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Abstract

Our laboratory recently demonstrated that seizures activate the hypothalamic-piuitary-adrenal
(HPA) axis, increasing circulating levels of corticosterone [1]. Given the well-established
proconvulsant actions of corticosterone, we hypothesized that seizure-induced activation of the
HPA axis may contribute to future seizure susceptibility. Further, since hypercortisolism is
associated with depression, we propose that seizure-induced activation of the HPA axis may
contribute to comorbid depression and epilepsy. To test this hypothesis, we generated mice lacking
the GABAAR & subunit specifically in corticotropin-releasing hormone (CRH) neurons
(Gabrd/Crh mice), which exhibit hyporeactivity of the HPA axis [2]. Gabrd/Crh mice exhibit
blunted seizure-induced elevations in corticosterone, establishing a useful tool to investigate the
contribution of HPA axis dysfunction on epilepsy and associated comorbidities. Interestingly,
Gabrd/Crh mice exhibit decreased acute seizure susceptibility following kainic acid
administration. Furthermore, chronically epileptic Gabrd/Crh mice exhibit a decrease in both
spontaneous seizure frequency and depression-like behaviors compared to chronically epileptic
Cre™'~ littermates. Seizure susceptibility and associated depression-like behaviors can be restored
to wild type levels by treating Gabrd/Crh mice with exogenous corticosterone. Similarly,
chemogenetic activation of CRH neurons in the PVN is sufficient to increase seizure
susceptibility; whereas, chemogenetic inhibition of CRH neurons in the paraventricular nucleus of
the hypothalamus (PVN) is sufficient to decrease seizure susceptibility and depression-like
behaviors in chronically epileptic mice. These data suggest that seizure-induced activation of the
HPA axis promotes seizure susceptibility and comorbid depression-like behaviors, suggesting that
the HPA axis may be a novel target for seizure control.
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1. Introduction

Stress is the most commonly reported precipitating factor for seizures [3-9] (for review see
[10, 11]). The increased seizure susceptibility associated with stress is thought to be
mediated by stress hormones, which have been shown to exhibit proconvulsant actions in
animal models. Chronic stress has been demonstrated to increase seizure susceptibility [4,
11, 12] and accelerate epileptogenesis [13] in a variety of experimental epilepsy models.
Further, administration of exogenous stress hormones, including both corticosterone and
CRH, have been shown to exert proconvulsant actions in numerous experimental models of
epilepsy (for review see [14]) and corticosterone treatment designed to mimic chronic stress
has been shown to increase the frequency of epileptiform events in chronically epileptic
mice [15].

Interestingly, basal levels of corticosterone are elevated in patients with epilepsy and are
further increased following seizures [16-18], suggesting that the regulation of the HPA axis
may be fundamentally altered in patients with epilepsy (for review see [19]). Consistent with
this idea, our laboratory recently demonstrated that seizures activate the HPA axis in
multiple epilepsy models [1] and it was recently demonstrated that the glucocorticoid
antagonist, RU486, decreases neuropathological changes following status epilepticus [20].
These findings force us to reevaluate the relationship between stress and epilepsy and
suggest that the HPA axis may impact epilepsy outcomes independent of stress. Given the
proconvulsant actions of stress hormones, these findings suggest that seizure-induced
elevations in corticosterone may influence future seizure susceptibility. Further,
hypercortisolism is also associated with major depression [21-24], leading us to hypothesize
that seizure-induced activation of the HPA axis may also contribute to the comorbidity of
depression and epilepsy. Despite the report that 55% of patients with temporal lobe epilepsy
suffer from depression [25], the 25-fold increase in suicide rate [26], and significant impact
on the quality of life of these patients [27], the pathological mechanisms underlying the
comorbidity between depression and epilepsy remains unclear. Stress is a trigger for both
epilepsy and depression and significant accumulating evidence, from both human and
animal studies, suggests that the HPA axis may play a role in the comorbidity of these two
disorders [28, 29] (for review see [30]). Dysfunction of the HPA axis has been implicated in
the pathogenesis of depression (for review see [31]) and epilepsy is associated with a
dysregulation in the control of the HPA axis [28, 29], leading us to the hypothesis that
seizure-induced activation of the HPA axis may play a role in the comorbidity of these
disorders. Interestingly, previous studies demonstrated elevations in corticosterone levels in
chronically epileptic mice [28, 29], which correlated with increased depression-like
behaviors. A recent study also demonstrated that in vulnerable animals, subjection to social
defeat stress decreased the threshold to induce status epilepticus, accelerated
epileptogenesis, and increased the comorbidity with depression in chronically epileptic mice
[32].

