased with stimulus intensity, up to 3 x threshold. Prolonged spontaneous burst
discharges associated with unit activity occurred infrequently (Fig. 8D). These events
resembled the “epileptiform” responses in partially isolated cortex (Graber and Prince, 2004;
Prince and Tseng, 1993; Sen et al., 2018), and were not recorded in slices from control
animals. We used the “coastline index” of the LFP (Methods, (Korn et al., 1987) as a
measure of circuit activity in control and 10 and 30d post FSE. This index increased at 10d
and 30d post-FSE (10d: control 2.8 £ 0.3, n = 14 slices from 4 animals; FSE epileptiform
responses: 37.9 + 16, n = 7slices from 6 animals; p=.012; 30d: control 4.8 £ 0.3, 7= 20
slices from 6 animals; FSE epileptiform 22.57 + 6, n= 15 sections from 7 animals p
=.0001) (Fig. 8 1, J). Analysis of the percentage of mice in which epileptiform bursts could
be evoked, or the percentage of burst-generating slices/mouse, suggested that
hyperexcitability persisted for at least 30d post-SE (Fig. 8H). Epileptiform burst discharges
were recorded in slices from 2 mice 100d post FSE (Fig. 8G), supporting the conclusion that
the aberrant increases in cortical network excitability were chronically present post-SE.
These results are consistent with the increases in excitatory synaptic connectivity shown in
Figs. 5 and 6 and the reduction in mIPSCs (Fig. 7).

3.7. Gabapentin treatment prevents FSE-induced increases in excitatory connectivity

Gabapentin decreases excitatory synaptogenesis during early development (Eroglu et al.,
2009) and can also decrease excitatory synaptic activity and epileptogenesis in injury-
induced rodent focal neocortical epilepsy models (Andresen et al., 2014; Li et al., 2012;
Takahashi et al., 2018). GBP treatment following FSE also decreases structural alterations
and seizure severity in the limbic system following pilocarpine induced SE (Rossi et al.,
2017; Rossi et al., 2013). To determine whether GBP would have similar effects in the FSE
model, we treated mice with GBP (ip 100 mg/kg/day 3x/day for 7d) beginning 3 h after the
onset of FSE. This dose is in the range that has been used ip in rats (Gillin and Sorkin, 1998;
Li etal., 2012) and did not result in significant decrease in spontaneous activity. GBP-treated
mice were allowed to recover for 10 or 30d after the induction of FSE and then processed for
ICC experiments. Results showed that the 7d GBP treatment was associated with a
significant reduction of GFAP-IR, measured 10 d post-FSE (Tables 1 & 2; Fig. 3 Ai vs Aii),
that persisted for at least 30d (Fig. 3Bi vs Bii; C, D). In addition, there was a significant
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decrease of a28-1 at both time points (Tables 1 & 2; Fig. 4 Aii, Bii vs Ai,Bi, C, D). GBP
treatment prevented the FSE-induced increase of close appositions between VGLUT1 and
PSD95 puncta at both time points (Fig. 5 Ai vs Aii, Bi vs Bii; C, D). These structural
changes were associated with reduced frequency of SEPSCs and mEPSCs 10 and 30d post-
FSE (Tables 3 and 4; Fig. 6 A-H, I-P). Results show that GBP treatment, begun after FSE,
has prolonged effects to suppress astrogliosis and decrease structural and functional
increases in excitatory synaptogenesis induced by the prolonged seizure activity.

