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Abstract

Memory deficits have a significant impact on the quality of life of patients with epilepsy and
currently no effective treatments exist to mitigate this comorbidity. While these cognitive
comorbidities can be associated with varying degrees of hippocampal cell death and hippocampal
sclerosis, more subtle changes in hippocampal physiology independent of cell loss may underlie
memory dysfunction in many epilepsy patients. Accordingly, animal models of epilepsy or
epileptic processes exhibiting memory deficits in the absence of cell loss could facilitate novel
therapy discovery. Mouse corneal kindling is a cost-effective and non-invasive model of focal to
bilateral tonic-clonic seizures that may exhibit memory deficits in the absence of cell loss.
Therefore, we tested the hypothesis that corneal kindled C57BL/6 mice exhibit spatial pattern
processing and memory deficits in a task reliant on DG function and that these impairments would
be concurrent with physiological remodeling of the DG as opposed to overt neuron loss. Following
corneal kindling, C57BL/6 mice exhibited deficits in a DG-associated spatial memory test — the
metric task. Compatible with this finding, we also discovered saturated, and subsequently
impaired, LTP of excitatory synaptic transmission at the perforant path to DGC synapse. This
saturation of LTP was consistent with evidence suggesting that perforant path to DGC synapses in
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kindled mice had previously experienced LTP-like changes to their synaptic weights: increased
postsynaptic depolarizations in response to equivalent presynaptic input and significantly larger
amplitude AMPA receptor mediated spontaneous EPSCs. Additionally, there was evidence for
kindling-induced changes in the intrinsic excitability of DGCs: reduced threshold to population
spikes under extracellular recording conditions and significantly increased membrane resistances
observed in DGCs. Importantly, quantitative immunohistochemical analysis revealed hippocampal
astrogliosis in the absence of overt neuron loss. These changes in spatial pattern processing and
memory deficits in corneal kindled mice represent a novel model of seizure-induced cognitive
dysfunction associated with pathophysiological remodeling of excitatory synaptic transmission
and granule cell excitability in the absence of overt cell loss.
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Introduction

Epilepsy is a neurological disorder that affects one in 26 individuals worldwide (Hesdorffer
et al., 2011). Besides spontaneous recurrent seizures, patients with epilepsy frequently
experience behavioral, emotional, and cognitive comorbidities (Jensen, 2011). For example,
approximately one in four individuals with temporal lobe epilepsy exhibit cognitive
impairment during neuropsychological evaluation, most notably on memory tests (Hermann
et al., 2006). These cognitive comorbidities are increasingly recognized as an equal (or even
more disabling) part of epilepsy; cognitive dysfunction does not universally disappear once
seizures are well controlled which leads to a poor quality of life for patients and their
families, even in the absence of seizures (Jacobs et al., 2009). Furthermore, there are
currently no treatments for memory deficits experienced by patients with epilepsy
(Giovagnoli and Avanzini, 2000; Hrabok et al., 2013). Accordingly, the NINDS Epilepsy
Research Benchmarks recognizes this as a significant challenge and calls for increased
efforts aimed at establishing animal models that will in turn aid in the development of
optimal treatments for cognitive comorbidities in epilepsy (Kelley et al., 2009; Long et al.,
2016). The discovery of treatments for this constellation of debilitating cognitive symptoms
would be greatly facilitated by such animal models and an improved understanding of the
underlying pathophysiology contributing to these symptoms.

When considering the pathophysiology of memory dysfunction in epilepsy, neuron death
and atrophy of the hippocampus may be a reasonable underlying cause in many cases.
Indeed, patients with temporal lobe epilepsy (TLE) exhibit varying degrees of cell death and
hippocampal sclerosis (HS) (see review (de Lanerolle et al., 2012)), and similar neuronal
damage can be recapitulated in a number of animal models (Chauviére et al., 2009; Covolan
and Mello, 2000; Friedman et al., 1994; Groticke et al., 2008; Rao et al., 2006). However,
not all epilepsy patients with memory impairment have severe hippocampal damage (Aikia
et al., 1995; Giovagnoli and Avanzini, 1999; Lah et al., 2014; Loiseau et al., 1983; Martins
et al., 2015), and hippocampal cell loss with or without HS is not always associated with
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memory impairment (L. H. Castro et al., 2013; C. S. M. Schmidt et al., 2015). Moreover,
associations between hippocampal volume loss and performance on memory tests are highly
variable (Aiki4 et al., 2001). These observations suggest, at least in some epilepsy patients
(e.g. cryptogenic TLE), more subtle changes in hippocampal physiology may underlie
memory dysfunction, and this patient population in particular might be expected to benefit
most from pharmacological therapies aimed at restoring normal memory. Thus, a better
understanding of these physiological changes is needed, and animal models of epileptic
processes that exhibit memory dysfunction without overt cell loss or HS would be
particularly useful.

Rodent kindling models that employ direct electrical stimulation of limbic structures may
represent an ideal model of human complex partial seizures (focal aware or impaired
awareness seizures, (Fisher et al., 2017)) with comorbid memory dysfunction. However, the
underlying pathological changes leading to memory dysfunction in these models can vary
considerably depending on the age of the animal, the location of stimulation, and the extent
of kindling (Hannesson and Corcoran, 2000; Morimoto et al., 2004). While some kindling
studies employing direct electrical stimulation methods report minimal neuronal loss
(Brandt et al., 2004; Haas et al., 2001; Singh et al., 2013; Tooyama et al., 2002), others
report striking neuronal loss, sometimes resembling hippocampal sclerosis, after more
extensive kindling protocols (Cavazos et al., 1994; Cavazos and Sutula, 1990; Chen et al.,
2010; Sutula, 1990). Furthermore, all of these models suffer from the time- and labor-
intensive nature of invasive electrode implantation surgeries and post-operative care.
However, the corneal kindling model of seizures in mice, which has been validated as a
rapid screening model of partial limbic seizures that secondarily generalize in humans (focal
to bilateral tonic-clonic seizures, (Fisher et al., 2017)), has become a useful tool in the
discovery of novel anti-seizure drugs, in part, because of its non-invasive, cost-effective and
relatively easy methodology (Matagne and Klitgaard, 1998; Potschka and Ldscher, 1999;
Rowley and White, 2010).

While the pharmacological responsiveness of corneal kindled seizures in CF1 mice has been
thoroughly examined and shown to both correlate well with that of the hippocampal kindled
rat and be consistent with human focal limbic seizures (Rowley and White, 2010), their
cognitive comorbidities and underlying pathophysiology are only now beginning to be
examined. Recently, corneal kindled CF1 mice were shown to be cognitively
indistinguishable from control mice in a behavioral paradigm that relies on both
hippocampal and extra-hippocampal areas — the novel object/place recognition task (Barker-
Haliski et al., 2016). Additionally, Loewen et al., (2016) recently reported that corneal
kindled CF1 mice do not exhibit neuronal loss within the hippocampus but do exhibit
significant astrogliosis in both area CA1 and the dentate gyrus (DG). These reactive
astrocytes indicate that corneal kindled seizures may induce pathological changes in
important hippocampal areas such as the DG; the full nature of these changes, and whether
they are beneficial or detrimental, remains to be determined. Taken together, these data
suggest that corneal kindled mice lack overt hippocampal neuron loss and, despite showing
no cognitive dysfunction in a task that relies on extra-hippocampal function, may yet still
exhibit cognitive dysfunction in other tests of learning and memory that rely heavily on
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hippocampal function. Furthermore, it is unknown whether corneal kindling in other strains,
particularly C57BL/6 mice, similarly spare hippocampal neurons.