Epilepsy Behav. Author manuscript; available in PMC 2021 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooper et al.

Page 3

Here we utilized a mouse model generated by our laboratory, which exhibits hyporeactivity
of the HPA axis [2] to examine the relationship between seizure-induced activation of the
HPA axis, seizure susceptibility, and the comorbidity with depression. Our laboratory
previously demonstrated a role for the GABAAp receptor (GABAAR) 6 subunit [33] and
excitatory actions of GABA on CRH neurons in the stress-induced [33] and seizure-induced
[1] activation of the HPA axis. Thus, loss of the GABAAR & subunit specifically in CRH
neurons in Gabrd/Crh mice results in a suppression of stress-induced elevations in
corticosterone [2]. Here we demonstrate that seizure-induced elevations in corticosterone are
also blunted in Gabrd/Crh mice which is associated with decreased seizure susceptibility and
decreased depression-like behaviors in chronically epileptic mice. Exogenous corticosterone
administration or chemogenetic activation of CRH neurons in the PVN is sufficient to
increase seizure susceptibility and chemogenetic inhibition of CRH neurons in the PVN
decreases seizure frequency and depression-like behaviors in chronically epileptic mice.

2. Materials and Methods

2.1 Animals

Adult (>P60) male Gabrd/Crh mice and Cre™~ littermates were bred and housed at Tufts
University School of Medicine’s Division of Laboratory Animal Medicine facility. Animals
had ad /ibitum access to food and water. All procedures were approved by the Tufts
University Institutional Animal Care and Use Committee.

The generation and characterization of the Gabrd/Crh mouse model was previously
published by our laboratory [2]. The CRH-Cre line used in the current study was also
previously characterized by our laboratory [33].

Both mouse lines were generated on a 129/Sv background and backcrossed to a C57BI/6
background for over 12 generations. Genotyping of the Gabrd/Crh mice was carried out in-
house using the following primers:

Gabrd 5’ AGCAACTTTGCTTGCGCTG
3" TTGATAGCTGAAGCCCGTGG
CRH-Cre 5. CTGTCTTGTCTGTGGGTGTCCGAT
3": CGGCAAACGGACAGAAGCATT

The expected PCR product size is 449 bp for wild type and 543 bp for floxed Gabrd mice
and the product size is 310 bp for CRH-Cre.

The Gabrd/Crh mice are homozygous for the floxed Gabrd allele and express the CRH-Cre
transgene. Zygosity for the Cre transgene was not determined since one allele is sufficient
for Cre-mediated excision of floxed alleles. The Cre™'~ mice used in this study are
homozygous for the floxed Gabrd gene, but do not express the CRH-Cre transgene.

2.2 Corticosterone Measurements

Trunk blood was collected in CAPIJECT® (T-MG) tubes at baseline, 2 hrs following kainic
acid-induced seizures, or in chronically epileptic mice (60 days post pilocarpine-induced
status epilepticus). Trunk blood was centrifuged at 14K rpm and serum collected and stored
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at —20°C prior to subjection to the ELISA analysis. Corticosterone was measured using an
enzyme immunoassay kit, according to the manufacturer’s instructions (Enzo
Pharmaceuticals, New Jersey). Briefly, samples were run in duplicate and compared to a
standard curve of known corticosterone concentrations. Samples from all experimental
groups were run in parallel.

2.3 Electroencephalogram (EEG) recording

For all EEG recordings, mice were implanted with chronic EEG headmounts. Mice were
anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine and lengthwise incision was
made along the scalp and a pre-fabricated headmount (Pinnacle Technology, part #8201) was
fixed to the skull with four screws, two which serve as EEG leads in the somatosensory and
motor cortices of the left hemisphere, one a reference ground, and one an animal ground.
The site was closed with dental cement and the mice were allowed to recover for a minimum
of 5 days prior to experimentation. Electroencephalogram recordings were collected using a
100x gain preamplifier high pass filtered at 1.0 Hz (Pinnacle Technology, part #8202-SE)
and tethered turnkey system (Pinnacle Technology, part #8200).