4. Discussion

Status epilepticus results in complex pathophysiological alterations in brain, including cell
loss (Hofmann, 2016), alterations in the blood brain barrier (Friedman et al., 2009; Gorter et
al., 2015; Han et al., 2017; Rossi et al., 2017), activation of astrocytes and microglia (Rossi
et al., 2013; Vargas-Sanchez et al., 2018; Walker, 2018), and inflammatory and immune
cascades (De Simoni et al., 2000; lori et al., 2016; Rossi et al., 2017; Vezzani et al., 2016).
Such abnormalities presumably result in long term sequelae in survivors, including
disordered cognition, development of epilepsy de novo or worsening of existing seizures.
Therapy of the acute SE episode is directed toward stopping seizures, while prophylaxis of
long-term consequences has received less attention. Most experiments focused on
abnormalities post-SE have used models of generalized seizures and assessed effects in the
hippocampal-limbic system. Acute neuropathological alterations have been reported in
sensorimotor cortex and thalamus of rats killed after 2 h of focal seizures in a similar model
(Collins and Olney, 1982); however, less is known about longer-term anatomical or
electrophysiological effects of neocortical FSE. To investigate this issue, we used ICC and
electrophysiological techniques to assess delayed pathophysiological consequences in a
model of neocortical FSE. Neuronal injury was present 10 d post-FSE, evidenced by 1) a
reduction in the total number of neurons immuno-labeled with NeuN; 2) decreased density
of PV-IR positive interneurons and the frequency of mIPSCs; 3) astrogliosis and
microgliosis; 4) increases in expression of synaptogenic proteins TSP2- and a.256-1-1R; 5)
increases in functional excitatory connectivity and 6) hyperexcitability in neocortical
networks in vitro. We did not assess the time of onset of these neocortical abnormalities;
however, it is likely that some are present early post-FSE (Collins and Olney, 1982;
Meldrum and Brierley, 1972). These changes persisted for at least 30d post-FSE and were
significantly reduced by 7 days of GBP treatment beginning on the day of FSE.

4.1. Neuronal injury after neocortical status epilepticus

As reported in other epilepsy models and in human temporal lobe epilepsy, SE can induce
cell loss or alterations in function and structure of surviving neurons (Buckmaster et al.,
2017; Cavazos et al., 1994; Du et al., 1995; Du et al., 1993; Zhang and Buckmaster, 2009).
Our results document loss of ~53% of all neurons in the affected area (Fig. 2) and ~ 37% of
PV inhibitory neurons 10d post-FSE (Fig. 7). Reductions in PV neurons 30d post-FSE were
not significantly different from those at 10d, suggesting that inhibitory cell loss was not
progressive, at least over several weeks. Both cell death and decreases in PV
immunoreactivity may have contributed to decreased density of PV-IR neurons (e.g.
(Kawaguchi and Kondo, 2002; Rosen et al., 1998) and associated reduction in mIPSC
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frequency (Fig. 7). It is possible that sprouting of inhibitory axons and compensatory
increases in inhibitory function occur at later times following FSE-induced injury, as in other
epilepsy models (Bausch, 2005; Peng et al., 2013) and human epilepsy (Bausch, 2005;
Magloczky, 2010). The loss of the excitatory neurons is offset by an increase in excitatory
synaptogenesis (Fig. 6) that is, in turn, associated with generation of epileptiform bursts in
slices. Sprouting of excitatory axons, as in other models of cortical injury and epilepsy (e.g.
(Kusmierczak et al., 2015; Salin et al., 1995; Tauck and Nadler, 1985), and/or increases in
neurotransmitter release at excitatory terminals (Faria et al., 2017), are potential
explanations for the apparent difference in effects of FSE on excitatory cell counts vs
excitatory synaptic activity. Immunoreactivity for heavy chain neurofilaments was markedly
increased in post-SE cortex (not shown), as an indication of axonal injury and sprouting
(Christman et al., 1997).

4.2. Focal SE leads to astrogliosis and release of astrocytic synaptogenic proteins

4.3. Status

Blood brain barrier breakdown (Ivens et al., 2007; Ralay Ranaivo and Wainwright, 2010;
Tomkins et al., 2007), such as occurs in SE, can result in entry of serum albumin that in turn
activates astrocytes and other processes that induce epileptogenesis (reviewed in (Friedman
et al., 2009). In this, as in other epilepsy animal models (Andresen et al., 2014; Li et al.,
2012; Rossi et al., 2017; Rossi et al., 2013; Seiffert et al., 2004), astrogliosis is prominent
and likely contributes to increased excitatory synapse formation, aberrant connectivity and
hyperexcitability through release of synaptogenic proteins (Christopherson et al., 2005;
Eroglu et al., 2009; Farhy-Tselnicker et al., 2017; Li et al., 2012; Risher and Eroglu, 2012),
such as TSPs that bind to their a281 receptors (Fig. 3). Our results show that FSE leads to
increases in both TSP2 and a.28-1, likely resulting in the increased number of putative
excitatory synapses (Risher and Eroglu, 2012; Risher et al., 2018). Overexpression of the
a.28-1 protein in the partial cortical isolation model and in transgenic mice is associated with
epileptiform activity and increased excitatory connectivity in in vitro slices, as well as
spontaneous EEG epileptiform activity and non-convulsive seizures in vivo (Faria and
Prince, 2010; Li et al., 2012). Other astrocyte-secreted proteins such as hevin (Kucukdereli
etal., 2011) and glypicans 4 and 6 (Farhy-Tselnicker et al., 2017) may contribute to
excitatory synaptogenesis in neocortical FSE and other models of cortical injury.