In the present study, we tested the hypothesis that corneal kindled C57BL/6 mice exhibit
spatial pattern processing deficits in a task reliant on DG function and that these
impairments are concurrent with physiological remodeling of the DG as opposed to overt
neuron loss. To accomplish this, we evaluated neurodegeneration in the hippocampus of
corneal kindled C57BL/6 mice as well as their performance in a DG-mediated spatial pattern
processing test that relies on the rodents’ natural tendencies to explore changes in the
distance between two objects — the “metric task” (Ennaceur, 2010; Goodrich-Hunsaker et al.,
2008; Lee et al., 2005). Next, we examined physiological changes in the DG of corneal
kindled mice that may contribute to memory impairment. We used /in-vitro extracellular and
whole-cell patch-clamp electrophysiology to evaluate changes in synaptic transmission,
granule cell excitability, short- and long-term synaptic plasticity (paired pulse depression,
post-tetanic potentiation, and long-term potentiation), and saturation of LTP in the DG. Our
results demonstrate that corneal kindled C57BL/6 mice, in the absence of overt cell loss,
exhibit DG-associated cognitive deficits associated with pathophysiological remodeling of
excitatory synaptic transmission and granule cell excitability that is consistent with
saturation of LTP at the perforant path — dentate granule cell synapse.

Fifty, five- to six-week-old male C57BL/6 mice (15-20 g, Charles River, Raleigh, NC,
U.S.A.) were used in this study. The first cohort (n = 20) of mice was used for the metric
task, immunofluorescence, and synaptic plasticity experiments. The second cohort (n = 20)
was used for basal synaptic transmission and patch-clamp electrophysiology experiments.
The third cohort (n = 10) was used for LTP saturation experiments. All experiments were
conducted between three days and 2 weeks after kindling. All mice were group housed in a
light- and temperature-controlled (12 h on/12 h off) environment and permitted access to
food and water ad /ibitum throughout the study. All experiments were conducted in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals and approved by the University of Utah Institutional Animal Care and Use
Committee. All efforts were made to minimize the number and suffering of animals used.

Corneal Kindling

C57BI/6 mice were corneal kindled using a protocol adapted from CF1 mice (Rowley and
White, 2010). Briefly, a 0.9% saline solution containing 0.5% tetracaine hydrochloride was
applied to each eye to provide local anesthesia and electrical conductivity. Mice were
stimulated twice daily (4 h apart) with corneal stimulation of 1.5 mA (60 Hz) for 3 s. Mice
were considered fully kindled when five consecutive stage five seizures were achieved
according to a modified Racine scale (Racine, 1972): 0 = no reaction or immobility; 1 = jaw
clonus; 2 = myoclonic twitches in the forelimbs and head nodding; 3=clonic convulsions in
the forelimbs; 4 = clonic convulsions in the forelimbs with rearing and falling; and 5 =
generalized clonic convulsions associated with loss of balance. Mice were stimulated daily
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until 5 d before being evaluated for memory deficits and stimulated once three days before
beginning electrophysiology experiments to confirm persistence of the fully-kindled state.
Additionally, control mice were also brought into the kindling facility and handled but not
stimulated.

Habituation for the metric task began three days after ceasing daily kindling stimulation. At
the start of each day, one cohort of mice (n = 10 kindled, n = 10 control, 20-25 g) was
acclimated to the testing room for 1 h prior to behavioral testing. Mice were then
individually habituated to a square plexiglass arena (40 L x 40 W x 60 H cm) for two
consecutive days by freely exploring the testing arena for 10 min. Animals were then placed
into an empty holding cage for 5 min, and returned to the arena for an additional 5 min of
exploration. During habituation, the arena contained two objects in separate locations that
were not used during testing and were not moved during habituation. Distinct visual spatial
cues were always located 15 cm from each side of the arena. On day 3, testing was
conducted in 3 phases (see Fig. 2 panel A for schematic): during phase 1 (acquisition), mice
were individually allowed to explore the arena that contained two dissimilar objects placed
30 cm apart for 15 min. In Phase 2 (delay), the animal was removed from the arena and
placed in a holding cage for 5 min, while the arena underwent a minimal cleaning protocol
to wipe up any feces and exchange the objects for a duplicate pre-cleaned pair, with the
objects now placed 8 cm apart. During phase 3 (testing), the mouse was placed back in the
arena for an additional 5 min. Before each trial, the arena and four objects (a duplicate pair
of dissimilar objects) were pre-cleaned with a 4% HDQ solution.

During testing, animals were tracked using EthoVision software (Noldus, Leesburg, VA,
U.S.A)). An observer who was blinded to the experimental group manually scored object
exploration. Exploration was defined as investigative behavior, where the mouse was
orienting its head towards the object when within 2 cm of the object, or touching or smelling
the object with its nose, whiskers, or forepaws. A mouse that was climbing on the objects, or
in close proximity without actively attending to the objects, was not counted as exploration.
Throughout phases 1 and 3, total object exploration time, regardless of which object was
being explored, was recorded in 300 second epochs and averaged by experimental group.
Performance was also expressed as a recognition index (RID):

(object exploration) .. —(object exploration), . uisition 10— 15 min

RID=

(object exploration ). +(object exploration),, . uisition 1015 min

RIDs were calculated for each mouse and averaged by treatment group.

Immunofluorescence

All immunohistochemistry was performed as reported by Loewen et al., (2016). Briefly, four
mice (20-259) per treatment group were anesthetized and transcardially perfused with 0.1M
phosphate-buffer solution (PBS) followed by 4% paraformaldehyde (PFA). Brains were
removed, post-fixed in 4% PFA at 4°C for 7 hours, transferred to a 15/30% sucrose gradient
for cryoprotection, and frozen on dry ice. Next, brains were coronally cut on a freezing stage

Neurobiol Dis. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Remigio et al.

Page 6

microtome (Leica Microsystems, Buffalo Grove, IL, U.S.A) into 25 pm-thick sections
through dorsal hippocampus and stored in 0.1M PBS at 4°C. Sections immediately caudal to
the septum (3 sections/animal for each stain; 4 animals/treatment group) from corneal
kindled and control animals were slide mounted and batch processed. First, sections were
washed three times with 0.1 M PBS and blocked with 0.25% bovine serum albumin and
0.2% Triton X-100 in PBS for one hour. Sections were then incubated with NeuN 555
MAB377A5 (1:500, EMD Millipore LLC, Billerica, MD, U.S.A.) and GFAP C9205
(1:1000, Sigma-Aldrich, St. Louis, MO, U.S.A.) for two hours. All slides were then
counterstained with DAPI D9542 (1:100, Sigma-Aldrich), rinsed in 0.1M PBS and
coversliped with ProLong® Gold antifade reagent (Thermo Fisher Scientific, Grand Island,
NY, US.A)).