EEG recordings were performed in awake, behaving animals in response to acute treatment
with the chemoconvulsant kainic acid (KA, 20mg/kg, 7.p.) or in chronically epileptic mice
following pilocarpine-induced status epilepticus (340mg/kg, £.p.). For the kainic acid
experiments, electrographic epileptiform activity was measured for 2 hrs following KA
administration and the latency to the first seizure event and total time exhibiting abnormal
electrographic epileptiform activity was measured. Abnormal epileptiform activity was
detected as paroxysmal activity having a sudden onset and an amplitude at least 2.5x the
standard deviation of the baseline and a consistent change in the Power of the fast Fourier
transform of the EEG, including a change in the Power and the frequency of activity over the
course of the event. These parameters have been used previously by our laboratory to detect
epileptiform activity [1, 34-36]. Abnormal electrographic activity, including ictal activity
and rhythmic spiking lasting longer than 30 s were collectively defined as “epileptiform
activity”. Latency to the first seizures was defined as the time elapsed from the injection of
kainic acid to the start of the first identified electrographic seizure. The amount of time
exhibiting epileptiform activity divided by the length of the total recording period (120
mins) x 100 was calculated as the “% time epileptiform activity” and compared between
experimental groups. For assessment of seizure frequency in chronic epileptic mice, we
employed the pilocarpine model. Mice were treated with 1mg/kg scopolamine 30 minutes
prior to treatment with 340mg/kg pilocarpine. Mice were continually observed until they
reached status epilepticus. An additional 50mg/kg pilocarpine was administered if necessary
for the mice to reach status epilepticus. After 3 hrs of continuous status epilepticus, mice
were given 5mg/kg diazepam. The percent change in body weight was determined
immediately after diazepam treatment and survival rate was determined 48 hours post-status
epilepticus. After 4 weeks of recovery/latent period, chronic video/EEG (24/7) was
performed over a continuous 21-day period. In a subset of Gabrd/Crh mice, a 10mg, 21-day,
slow-release corticosterone pellet was implanted (Innovative Research of America)
immediately prior to chronic EEG recording to assess the impact on seizure frequency in
chronically epileptic Gabrd/Crh mice. These animals were exposed to elevated
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corticosterone, measured previously to reach stress-induced levels [2], throughout the entire
chronic EEG recording period. Epileptiform activity was initially identified using DClamp
[37] and by manual observation. DClamp was able to detect periods abnormal of rhythmic
spiking as well as ictal events. The epileptiform activity was subsequently verified based on
visual inspection of the electrographic activity and ictal events were also verified by video
analysis of the behavioral seizures. The behavioral seizures were scored using a modified
Racine scale in which 1 = uncontrollable whisker movement, 2 = head bobbing, 3 = forelimb
clonus, 4 = abnormal rearing, and 5 = rearing and falling/tonic clonic seizures. Epileptiform
activity was again identified as paroxysmal activity 2.5x the standard deviation of the
baseline. High frequency epileptiform activity with a sudden onset and a behavioral seizure
component were classified as “ictal events”. The number of ictal events observed per day
was measured. The average number of seizures/day was calculated per animal and then
averaged between animals. LabChart Pro software (ADInstruments) was used for data
acquisition and analysis in addition to DClamp.