epilepticus promotes hyperexcitability in cortical networks

In the present study, the long-lasting increases in colocalized VGLUT1-IR and PSD95-IR
puncta, together with increased frequency of SEPSCs and mEPSCs and occurrence of
epileptiform burst activity, indicate the development of aberrant excitatory synaptic
connectivity within cortical networks. Decreased density of PV interneurons and the
frequency of mIPSCs, suggests that disinhibition contributes to the hyperexcitability, as in
other models (Gu et al., 2017; Jin et al., 2014; Sen et al., 2018) and in human epileptogenic
lesions (de Lanerolle et al., 1989; DeFelipe, 1999; Marco et al., 1996; Medici et al., 2016).
The increase in excitatory connectivity following neocortical FSE in these experiments is
common in other epilepsy models (Dancause et al., 2005; Marco and DeFelipe, 1997; Shao
and Dudek, 2004; Takahashi et al., 2016; Tauck and Nadler, 1985) and human epileptic
tissue (Marco and DeFelipe, 1997). Cortical injury and loss of excitatory neurons is
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accompanied by axonal sprouting, new excitatory connectivity, functional circuit
restructuring and abnormal network activity.

4.4. Comparable consequences of clinical and experimental FSE

Similarities between effects of FSE in this model and human FSE include injury to
interneurons and pyramidal cells), necrosis and gliosis in the SE focus and in its
interconnected brain areas, and development of hyperexcitability in some cases. Following
FSE, patients may develop brain lesions that can result in focal chronic epilepsy (Bartolomei
etal., 1999). It is often unclear whether the damage observed in the human brain post-SE is
due to a preexisting condition. However, Fujikawa et al. reported 3 clinical cases of FSE in
the absence of systemic complications or preexisting epilepsy in which there was
widespread gliosis and neuronal loss in hippocampus and other limbic structures, neocortex,
cerebellum and thalamus (Fujikawa et al., 2000). Some of the consequences of FSE in
humans are similar to those observed in this FSE mouse model. It is important to have
realistic animal models in which to study the consequences of a single episode of SE and
explore potential treatments to prevent injury, pileptogenesis and other long-term sequelae.

4.5. Gabapentin treatment prevents morphological abnormalities post-FSE

In addition to known actions to decrease excitatory synapse formation during development
(Eroglu et al., 2009), gGABApentin has multiple other effects in models of cortical and
hippocampal injury (Li et al., 2012); (Lau et al., 2017); (Rossi et al., 2017). In this FSE
model, GBP treatment resulted in a decrease of presumptive excitatory synapses
(colocalized VGLUT-PSD95-IR), as well as GFAP-, TSP2- and a.28-1-IR, assessed 10d
post-FSE. This reduction can be related in part to anti-synaptogenic effects of GBP through
binding to the a26-1 TSP receptor. Some effects of the GBP treatment were present at least
30d post-FSE (Figs. 3-6). Mechanisms underlying these long-lasting effects of relatively
brief treatment are unclear. During development, GBP interferes with newly-formed but not
well-established synapses (Eroglu et al., 2009). This might suggest that some of the
epileptogenic processes induced by FSE or other GBP-responsive cortical injuries (e.g.
(Andresen et al., 2014; Li et al., 2012; Rossi et al., 2013) are temporally restricted. It will be
important to determine whether anti-synaptogenic effects of GBP are limited to a critical
period post-injury.

4.6. Astrogliosis and GBP effects

Brain injury activates microglia that release chemokines and cytokines, known to induce
gliosis. Gabapentin treatment may suppress glial activation through several mechanisms,
including decreased release of fractalkine CX3CL1 (Yang et al., 2012), effects to reduce cell
death (Li et al., 2012), decreasing the alterations in blood-brain barrier (Rossi et al., 2017).
Gabapentin may also impair anterograde trafficking of a281 and reduce its cell surface
expression (Bauer et al., 2009).