Imaging and Analysis

Images were captured with a Nikon Al confocal microscope (Nikon Instruments, Melville,
NY, U.S.A.) using 20x/NA 1.0 air and 60x/NA 1.0 oil immersion objectives and analyzed
utilizing NIS Software. Briefly, the left dorsal DG, hilus, and CA1 were identified using a
100 W halogen lamp and a filter set for DAPI to avoid selection bias. Once the region was
selected, laser-scanning mode was used to collect images in the z-axis. A minimum of 12 z-
stack optical images (1 um thick) were imaged for each stain from triplicate sections.

Raw grey scale 16-bit images from the channel of each cell marker (NeuN and GFAP) were
utilized to perform quantification analysis. To remove bias in the analysis, an automated
macro created using ImageJ software (National Institutes of Health) was utilized (Loewen et
al., 2016). The total field area stained by each cell marker was measured for each optical
section through the stained tissue section. These values were then averaged for each tissue
section and averaged by treatment group and brain region.

Hippocampal Brain Slice Preparation

Acute hippocampal brain slices were prepared daily as described previously (West et al.,
2014) from either a kindled or control mouse beginning no fewer than 3 d-post kindling.
Briefly, mice (20-25 g) were anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and
brains were rapidly removed and submerged in ice-cold (4°C) oxygenated sucrose-based
artificial cerebral spinal fluid (ACSF) bubbled with 95% O,/5% CO,. Sucrose-based ACSF
contained the following (in mM): Sucrose (200.0), KCI (3.0), NayPO4 (1.4), MgSOy4 (3.0),
NaHCO3 (26.0), glucose (10.0), and CaCls (0.5). The pH and osmolarity of the sucrose-
based ACSF were adjusted to 7.30-7.35 and 290-300 mOsm, respectively, before each
experiment. Next, coronal brain slices (350um) containing dorsal hippocampus were cut
using a vibrating microtome (VT1000S, Leica Microsystems Inc.). Slices were then
transferred to oxygenated standard ACSF and incubated for 2 h at room temperature prior to
recording. Standard ACSF was made from the same recipe as sucrose-based ACSF, only
sucrose was replaced with NaCl (126.0 mM), the MgSQO,4 concentration lowered to 1.0 mM,
and the CaCl, concentration raised to 2.5 mM.
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Brain Slice Electrophysiology - Extracellular

Extracellular field excitatory post-synaptic potentials (FEPSPs) were recorded by
transferring eight coronal brain slices containing dorsal hippocampus from either
hemisphere into the integrated brain slice chambers (IBSCs) of the Scientifica Slicemaster
(Scientifica, Ukfield, East Sussex, U.K.), a high throughput semi-automatic brain slice
recording system, which conducts separate but simultaneous recordings (Stopps et al.,
2004). All slices were perfused with regular ACSF (2 mL/min) at 30°C. For LTP
experiments, ACSF contained 10 uM picrotoxin (PTX). Twisted Nichrome-Formvar
stimulating electrodes were placed in the middle-third of the molecular layer in the upper
blade of the DG to stimulate the medial perforant path; recording electrodes were placed in
the middle-third of the molecular layer approximately 400 — 600 um away from the
stimulating electrode. Input/output (I/O) relationships were measured by incrementally
stimulating for 100 ps in 0.5 V steps until a population spike was observed or 20 V
maximum stimulus intensity was reached. Data were acquired using pClamp 10 interfaced to
a Digidata 1550A data acquisition board (Molecular Devices, Sunnyvale, CA, U.S.A.) at a
sampling rate of 10 kHz, low-pass filtered at 1 kHz, and high-pass filtered at 3 Hz. The
magnitude of the fEPSP was determined by measuring the 20-80% slope of the rising phase
and expressed as an average for each stimulation strength by treatment group.

Long-term potentiation of excitatory synaptic transmission—After obtaining
fEPSPs and conducting 1/0 curves, baseline stimulation strength was set to 50% and slices
received one stimulation pulse every 30 s. Once stable baselines were obtained for 30 min
(maximum allowable fEPSP amplitude drift + 20%), LTP was induced via theta-burst
stimulation (TBS) (pulse duration = 200 ps; intra-train frequency = 100 Hz; inter-train
frequency = 5 Hz; 4 trains of 4 pulses = 1 burst; 4 bursts with an inter-burst interval of 20 s).
LTP induction was then followed by 60 min of single stimulation pulses every 30 s. To
assess saturation of LTP, an additional 4 LTP induction stimuli (TBS), starting at 60 minutes
after the initial TBS and occurring every 15 minutes, were delivered. Single stimulation
pulses were then delivered for an additional 30 minutes and the potentiation of fEPSP slope
(at 135 minutes) was directly compared to the potentiation achieved by a single TBS (at 60
minutes). All fEPSPs were normalized to the average slope of the last 5 fEPSPs prior to the
first TBS.

Short-term plasticity of excitatory synaptic transmission—To explore changes in
presynaptic short-term plasticity, the baseline stimulation strength was set to 50% of the
range between the minimum and maximum detectable fEPSP (as indicated by the
appearance of a population spike during I/O curves) and a paired-pulse protocol was
conducted where an initial stimulus was given, followed by a second pulse with an inter-
pulse interval ranging from 25-300 ms, in sequentially increasing 25 ms intervals; each
paired-pulse was separated by a 30 s interval. Paired-pulse ratio (PPR) was quantified as a
percentage by dividing the slope of the second pulse by the slope of the first and expressed
as an average for each interval by treatment group.
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Brain Slice Electrophysiology - Voltage-clamp

To evaluate the effects of kindling on excitatory and inhibitory synaptic transmission onto
DG granule cells (DGCs), the whole cell patch clamp technique was used for voltage clamp
recordings. An individual brain slice from dorsal hippocampus was transferred to a
perfusion chamber (RC-27L, Warner Instruments, Hamden, CT, U.S.A.), held between two
nylon nets, and perfused with oxygenated ACSF (2 mL/min) at room temperature. Patch
electrodes (2.5-3.5 MQ) were filled with the following internal solution (in mM): Cs
Methanesulfonate (CH3CsOs3S, 140.0), HEPES (10.0), EGTA (1.0), CaCl, (0.5), Glucose
(10.0), ATP (2.0), GTP (0.5), and QX-314 (5.0)-300 mOsm, pH=7.30 (CsOH). Cells were
“blindly” patched by forming tight seals (4-8 GQ) with cells located in the GC layer of the
DG. All recordings were performed using a Multiclamp 700 B amplifier and the pClamp 10
(Clampex) software package interfaced to a Digidata 1440 A digitizer (Molecular Devices);
recordings were digitized at 10 kHz and filtered at 1 kHz. For recording spontaneous
excitatory and inhibitory post-synaptic currents (SEPSCs & sIPSCs), cells were held at —70
mV and 0 mV, respectively. Access and membrane resistance, temperature, and holding
current were monitored in 30 s increments; changes in these parameters >20% rendered a
cell excluded from analysis. The amplitude, interevent interval (IEI), length, and time
constants for SEPSCs and sIPSCs were analyzed using Mini Analysis Program v6.0.1
(Synaptosoft, Decatur, GA, U.S.A.) with the amplitude threshold for events set to 10 pA. All
measurements were obtained by averaging amplitude, IEI, length or time constant from a 30
s recording epoch for each cell after recording for 15 min at either =70 mV or 0 mV.
Measurements from each neuron were then averaged by experimental group.