2.4 Immunohistochemistry

Immunohistochemistry was performed as previously described [33, 38, 39]. To evaluate the
activation of neurons in the PVN, mice were sacrified 2 hours following KA administration.
Mice were sacrificed 60 days following pilocarpine administration to evaluate the number of
neurons in the PVN activated in the PVN of chronically epileptic mice. Mice were deeply
anesthetized with isoflurane, euthanized by decapitation, and the brains were rapidly
removed, fixed by immersion fixation in 4% paraformaldehyde overnight at 4°C,
cryoprotected in 10-30% sucrose, and frozen at —80°C until use. Coronal sections (40 pm)
were prepared using a Leica cryostat and an equal number of sections per experimental
group were processed in parallel to ensure equivalent treatment. For the c-fos staining,
sections were blocked with 10% normal goat serum for 1 h, and probed with a primary
polyclonal anti-c-fos antibody (1:10,000, Sigma) overnight at 4°C and a secondary anti-
rabbit Alexa 488 antibody (Invitrogen) for 2 hrs at room temperature. For CRH
immunostaining, mice were infused with colchine (50pg in a 2pl volume) unilaterally into
the lateral ventricle (0.5mm posterior, Imm lateral, 2mm depth) 24 hrs prior to sacrifice. The
sections were incubated a rabbit anti-CRH antibody (kindly provided by Dr. Paul
Sawchenko on behalf of Dr. Wylie Vale, Salk Institute for Biological Studies, 1:10,000) for 4
days at 4°C, followed by a biotinylated anti-rabbit secondary antibody (VectaStain Elite
ABC Kit, Vector Labs, 1:200) for 2 hours at room temperature (RT), and a streptavidin
conjugated AlexaFluor 488 antibody (Molecular probes, 1:1,000) for 2 hours at RT. Sections
were mounted with a mounting medium containing DAPI (Vector Laboratories) which
enabled localization of the region of interest, the PVN, based on anatomical structures, cell
density, and cell distribution. Fluorescence was visualized using a Nikon A1R confocal and
the number of c-fos-positive neurons in the PVN was measured in an equal number of
matched sections using NIH ImageJ software. For the current study, the extent of c-fos
activation was only quantified in the PVVN. Ongoing studies in the laboratory are
investigating differential patterns of activation in other brain regions.
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2.5 Electrophysiology

Electrophysiological recordings were performed as previously described [33, 39]. Adult
Gabrd/Crh mice and Cre™~ littermates were sacrificed by decapitation under anesthesia with
isoflurane two hours following vehicle or KA administration and the brain was rapidly
dissected out and placed immediately in ice-cold, oxygenated normal artificial cerebral
spinal fluid (nACSF) (containing 126 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH,PQy, 2.5
mM KCI, 2 mM CaCl,, 2 mM MgCl,, and 10 mM dextrose; 300—-310 mOsm) containing 3
mM kynurenic acid. Acute sections (350 pm), containing the PVVN, were prepared using a
Leica VT1000S vibratome and stored in oxygenated nACSF at 33°C for at least 1 h before
recording. Slices were placed into a recording chamber maintained at 33°C (in-line heater,
Warner Instruments) and perfused at a high flow rate (= 4 ml/min) with 95% O, / 5% CO, to
maintain adequate O tension and physiological pH (7.3-7.4). CRH neurons were visually
identified (Sarkar et al., 2011) and the identity confirmed using morphological and
electrophysiological methods [40].

Current clamp recordings were carried out in the /=0 configuration using electrodes with
DC resistance of 5-8 MQ and an intracellular solution containing 130 mM K-gluconate, 10
mM KCI, 4 mM NaCl, 10 mM HEPES, 0.1 mM EGTA, 2 mM Mg-ATP, and 0.3 mM Na-
GTP (pH 7.25; 280-290 mOsm). After stabilization of the holding current and membrane
properties, the spontaneous firing rate of CRH neurons was measured over a 5 min period.
Whole cell capacitance and series resistance was measured throughout the course of the
experiment and data was eliminated from analysis if there was >20% change. Data was
collected and analyzed using Powerlab software (ADInstruments).

2.6 Behavioral Tests

Behavioral tests were conducted on chronically epileptic mice 60 days following
pilocarpine-induced status epilepticus. A subset of Gabrd/Crh mice were implanted with a
10mg, 21-day, slow-release corticosterone pellet (Innovative Research of America) 14 days
prior to behavioral testing. Mice were anesthetized with ketamine/xylazine, a small 1 cm
incision was made on the back of the neck, and a small slow-release pellet (or nothing for
sham) was placed underneath the skin. The incision was closed and the animals were
allowed to recover for 14 days until experimentation, throughout which time the animals
were exposed to elevated levels of corticosterone.

Forced Swim Test—Mice were placed into a 5 L plastic beaker (20cm in diameter)
containing 3 L of water (23-25°C) for 6 minutes. A video camera was used to record each
session. The latency to the first bout of immobility and total time spent immaobile during the
6 minute test was measured.

2.7 DREADD experiments

To enhance the seizure-induced activation of the HPA axis in Gabrd/Crh mice which have
HPA axis hypofunction, Gabrd/Crh mice were stereotaxically injected bilaterally with 250nl
of AAV-hSyn-D10-hM3D(Gq)-mCherry (Gqg DREADD) into the PVN using the following
stereotaxic coordinates (0.45mm posterior, £0.05mm lateral, and 5.0mm depth). Similarly,
to inhibit the seizure-induced activation of the HPA axis, CRH-Cre mice were injected with

Epilepsy Behav. Author manuscript; available in PMC 2021 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooper et al.