Long-term functional consequences of prolonged seizure activity occur in this and in other
epilepsy models of SE, as well as in clinical SE (references above). Of interest will be
results of studies on potential behavioral changes in the post-FSE model and effects of GBP
as prophylactic treatment for alterations in behavior. It will also be important to obtain
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chronic recordings from implanted mice to determine whether the hyperactivity we found in
in vitro slices post-FSE is progressive and associated with behavioral seizures in vivo, as
occur following SE in man.

Gabapentinoids are protective against injury and antiepileptogenic in a number of models
(Andresen et al., 2014; Lau et al., 2017; Rossi et al., 2013), (reviewed in Klein, 2020) raising
the question of their potential use as prophylactic agents in man, e.g. following brain trauma,
other disease processes, or SE. Should gabapentinoids be used as prophylactic agents in
patients following an episode of status epilepticus? One fundamental issue regarding such
use is the potential role of new excitatory connectivity after injury as an adaptive response
that promotes recovery of function (e.g. Buchli and Schwab, 2005; Dancause et al., 2005;
Darian-Smith and Gilbert, 1994), vs a maladaptive one promoting epileptogenesis. Also,
more needs to be known about anatomical and functional consequences of FSE in structures
remote from the primary site of seizure activity, where new excitatory connectivity might
activate circuits that can suppress cortical excitability (Motelow et al., 2015).

5. Conclusions

In neocortical focal SE, seizures per se, without a prior cortical lesion, induce long-lasting
structural and functional abnormalities and epileptogenic activity through a variety of
pathophysiological mechanisms. Experimental results show that GBP treatment for 7d
following a prolonged episode of FSE, has long-term actions that limit maladaptive seizure-
induced excitatory synaptogenesis and other effects of SE. This and other reported
neuroprotective actions suggest that GBP may be a promising prophylactic drug to limit
consequences of severe and prolonged seizures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

FSE induced by focal convulsant drug application to somatosensory cortex. A: Experimental
timeline. B-C: EEG recordings from an anesthetized mouse before (B) and during focal
status epilepticus (C). Electrode placement shown in D. Indifferent electrode 4 over
cerebellum. Electrode 3 at site of gabazine/4AP epidural application (black box). Bursts of
epileptiform spike activity in C, lead 3-4, were accompanied by contralateral focal
myoclonic activity. C1-4 and 2—4: Low amplitude projected spikes (arrows) anterior and
contralateral to the focus. E: EEG power analysis during focal continuous spike activity
(black); compared to brain activity prior to drug application (gray).
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Fig. 2.
Decreased cortical neuronal density and thickness 10d post-FSE. A, B: Confocal images of

NeuN-labeled cortical sections of representative control (section A) and 10d post-FSE
(section B). Pial surface up (dashed white lines). Approximate centers of layers I, IV-VI
marked with Roman numerals. Decreased neuronal density in laminae of B. C: Plot showing
the mean number of neurons in the ROI in control (black) and 10d post-FSE (gray). Each
dot in plot: Mean number of neurons in one section; n: Number of analyzed sections. **: p
<.0L
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Fig. 3.

Gbp Cont SE30d Gbp

GBP treatment (100 mg/kg/day 3x /day x 7 d following FSE) reduces FSE-induced
expression of GFAP- and TSP-2-IR. A, D: Control confocal images through layer V of
GFAP-IR (red) and TSP-2-IR (green). Area in small white box in A is enlarged with
increased brightness and contrast in larger box (arrow) to show GFAP-IR. B, E: Sections
showing post-FSE reactive astrogliosis (GFAP) and increased TSP2-IR 10d and 30d post
SE. B1, E1: Area within boxes of B and E shown at higher magnification. White arrows:
TSP2-IR within reactive astrocytes. C,F: Sections comparable to B and E obtained 10d (C)
and 30d post SE (F) in mice treated with GBP for 7d post-SE. Area in small white box in C
is enlarged in larger box (arrow) to show GFAP-IR. G,H: Plots showing mean pixel area of
GFAP-IR and TSP-2 IR profiles as % of ROI area (200 x 200 pm?2). Each dot in G and H:

mean pixel area in one section. **: p < .01, ****: p<.0001.
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Fig. 4.
Increases in a28-1-IR (green) induced by FSE are blocked by GBP treatment. A-B: a.25-1-