Statistical Analysis

Results

All numerical values were expressed as the mean + SEM, and all error bars on graphs
represent SEM, except for the immunofluorescence data represented by box and whisker
plots. Metric task, immunofluorescence, and patch-clamp data were compared using a two-
tailed Student’s t-test. LTP and PPR data were compared using a repeated measure two-way
ANOVA, and I/O curves were compared using repeated measure two-way ANOVA or linear
regression. Brain slice physiology replicates are represented by # slices/# animals. All
statistical analyses were preformed using GraphPad Prism V5.0c (GraphPad Software, San
Diego, CA); *, **, or *** indicate a p-value of <0.05, <0.01, and <0.001, respectively.

Corneal kindling in C57BL/6 mice

To model the development of seizures in C57BL/6 mice, we corneal kindled three cohorts of
mice (n = 25) by stimulating twice daily until each mouse had achieved at least five
consecutive stage five seizures (Racine, 1972; Rowley and White, 2010). Our kindling
paradigm illustrates that C57BL/6 male mice were fully kindled by stimulation #26 on day
13 (Fig. 1A). We also stimulated two of these cohorts of mice (n = 15) two weeks later to
ensure they were still kindled 3 d prior to beginning electrophysiology experiments. Despite
using a stimulus strength (1.5 mA) half of that used for corneal kindled CF1 mice (30 mA),
C57BL/6 mice developed fully kindled stage 5 seizures in response to a similar number of
stimulations as seen in CF1 mice (Rowley and White, 2010).

Neurobiol Dis. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Remigio et al. Page 9

Corneal kindled mice exhibit DG-dependent spatial memory deficits

Three days following cessation of kindling stimuli, corneal kindled and control mice (n=10
per group) were habituated and tested for spatial memory impairments in the metric task
(Goodrich-Hunsaker et al., 2008; Lee et al., 2005) (Fig. 2A). Corneal kindled mice spent
significantly less time exploring the objects in the spatially-novel test configuration
compared to non-stimulated control mice (Fig 2B; control: 39.7 + 5.4 sec, kindled: 21.6

+ 4.4 sec, p < 0.05, t test). Additionally, corneal kindled mice had a significantly lower
average RID compared to non-kindled mice (Fig 2C; control RID: 0.40 £ 0.06, kindled RID:
-0.02 £ 0.11, p < 0.01, t test). We also quantified distance traveled and found no significant
differences between corneal kindled and control mice (p > 0.05, t-test). These results
indicate that corneal kindled mice exhibited impaired spatial pattern processing when
performing a behavioral test that relies on proper DG function.

Corneal kindled mice exhibit astrogliosis in the absence of overt hippocampal cell loss

To determine whether corneal kindled mice exhibit cell loss or astrogliosis in the DG and
CA1, we performed immunofluorescence staining for both neuronal nuclear antigen (NeuN),
a neuron specific protein (Kim et al., 2009), and glial fibrillary acidic protein (GFAP), a
marker for astrocyte activation (Anderson et al., 2014), on sections from both corneal
kindled and non-kindled control mice (n=12 sections from four mice/group). Quantification
of NeuN reactivity in the DG granule cell (DGC) layer revealed there was no significant
difference between kindled and control animals (Fig 3A-C), whereas GFAP
immunoreactivity was significantly increased (Fig 3D, GFAP area, control: 8050 + 485.7
um?; kindled: 12271 + 515.8 um?, p < 0.001, t test). Additional quantification of NeuN
reactivity in the hilus revealed no difference between kindled and control animals (Fig 3E,
F).

We also quantified NeuN and GFAP expression in hippocampal area CAL. Quantification of
NeuN reactivity revealed there was no significant difference between kindled and control
animals (Fig 4A-C), whereas GFAP immunoreactivity was significantly increased (Fig 4D,
GFAP area, control: 8945 + 497.7 pm?; kindled: 11296 + 387.8 um?, p < 0.01, t test).
Together, these results suggest that corneal-kindled C57BL/6 mice exhibit increased
astrocyte activation in the DG and CA1 in the absence of overt neuron loss, consistent with
results found in corneal kindled CF1 mice (Loewen et al., 2016).

Long-term potentiation is attenuated in the dentate gyrus of corneal kindled mice

To evaluate long-term synaptic plasticity in the DG of corneal kindled mice, we examined
TBS-induced LTP at the medial perforant path to DGC synapse in acute hippocampal brain
slices from kindled and control mice. This LTP induction stimulus also induces an
intermediate form of plasticity known as post-tetanic potentiation (PTP). PTP decay time
constants (tau) were evaluated in brain slices from both control and kindled mice and were
not significantly different (Control: tau = 18.4 min, 95% CI 15.5 — 22.5 min; Kindled: tau =
17.2 min, 95% CI 13.8 — 22.7 min). However, kindled mice exhibited significantly reduced
LTP compared to control mice 30-60 min following TBS (Fig 5A: Control: 146.1 + 5.4%,
n=29/5; kindled: 117.6 + 3.5%, n = 33/5 animals; F(1 50) = 23.89, p < 0.0001, two-way
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repeated-measures ANOVA). These results demonstrate that corneal kindled mice have
impaired long-term synaptic plasticity at excitatory synaptic inputs onto DGCs.

The attenuated LTP observed in kindled mice may be the result of saturation of synaptic
plasticity; kindling stimuli may induce LTP-like plasticity at these, as well as other, synapses
and produce a “ceiling-effect” where additional potentiation of synaptic strength is not
possible. Indeed, this saturation effect in response to both experimental and pathological
conditions has been observed by others (E. I. Moser et al., 1998; E. I. Moser and M. B.
Moser, 1999; Schubert et al., 2005; Weng et al., 2011). To test this hypothesis, four
additional LTP induction stimuli (TBS), spaced in 15 minute increments, were delivered
starting 60 minutes after the first TBS (Figure 5B). As can be observed in brain slices from
control mice, these additional stimuli do induce a significant further potentiation of synaptic
strength (Fig 5B: Control at 60 min: 140.2 + 7.4%, Control at 135 min: 172.6 + 12.2%,
n=16/3, p=0.0306, unpaired t test). However, in brain slices from kindled mice, these
additional stimuli do not induce a significant further potentiation of synaptic strength (Fig
5B: Kindled at 60 min: 116.7 + 3.9%, Kindled at 135 min: 115.1 + 7.1%, n=16/3, p=0.8433,
unpaired t test). These results indicate that LTP is largely saturated in corneal kindled mice
such that further potentiation via experimental stimuli (TBS) is constrained.