Page 7

250n1 of AAV-hSyn-DI10-hM4D(Gi)-mCherry (Gi DREADD). Mice were also injected with
250nl of AAV-GFP (Vector Biolabs, Serotype 2) to serve as controls. Injections were
performed 28 days prior to experimentation to allow for optimal expression. Accurate
targeting and specific expression of the DREADD viruses in CRH neurons was confirmed
by post-hoc analysis using immunohistochemistry to confirm colocalization with the
endogenous CRH peptide. Thirty minutes prior to the behavioral experiments, all
experimental animals were injected with 3 mg/kg clozapine-N-oxide (CNO) to control for
potential off-target effects [41]. To assess the impact of silencing or activating CRH neurons
in the PVN on seizure frequency, mice were treated with CNO in the drinking water (5mg/
200ml, a protocol provided on Bryan Roth’s website). Mice were treated with 7 days of
normal drinking water followed by 7 days with CNO, a treatment protocol which was then
repeated twice and counterbalanced between experiments. We observed a similar effect of
CNO treatment over the two separate weeks of treatment. Therefore, the average seizure
frequency was collapsed over the weeks of either vehicle or CNO treatment and represented
as “average # seizures/day”. Seizure frequency was determined during each week of
treatment and averaged for water or CNO treatment for each animal and then averaged
between animals.

2.8 Statistical Analyses

Statistical significance between Gabrd/Crh mice and Cre™/~ littermates was determined
using a Student’s t-test. Statistical significance between the data sets of Cre™/~ littermates,
Gabrd/Crh mice, and Gabrd/Crh mice treated with corticosterone was conducted using a
one-way ANOVA. A two-way ANOVA was used to compared between genotypes (Cre™~
vs. Gabrd/Crh) and treatment (vehicle vs. KA or pilocarpine). A Tukey’s multiple
comparisons test was used to determine statistical significance. All data are represented as
the average + SEM.

3. Results

3.1 Suppression of the seizure-induced activation of the HPA axis in Gabrd/Crh mice.

Previously, our laboratory demonstrated seizure-induced activation of the HPA axis,
resulting in increased corticosterone levels, following seizures induced with both kainic acid
(KA) and pilocarpine [1]. Due to the evidence for a role of GABAAR & subunit-containing
receptors in the regulation of CRH neurons in the PVN and, thus, in the regulation of the
HPA axis [33], we generated mice lacking the GABAAR 6 subunit specifically in CRH
neurons (Gabrd/Crh mice), which has been previously characterized by our laboratory [2].
Due to the excitatory actions of GABA, which plays a role in mounting the physiological
response to stress [33], the loss of the GABAAR & subunit in CRH neurons (Gabrd/Crh
mice) paradoxically results in a decrease in stress-induced elevations in corticosterone [2].
The loss of the GABAAR & subunit in the PVN was previously verified in Gabrd/Crh mice
[2]. Here we investigate whether the seizure-induced activation of the HPA axis is also
altered in Gabrd/Crh mice. Circulating corticosterone levels were measured in control
Gabrd/Crh mice and Cre™" littermates and two hrs following seizures induced with KA
(20mg/kg, i.p.). Corticosterone levels are increased in Cre™~ mice two hrs following KA-
induced seizures (470.0 = 99.9 ng/ml) compared to vehicle-treated controls (65.7 + 24.6
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ng/ml) (Figure 1a). The seizure-induced elevation in corticosterone is suppressed in
Gabrd/Crh mice (57.6 + 24.3 ng/ml) compared to Cre™~ littermates (470.0 + 99.9 ng/ml)
(Figure 1). However, the baseline levels of corticosterone are not different between
Gabrd/Crh mice (69.9 + 15.6 ng/ml) and Cre™" littermates (63.1 + 18.2 ng/ml) (Figure 1).
Administration of exogenous corticosterone increases circulating corticosterone in
Gabrd/Crh mice (302.1 + 105.3 ng/ml) to levels comparable to wild type (Cre™'~: 470.0 +
99.9 ng/ml) (Figure 1; n =5 — 12 mice per experimental group; * denotes p<0.05 using a
two-way ANOVA).