IR in confocal images from layer V of control sections. Ai, Bi: a25-1-IR in layer V sections
10d and 30d post-FSE. Aii, Bii: a26-1-IR 10d and 30d post FSE from layer V in mice
treated with GBP x 7d (Methods). C, D: Plots show mean pixel areas of a25-1-IR profiles as
a % of ROl area (200 x 200 pm?). *: p< .1, ***: p< 001, ****: p < .0001.
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Fig. 5.

ngapentin reduces post-FSE increases in excitatory synaptic density to control levels. A-B:
Control confocal images from cortical layer V showing colocalizations between VGLUT-1-
(red) and PSD95-IR (green) (putative excitatory synapses: yellow pixels in white circles).
Ai, Bi: Dual VGLUT-1- and PSD95-IR 10d (Ai) and 30d post-FSE (Bi). Aii, Bii: Dual
VGLUT-1 and PSP95 10d (Aii) and 30d (Aii) from mice treated with GBP for 7d post-FSE
(Methods). C, D: Plots showing mean pixel area of VGLUT-1 and PSD95 colocalization as a
% of 40 x 40 pm? grids. Each dot: Mean number of neurons in one section; n: Number of
analyzed sections. *: p <.1, **: p < .0L.

Neurobiol Dis. Author manuscript; available in PMC 2021 April 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Perez-Ramirez et al.

Page 22
sEPSCs mEPSCs
Control Control
A T i) a1 a s - e I P w gt
SE+10d SE+10d
B . L F ke 1) AL Rl | { e J T A Y u e g
SE + GBP SE + GBP
C b 1 R e B K.. P s o i S o i
D Control Control
|~. ko] Fer * L el 1 e v Ve _’_"'|‘- g il
SE+30d SE+30d °PAL—
E Y i sl T M e ’ I ’ S—— .
SE + GBP SE + GBP
T — N G B o
G H o P
N2 N1z k% ﬁ N 12 N2
3.:_ 9 * Es E 9 E"
Q31 & = : oo [ o , 28 osl .. o -
Cont SE10d GBP Cont SE30d GBP Cont SE10d GBP Cont SE30d GBP
Fig. 6.

FSE-induced increases in frequency of SEPSCs and mEPSCs return to control levels after
GBP treatment. A-H: Analysis of SEPSCs. A-C: representative 10s recordings of SEPSCs in
control (A), 10 d post-FSE (B), and 10d post-FSE + GBP treatment (C). D- F: Asin A, B, C,
30d post-FSE. G: Plots of mean SEPSCs frequency in control, 10d post SE and 10d post SE
+ GBP treatment. H: As in G 30d + GBP treatment. 1-P: Analysis of mEPSCS in TTX (1
pum). I-K: As in A-C, for mEPSCs 10d after FSE. L-N: Representative mEPSCs in control
(L), 30d post-FSE (M), and 30d post-FSE + GBP treatment (N). O, P: Plots showing mean
mEPSC frequency increases 10 and 30d after FSE. GBP reduced the FSE-induced increases
in both SEPSCs and mEPSC frequency to control levels. All recordings from layer V4 in the
affected area. Calibrations in L: 10pA, 1 s for all traces; *: p <.1, **: p <.01, ***; p<.001.

Neurobiol Dis. Author manuscript; available in PMC 2021 April 29.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perez-Ramirez et al.

“Control u “Control

FSE+10d FSE+30d:

e 50 *k F 50- —
2 40+ OE. g 401
2 — S
3 304 ...- . g 304 .
; 20+ o 20 a® ; 20- ﬁ;_
- ~ver
o 40 o 0. 1o- o
o 1.5 1.2 " ' 8
Control FSE 10d Control FSE 30d
Control
G
FSE 10d
aopal__
e —~80, 100ms
N
§15 -1 820_ ——
g1°' *k §
8 5 1% | 16
™ 16 <
0 ; ()} :
Control FSE 10d Control FSE 10d
Fig. 7.