Basal synaptic transmission and granule cell excitability are strengthened in the dentate
gyrus of corneal kindled mice

To further explore potential alterations in synaptic transmission in this model of focal limbic
seizures, we examined basal synaptic transmission at the medial perforant path to DGC
synapse in acute hippocampal brain slices prepared from kindled and control animals (n =
14/2 per group). fEPSPs obtained during acquisition of input/output (1/0) relationship
curves revealed an increased post-synaptic response at equivalent stimulation strengths in
kindled mice (Fig. 6B; stimulation strengths 10 — 20 V, F(y, 25y = 4.309, p = 0.0483, two-way
repeated measures ANOVA). To further explore this relationship and rule out potential
confounds associated with slice to slice stimulation variability, we plotted fEPSP response as
a function of presynaptic input determined by fiber volley amplitudes. DGCs from kindled
mice had a greater postsynaptic response for an equivalent presynaptic input over a range of
increasing stimulation strengths (Fig 6C; F(1, 751) = 12.3206, p = 0.0005, linear regression).
Moreover, DGCs from kindled mice required a lower stimulation strength (Fig. 6D; average
stimulation strength at first population spike, control: 6.63 + 0.70 V, kindled: 4.46 £ 0.05 V,
p = 0.0206, t test) and a smaller post-synaptic depolarization (Fig. 6E; average slope of
fEPSP at first population spike, control: —0.25 +£0.05 mV/ms, kindled: —0.09 £0.01 mV/ms,
p = 0.0077, t test) to achieve a population spike. Additionally, quantification of PPRs
showed no differences in short-term synaptic plasticity at the medial perforant path to DGC
synapse (Fig. 6F, 6G). These results demonstrate that while the presynaptic perforant path
input to the DG is unaltered, DGCs from kindled animals exhibit a larger post-synaptic
depolarization in response to equivalent presynaptic input. This result is consistent with the
LTP saturation results (Fig. 5B) that suggest kindling induces a broad LTP-like potentiation
of synaptic strength. Additionally, the results in Figure 6 indicate that DG synapses in
kindled mice require less presynaptic input and less postsynaptic depolarization to induce a
population spike. Taken together, these results suggest that DGCs from kindled mice have
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pathologically increased synaptic strength and altered post-synaptic electroresponsive
membrane properties consistent with a hyperexcitable/seizure-susceptible state.

Dentate gyrus granule cells exhibited increased membrane resistances and amplitudes of

SEPSCs

Extracellular recordings of LTP and I/O relationships presented above, which represent
population responses, indicate a kindling-induced saturation of LTP-like synaptic plasticity
in the DG. Furthermore, analysis of pair-pulse short-term synaptic plasticity (Fig 6F, 6G)
suggest that kindling does not alter release probability at the perforant path axon terminals.
Taken together, these data suggest that the kindling-induced plasticity resembles classical
NMDA-receptor-dependent LTP (as opposed to compound-LTP) where the potentiation of
synaptic strength results almost exclusively from increased insertion of post-synaptic AMPA
receptors (Blundon and Zakharenko, 2008). To test this hypothesis, we recorded the
amplitudes and frequencies of spontaneous EPSCs and IPSCs in DGCs from control and
kindled mice.

To record SEPSCs in acute hippocampal brain slices and minimize the contributions of
GABAergic IPSCs, we held the membrane potential of DGCs at =70 mV. DGCs from
kindled mice (n = 12 cells from 5 animals) had significantly increased membrane resistances
compared to non-kindled control animals (n=14 cells from 5 animals) (Fig. 7A,B,
representative traces; Table 1, control: 312.8 + 21.5 MQ, kindled: 431.2 £ 39.4 MQ, p <
0.05, t test). While there were no differences in IEI (the reciprocal of frequency), the
amplitudes of SEPSCs in kindled mice were significantly increased compared to control
mice (Table 1; control: 15.7 £ 0.6 pA, kindled: 17.9 + 0.7 pA, p < 0.05, t test). We also
observed no difference in the decay rate or half-width of SEPSCs (Table 1). After recording
SEPSCs from DGCs at —70mV, we held the cells at 0 mV to minimize the contributions of
glutamatergic EPSCs and recorded sIPSCs. We found no difference in IEI, amplitude, decay
rate, or half-width of sIPSCs (Table 1). These data are consistent with an increased insertion
of post-synaptic AMPA receptors in DGCs from kindled mice without changes in the release
of glutamate from presynaptic terminals or any obvious changes in inhibitory synaptic
transmission. Furthermore, the increased amplitudes of post-synaptic AMPA-receptor
mediated EPSCs without any changes in frequency of spontaneous release of glutamate in
corneal kindled mice is consistent with the hypothesis that kindling induces a non-specific
LTP of synaptic weights at the perforant path — DGC synapse that prevents further
potentiation of specific synapses in response to salient spatial sensory stimuli.

Discussion

The present study is the first to identify a distinct cognitive dysfunction, and a number of
associated physiological changes likely to contribute to this aberrant behavior, in the corneal
kindling mouse model of focal seizures. Specifically, this study demonstrates that corneal
kindled mice exhibit spatial pattern processing deficits in a behavioral task that is known to
rely heavily on the DG (Goodrich-Hunsaker et al., 2008; 2005; Hunsaker et al., 2008). In
support of this finding, we also discovered impaired LTP of excitatory synaptic transmission
at the perforant path to DGC synapse. Unlike the results obtained from control mice, the
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impaired plasticity in brain slices from kindled mice was also incapable of further
potentiation in response to multiple LTP induction stimuli. This saturation of LTP was
consistent with evidence suggesting that perforant path to DGC synapses in kindled mice
had previously experienced LTP-like changes to their synaptic weights: increased
postsynaptic depolarizations in response to equivalent presynaptic input over a range of
stimulation strengths and significantly larger amplitude AMPA receptor mediated
spontaneous EPSCs. Additionally, there was evidence for kindling-induced changes in the
intrinsic excitability of DGCs: reduced threshold to population spikes under extracellular
recording conditions and significantly increased membrane resistances observed in DGCs.
We did not observe any differences in the frequency of excitatory or inhibitory spontaneous
events in kindled animals, and PPRs of fEPSPs were also unchanged, suggesting that
kindling-induced alterations to synaptic transmission in the DG are largely postsynaptic in
DGCs only. Finally, these behavioral and physiological anomalies were observed in the
absence of overt neuronal loss in the hippocampus as a whole. Thus, spatial pattern
processing and memory deficits in corneal kindled mice represents a novel model of seizure-
induced cognitive dysfunction associated with pathophysiological remodeling of excitatory
synaptic transmission and granule cell excitability in the absence of overt cell loss.

Long-term potentiation (LTP) is a form of activity dependent plasticity that can be
experimentally observed at synapses both in vivo and in vitro. Because this plasticity is
generally agreed to be necessary for information storage, LTP has gained acceptance as a
widely-used model of learning and memory (Cooke and Bliss, 2006; Neves et al., 2008).
Implicit in this model is the expectation that the memory engram is composed of selectively
potentiated synapses specific to the learned experience. Alternatively, a non-selective and
broad saturation of synaptic strength, such that there is minimal availability of non-
potentiated synapses to strengthen in response to salient experiences, would be expected to
impair learning and memory. Indeed, this has been experimentally observed by using
repeated tetanic stimulation of afferent pathways prior to training in a number of behavioral
learning and memory tasks (C. A. Castro et al., 1989; E. I. Moser et al., 1998; E. I. Moser
and M. B. Moser, 1999; Otnaess et al., 1999). Furthermore, saturation of LTP has also been
observed in a model of Rett syndrome (a genetic postnatal neurological disorder associated
with a high incidence of seizures and cognitive dysfunction, (Weng et al., 2011)) and in the
rat amygdala-kindling model (Schubert et al., 2005). As with many other kindling models,
amygdala kindling is often associated with learning and memory deficits (Hannesson and
Corcoran, 2000). In this report, we demonstrate that a DG-dependent behavior is impaired
by corneal kindling and that this impairment is correlated with saturated, and subsequently
attenuated, LTP in the DG. Importantly, our observation of impaired LTP at the perforant
path-DGC synapse parallels findings in tissue from humans with epilepsy (Beck et al.,
2000). Furthermore, it has been shown that LTP in the DG is necessary for the performance
of pattern separation tasks in mice (McHugh et al., 2007). Therefore, while we cannot rule
other pathophysiological effects such as spontaneous interictal excitability (Holmes, 2013;
Shatskikh et al., 2006) or altered synaptic weights at other synapses in the hippocampus and
beyond, the saturation of LTP that we observed in the DG of corneal kindled mice is likely
to substantially contribute to their spatial pattern learning and memory deficits.
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Numerous pathological changes may have contributed to the saturated, and subsequently
attenuated, LTP in the DG of corneal kindled mice. For instance, the development of
seizures in response to initially subconvulsive stimulations during kindling occurs via
synaptic and cellular mechanisms similar to those of LTP (Albensi et al., 2007). Therefore,
corneal kindling may have saturated the capability for further synaptic potentiation at the
perforant-DGC synapse via typical postsynaptic changes known to commonly occur as a
result of NMDA receptor-dependent LTP (Huang et al., 1992; Meador, 2007). For instance,
trafficking of AMPA receptors to the postsynaptic membrane has long been appreciated as a
prominent mechanism underlying LTP at excitatory synapses (Herring and Nicoll, 2016;
Kessels and Malinow, 2009; Kneussel and Hausrat, 2016; Malenka, 2003; Malinow, 2003).
Although not universally true, especially in some kindling models where AMPA receptor
expression tends to not change or can even show decreased expression patterns, increased
expression of AMPA receptors is also found in the hippocampus of a number of animal
models of epilepsy and human TLE tissues (Behr et al., 2000; Cincotta et al., 1991;
Ekonomou et al., 2001; Gitai et al., 2010; Hosford et al., 1991; Lopes et al., 2013; Mathern
et al., 1997; 1998; Schroeder et al., 1998). The data presented in this report suggests that
corneal kindling of C57BI/6 mice leads to an increased functional expression of AMPA
receptors at the perforant path — DGC synapse; specifically, the strengthening of basal
synaptic transmission and increased SEPSC amplitudes documented in Figures 6-7 and
Table 1 are consistent with the increased expression, insertion, and/or phosphorylation of
AMPA receptors on DGCs. This increased functional expression of AMPA receptors is
likely the result of the broad LTP-like plasticity induced by kindling stimulations. Further,
the associated cognitive dysfunction observed suggests that these plastic increases in AMPA
receptor expression are likely to have occurred at the majority of perforant path - DGC
synapses since weaker tetanic stimulations that do not saturate synaptic plasticity at nearly
all synapses in the tetanized terminal field do not impair hippocampal-dependent spatial
learning (E. 1. Moser and M. B. Moser, 1999). The resulting increase in synaptic strength
would be expected to prevent further increases in synaptic strength through a ceiling effect
and create a hyperexcitable substrate that facilitates the expression of seizures.

Synaptic plasticity is not the only type of experience dependent plasticity that is known to
occur in the CNS; another common form of learning and memory related plasticity is known
as intrinsic plasticity: the ability of neurons to alter their intrinsic excitability in response to
experience (Daoudal and Debanne, 2003; Sehgal et al., 2013). Additionally, intrinsic
plasticity can mediate adaptive or maladaptive changes in CNS function in response to
disease and injury (Beck and Yaari, 2008). Indeed, plasticity of excitability has been
observed in hippocampal tissues from epilepsy patients and various animal models of
epilepsy (Camp, 2012; Graef and Godwin, 2010; Jung et al., 2007; Stegen et al., 2012). In
accordance with these previous studies, we present data in this report consistent with
maladaptive plasticity of intrinsic excitability in DGCs from corneal kindled mice.
Specifically, population spike threshold analysis (Figure 6D and 6E) revealed that population
spikes in DGCs from corneal kindled mice occur in response to significantly lower
stimulation strengths and smaller fEPSPs. While the observation that lower stimulation
strengths result in population spikes may simply be the result of a larger postsynaptic AMPA
receptor response (as previous discussed), altered synaptic plasticity alone is insufficient to
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explain the altered population spike threshold data presented in Figure 6E; under the
conditions of this analysis, synaptic strength is normalized and population spikes were
observed in response to significantly less synaptic input in corneal kindled mice DGCs.
Instead, these results are consistent with the significantly increased membrane resistances
measured in DGCs from corneal kindled mice.

Although the specific ion channel alterations responsible for changes in DGC resistances
remain to be discovered, it is clear from the data presented here that maladaptive changes in
intrinsic excitability occur in DGCs from corneal kindled mice. These types of maladaptive
plastic changes in ion channels have been referred to as “acquired channelopathies” (Wolfart
and Laker, 2015). In addition to the saturation of LTP described above, DGC
hyperexcitability in corneal kindled mice could have contributed to impaired performance of
pattern separation during the metric task. The DG is the anatomical entranceway into the
hippocampus and is critical for pattern separation, defined as the ability to discriminate
similar synaptic inputs and transform them into dissimilar outputs (Amaral et al., 2007; B.
Schmidt et al., 2012). DGCs accomplish this function, in part, by maintaining a
hyperpolarized resting membrane potential and low firing probability — and thus, gate
information flow into the hippocampus (Coulter and Carlson, 2007; Hsu, 2007). Moreover,
pathological increases in DG excitability have been associated with impaired performance
during pattern separation tasks in rodents (Jinde et al., 2012; Park et al., 2015) and humans
alike (Bakker et al., 2012); attenuating aberrantly increased DG excitability restored pattern
separation ability in these studies. These findings support the idea that DGC
hyperexcitability in corneal kindled mice could contribute to the impairment of spatial
pattern processing during the metric task reported here.