Density of PV-containing interneurons is decreased 10 and 30d after FSE. A, C: Confocal
images of PV interneurons (green: PV-IR) in all cortical layers in confocal sections from
control mice. B, D: Comparable sections through layer V5 10d (B) and 30d post-FSE (D).
Layer VI is on left and pial surface (dashed lines) to right. E, F: Plots showing mean number
of PV-IR neurons in control (black), 10 d (E) and 30d post-FSE (gray) (F). G: mIPSCs
recorded in TTX from layer V5 of the affected area in control (upper trace) and 10 d post-
FSE (lower). H, I: frequency (H) but not the amplitude (1) of mIPSCs was decreased 10 d
post-FSE; numbers in bars: number of recorded cells. **: p < .01.
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Fig. 8.
Epileptiform local field potential recordings evoked at threshold stimulus intensity after FSE

induction. A-G, examples of recordings from layer V in control (A, E), 10d post-FSE (B, C),
30d post-FSE (D, F) and 100d post FSE (G). D, representative spontaneous epileptiform
discharge with superimposed unit activity 30d post-FSE. H1,2: % of Mice with bursts: Pie
charts showing percentage of all mice recorded in which there was at least one burst-
generating slice (gray sector) 10d (H1) and 30d post-FSE (H2). H3-4: percentage of
bursting slices in the total number of slices recorded 10 (H3) and 30d post-FSE (H4). I, J:
Mean coastline index comparing control (black) and epileptiform potentials (gray) at 10 (1)
and 30 d post-FSE (J); *: p < .1, ****: p <.0001.
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Table 1

Results of protein density imaging: mean pixel area as a percentage of ROI in cortical layer V 10 d post-FSE
induction, including SEM. Number of analyzed sections is reported in column n. This table is based on 6 mice
for control, 6 mice for FSE + saline, and 7 mice for FSE + GBP.

10 days Control FSE + saline FSE + GBP

Mean (%) n Mean (%) n Mean (%) n

GFAP-IR 21+08 20 g2+07"* 28 15+03™" 28
TSP2-IR 06+04 11 39:09™ 8 ogzos4™ 1
a28-1-IR 2307 T g4p* 15 11403 1

VGLUTLPSDYS 073+0.1 13 1g+02* 14 ga+01™ 7
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Table 2

Results of protein density imaging: mean pixel area as percentage of ROl in cortical layer V 30 d post-FSE
induction, including SEM. Number of analyzed sections is reported in column n. This table is based on 7 mice
for control, 6 mice for FSE + saline, and 7 mice for FSE + GBP. Asterisks: significance as reported in Table 1;
ns = not significant.

30days Control FSE + saline FSE + GBP

Mean (%) n Mean (%) n Mean (%) n

GFAP-IR 1+03 15 38+12** 12 28x05(ns) 26
TSP2-IR 03+0.1 8 51+£28** 6 3.3+1(ns) 12
a28-1-IR 02+0.1 8 10.9+3*** 5 1.9+0.8* 15

VGLUT1/PSD95 0.9+0.3 15 1.9+04* 14 04+0.1** 12
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Page 27

Mean frequency (black) and amplitude (dark gray) of evoked (s) and mEPSCs, 10 d post FSE. Number of

recorded cells is reported in column n. Significance reported on Table 1; ns = not significant.

10 days post-FSE

Experiment Control FSE + saline FSE + GBP
Mean n Mean n  Mean n
SEPSCs (Hz) 24+021 10 4.04+x06* 6 13x0.3** 13
SEPSCs (pA)  108+1 10 87+1(ns) 6 112+1(ns) 13
mEPSCs (Hz) 0.9+0.2 6 17+£02** 6 0501 11
MEPSCs (pA) 108+1 6 87+1(ns) 6 94=x1(ns) 11
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Table 4

Page 28

Mean frequency (black) and amplitude (dark gray) of evoked (s) and mEPSCs, 30 d post FSE. Number of

recorded cells is reported in column n. Significance reported on Table 1; ns = not significant.

30 days post-FSE

Experiment Control FSE + saline FSE + GBP

Mean n Mean n Mean n
SEPSCs (Hz) 2303 18 6.1x09*** 15 22x0.7** 6
SEPSCs (pA) 94+1 18 92+06(ns) 15 105+12(ns) 6
mEPSCs (Hz) 14+03 15 24+0.3* 16 04+0.1** 7
MEPSCs (pA) 89+2 15 84+1(ns) 16 10.3+13(ns) 7
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