In addition to the physiological changes directly examined in this report and discussed
above, other kindling-induced changes in hippocampal function may have contributed to the
cognitive dysfunction observed in these mice. For instance, we cannot rule out the
possibility that changes in adult hippocampal neurogenesis may have contributed to DG-
mediated memory deficits observed in corneal kindled C57BI/6 mice as attenuating
aberrantly increased hippocampal neurogenesis has been shown to prevent cognitive
impairment in animal models of epilepsy (Botterill et al., 2015; Fournier et al., 2013;
Jessberger et al., 2007). That being said, no changes in neurogenesis were observed in the
DG of corneal kindled CF1 mice (Loewen et al., 2016). Additionally, we cannot rule out the
possibility that increased activation of astrocytes in the DG, observed in the form of
increased GFAP immunoreactivity in this study, may have also contributed to DGC
hyperexcitability and cognitive dysfunction; activation of astrocytes has been shown to be
sufficient to alter glutamate uptake by astrocytes and cause seizures in mice (Robel et al.,
2015; Takahashi et al., 2010). However, data reported here does support the exclusion of
changes in presynaptic release probability at both glutamatergic and GABAergic synapses
onto DGCs as consequences of corneal kindling. This assertion is supported by a lack of
significant alterations in short-term synaptic plasticity (paired-pulse depression of excitatory
synaptic transmission over a range of interpulse intervals) and spontaneous EPSC and IPSC
frequencies. Additional evidence supporting a lack of corneal kindling-induced changes in
inhibitory synaptic transmission are data suggesting no changes in IPSC amplitudes or overt
cell loss in the hilus.
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The effects of corneal kindling on DG-mediated cognitive function and associated changes
in synaptic and intrinsic plasticity described in this report add to the growing body of
literature describing the varying effects of multiple models of acquired epilepsy on neuronal
hyperexcitability and cognitive dysfunction. It is noteworthy that these models vary
substantially in a number of important ways. Studies that employ chemoconvulsants or
direct electrical stimulation to produce status epilepticus and subsequent spontaneous
seizures in rodents report increased excitability in the hippocampus that is thought to
facilitate seizure activity and contribute to memory dysfunction but is often attributed to
gross anatomical changes such as neuronal loss — primarily the loss of inhibitory
interneurons that synapse onto DGCs, or the loss of excitatory mossy cells within the hilus
of the DG that drive inhibition, as well as aberrant neuronal sprouting and reorganization
(Chauviére et al., 2009; Cossart et al., 2001; Harvey and Sloviter, 2005; Jinde et al., 2012;
Sloviter et al., 2003; 2006; Sun et al., 2007). In contrast, electrical kindling models also
exhibit hippocampal-dependent memory impairment and neuronal hyperexcitability, but
usually in the absence of overt hippocampal cell loss (see review (Hannesson and Corcoran,
2000)), which suggests more subtle changes in hippocampal physiology underlie these
deficits (although there are exceptions to this rule: see (Cavazos et al., 1994; Cavazos and
Sutula, 1990; Sutula, 1990)). Our results parallel the findings in electrical kindling models
that report neuronal hyperexcitability, impaired long-term synaptic plasticity, and
hippocampal-dependent spatial memory deficits in the absence of overt hippocampal
damage (Brandt et al., 2004; Haas et al., 2001; Hannesson et al., 2001; Leung and Shen,
2006; Morimoto et al., 2004; Singh et al., 2013; Tooyama et al., 2002). However, it is
noteworthy that these other electrical kindling models are constrained by the time- and
labor-intensive nature of invasive implantation surgeries that cause a proinflammatory
response in the brain. Our results were found in a non-invasive and cost-effective corneal
kindling model of focal seizures that is not constrained by severe hippocampal damage or
laborious implantation surgeries. Accordingly, this model is suitable for the screening and
development of new therapies for epilepsy-related memory deficits. This point is significant
since developing treatments for memory impairments in epilepsy may be hampered in
animal models that exhibit overt hippocampal damage. Indeed, a growing body of literature
suggests cognitive dysfunction in epilepsy may result from pathophysiology independent of
cell death or the seizures themselves (Bender et al., 2013; Holmes, 2016). Thus, subtle
changes in hippocampal physiology may underlie memory dysfunction in many epilepsy
patients, and this patient population in particular might be expected to benefit most from
pharmacological therapies aimed at restoring normal cognitive function.

Finally, the path forward regarding the development of mechanistic, or even symptomatic,
pharmacological treatments for cognitive dysfunction in epilepsy is obscured by the double-
edged sword of exacerbating cognitive dysfunction with anticonvulsants or lowering seizure
thresholds with existing cognition enhancing compounds. Specifically, one potential source
of cognitive impairment in TLE patients whose seizures are well controlled by medication is
side effects from the medications themselves (Brooks-Kayal et al., 2013; West et al., 2014).
However, there is proof-of-concept clinical data suggesting that it is possible to achieve both
a procognitive and simultaneous anticonvulsant effect in patients with Alzheimer’s disease
with comorbid seizures; in this study, Keppra (levetiracetam) significantly improved
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cognitive function and simultaneously reduced seizure burden (Cumbo and Ligori, 2010).
On the other hand, symptomatically addressing cognitive dysfunction associated with
epilepsy by prescribing cognition-enhancing compounds such as the acetylcholinesterase
inhibitors Aricept (Donepezil) and Exelon (Rivastigmine) is not recommended since both of
these drugs were listed in the top 10 drugs most frequently associated with convulsive
Adverse Drug Reactions (ADRs) according to the WHO ADR database (Kumlien and
Lundberg, 2010). Furthermore, Donepezil has been directly tested for its ability to improve
memory in epilepsy patients; in one trial, it had no effect on cognition or seizures
presumably due to an inadequate dose (Hamberger et al., 2007), while in another trial
epilepsy patients on Donepezil tended to have increased seizure frequency and two patients
had increased tonic—clonic seizures (Fisher et al., 2001). These mixed and/or negative
clinical results further highlight the need for new models of epilepsy with comorbid
cognitive dysfunction that can be readily used in unbiased drug screening efforts.
Additionally, these models may be used to better understand the underlying pathophysiology
associated with cognitive dysfunction in epilepsy with the intention of using this data to
direct the development of targeted treatments. The data presented here supports the use of
the corneal kindling model of focal seizures in C57BI/6 mice in advancing these goals and
providing a much-needed platform upon which promising new therapies for seizures and
cognitive comorbidities will be identified.
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Abbreviations

ACSF artificial cerebral spinal fluid
DG dentate gyrus
DGC dentate granule cell

fEPSP field excitatory post-synaptic potential

GFAP glial fibrillary acidic protein
HS hippocampal sclerosis

IEI interevent interval

LTP long-term potentiation
NeuN neuronal nuclear antigen
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PBS phosphate-buffer saline
PFA paraformaldehyde
pp perforant path
PPR paired-pulse ratio
PTP post-tetanic potentiation
PTX picrotoxin
RID recognition index
SEPSC spontaneous excitatory post-synaptic current
sIPSC spontaneous inhibitory post-synaptic currents
TBS theta-burst stimulation
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Highlights

. Corneal kindled mice exhibit dentate gyrus-associated spatial memory
impairment.

. This spatial memory impairment occurs in the absence of overt neuron loss.

. Saturated and impaired LTP in the dentate gyrus correlates with memory
impairment.

. Additional intrinsic plasticity changes are found in granule cells of kindled
mice.

. These mice may be used to screen drugs to treat cognition impairment in
epilepsy.
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Corneal kindling curve in mice. Male C57BL/6 mice (closed circles, n = 25, 15-20 g) were
stimulated twice daily and their average seizures scores determined according to the Racine
scale. Mice took approximately 26 stimulations (13 days) to become fully kindled. Mice
were still fully kindled after 2 weeks without stimulation (open circles, n=15).
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Figure 2.

1
Kindled

Corneal kindled mice exhibit DG-dependent memory impairment during the metric task. A,
Schematic illustrating the metric task. B, Total object exploration time averaged by phase.
There were no significant differences between the control and kindled mice until the test
phase, when kindled mice spent significantly less time exploring the objects compared to
control mice (p < 0.05, t-test, n = 10 per treatment group). C, Averaged recognition index
(RID) in kindled mice was significantly less than the average RID in control mice (**p <

0.01, t-test,).
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Figure 3.
Corneal kindled mice exhibit increased activation of astrocytes in the DG in the absence of

overt neuronal cell loss. A, Representative images of NeuN and GFAP staining from the DG.
Scale bar: 50 um. B, The region of interest that was quantified. C, Quantification of NeuN
staining in the DG revealed no significant differences (n = 12 sections from 4 mice per
group), however, D, quantification of GFAP staining revealed increased expression in
kindled mice (p < 0.001, t test). E, Representative images of NeuN staining used to quantify
staining in the hilar region of the DG. Scale bar: 100 pm. F, Quantification of NeuN staining
in the hilus revealed no significant differences between kindled and control animals.
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Figure 4.
Corneal kindled mice exhibit increased astrocyte activation in hippocampal area CAL in the

absence of overt neuronal cell loss. A, Representative images of NeuN and GFAP staining in
CAL (Scale bar: 50 um) and B, the region of interest that was quantified. C, Quantification
of NeuN staining in CA1 revealed no significant differences (n = 12 sections from 4 mice
per group), however, D, quantification of GFAP staining revealed increased expression in
kindled mice (p < 0.01, t test).
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Figure 5.

Brain slices from corneal kindled mice exhibit attenuated LTP at the perforant path — dentate
granule cell synapse due to saturation. A, Representative fEPSPs from 30 s prior to (1, gray)
and 60 min post-TBS (2, black) in control and kindled mice are illustrated. Scale bars 0.25
mV, 2 ms. are applicable to both control and kindled traces. fEPSP slope from control (open
circles, n = 29/5) and kindled animals (closed circles, n = 33/5) conducted in the presence of
10 uM PTX is plotted as a function of time. fEPSP slopes are normalized to the average of
the last 4 fEPSPs before TBS. TBS occurred at time = 0 min (indicated by an arrow). Single
exponential decay curves fit to the data, used to evaluate the decay time constants for PTP,
are represented by solid black (control) and gray (kindled) lines. Kindled mice exhibited
significantly attenuated LTP between 30 and 60 min post-TBS (****p < 0.0001, two-way
ANOVA). B, Saturation of LTP in brain slices from kindled mice is indicated by the lack of
further potentiation in response to multiple TBS. Representative fEPSPs from 30 s prior to
TBS (1), 60 min after the 15t TBS (2), and 135 min after the 15t TBS (3), in control and
kindled mice are illustrated. Scale bars 0.25 mV, 5 ms. are applicable to both control and
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kindled traces. The dotted line illustrates the amplitude of the baseline fEPSPs (1). Again,
fEPSP slope from control (open circles, n = 16/3) and kindled animals (closed circles, n =
16/3) conducted in the presence of 10 uM PTX is plotted as a function of time. fEPSP slopes
are normalized to the average of the last 4 fEPSPs before the first TBS at time 0 min. Four
additional TBS are delivered at 60 min, 75 min, 90 min, and 105 min (indicated by arrows).
Control slices show significant further potentiation of fEPSPs (*, p=0.0306, unpaired t test)
while slices from kindled mice do not (ns = not significant, p=0.8433, unpaired t test).
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Figure 6.

Input/output curves along the perforant path indicate that DGCs are hyperexcitable. A,
Representative fEPSPs from Input/output (1/0) relationships in both control and kindled
animals. From left to right, each fEPSP is a response from a 5, 10, 15 or 20 V stimulus.
Population spikes are indicated by a solid arrow. B, 1/O curves by experimental group.
fEPSP slopes are shown as a function of stimulus strength. Kindled mice exhibited an
increased postsynaptic response compared to control animals (* p = 0.0483, two-way
repeated measures ANOVA, n = 14/2 per treatment group). C, 1/0 curves as a function of
fiber volley amplitudes. Kindled mice exhibited an increased postsynaptic response
compared to control animals (*** p = 0.0005, linear regression; n = 14/2 per group). D,
DGC:s of kindled mice develop a population spike in response to lower stimulus strengths.
D1, Representative traces from a 5.5 V stimulus. Note the population spike (solid arrow) is
only present in the representative trace from the kindled animal. Dy, Average stimulus
voltage when a population spike was first detected during 1/0 relationships was lower in
kindled animals (p = 0.0206, t test). E, Action potentials in DGCs of kindled mice are
triggered by comparatively smaller post-synaptic depolarizations as indicated by the slope of
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the fEPSP when the first population spike was identified. E; Representative fEPSPs. The
dashed lines illustrate two fEPSPs with the same slope. Note that the population spike (solid
arrow) is only present in the representative trace from the kindled animal. E5, Average slope
of the fEPSP when a population spike was first detected during 1/O relationships was lower
in kindled animals (p = 0.0077, t test). F, Representative traces of fEPSPs evoked by paired-
pulse stimulations of varying interstimulus intervals (ISI), and G, paired-pulse ratios (PPRS)
plotted as a function of the (ISI). PPRs did not differ between kindled and control animals.
Scale bars for fEPSPs: 0.5 mV, 5 ms; PPR: 0.5 mV, 50 ms.
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DGCs from kindled mice receive SEPSCs with increased amplitudes but did not exhibit any
changes in spontaneous inhibitory synaptic transmission. A, Representative SEPSCs and B,
sIPSCs from control and kindled mice when DGCs are held at =70 mV or 0 mV,
respectively. Scale bars: 10 pA, 1 sec.
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