Consistent with the suppression of the seizure-induced activation of the HPA axis in
Gabrd/Crh mice, c-fos activation in the PVN two hrs following KA-induced seizures is
decreased in Gabrd/Crh mice compared to Cre™~ controls (Figure 1b,c). The number of c-
fos positive neurons in the PVN 2 hrs following seizures induced with KA is decreased in
Gabrd/Crh mice (68.0 + 15.5) and vehicle-treated mice (16.3 £ 3.1) compared to KA-treated
Cre™~ mice (311.8 + 62.3) (Figure 1c; n = 6 sections per mouse, 3 — 6 mice per
experimental group; * denotes p<0.05 using a two-way ANOVA). Together, these data
demonstrate suppression of the seizure-induced activation of the HPA axis in Gabrd/Crh
mice, similar to our observations that the stress-induced activation of the HPA axis is blunted
in these mice [1].

3.2 Suppression of the seizure-induced activation of the HPA axis is associated with
decreased acute seizure susceptibility.

To explore the relationship between seizure-induced activation of the HPA axis and acute
seizure susceptibility, electrographic epileptiform activity following KA administration was
measured in Gabrd/Crh mice and Cre™" littermates. The latency to the first seizure was not
different between Gabrd/Crh mice (450.7 + 171.3 s) and Cre™/~ littermates (625.6 + 170.8 s),
which is understandable since the first seizure is required to activate the HPA axis. However,
the total epileptiform activity measured during the two hrs following KA administration is
decreased in Gabrd/Crh mice (5.0 + 1.4 %) compared to Cre™~ mice (67.8 + 6.0 %) (Figure
2). Treatment of Gabrd/Crh mice with exogenous corticosterone did not significantly alter
the latency to the first seizure (341.4 + 121.2 s) but did increase the percent time exhibiting
epileptiform activity (62.5 + 11.7 %) compared to untreated Gabrd/Crh mice (latency: 450.7
+ 171.3 s; percent time: 5.0 £ 1.4 %) (Figure 2; n = 7 — 8 mice per experimental group; *
denotes p<0.05 using a one-way ANOVA). These data demonstrate that suppression of the
seizure-induced activation of the HPA axis is associated with decreased acute seizure
susceptibility.

3.3 The seizure-induced activation of the HPA axis is blunted in chronically epileptic
Gabrd/Crh mice.

The experiments presented above demonstrate seizure-induced activation of the HPA axis in
response to substantial seizure activity induced by acute administration of a
chemoconvulsant. To determine whether the HPA axis is activated by episodic seizures in
chronically epileptic mice, we performed similar experiments using the pilocarpine model.
Circulating corticosterone levels were measured in control and chronically epileptic
Gabrd/Crh mice and Cre™~ littermates 60 days following status epilepticus induced with

Epilepsy Behav. Author manuscript; available in PMC 2021 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooper et al.

Page 9

pilocarpine, at which time the mice are in the chronic epilepsy period, confirmed with 24/7
video, EEG recording. Corticosterone levels are increased in chronically epileptic Cre~/~
mice (104.9 + 30.1 ng/ml) compared to vehicle-treated controls (27.7 + 5.4 ng/ml) (Figure
3). In contrast, corticosterone levels are not significantly increased in chronically epileptic
Gabrd/Crh mice (25.0 + 7.4 ng/ml) compared to Gabrd/Crh controls (31.6 + 6.3 ng/ml)
(Figure 3). Treatment with exogenous corticosterone increases circulating corticosterone in
chronically-epileptic Gabrd/Crh mice (211.5 + 56.4 ng/ml) (Figure 3; n = 9 — 19 mice per
experimental group; * denotes p<0.05 using a one-way ANOVA).

Suppressed activation of the HPA axis in chronically epileptic Gabrd/Crh mice is also
suggested based on the decreased c-fos expression in the PVN of Gabrd/Crh mice compared
to Cre™~ controls. The number of c-fos positive neurons in the PVN of chronically epileptic
mice is decreased at 60 days post-status epilepticus in Gabrd/Crh mice (48.8 + 27.3) and
vehicle-treated controls (16.3 + 3.1) compared to chronically epileptic Cre™~ mice (265.6 +
32.9) (Figure 3; n = 6 sections per mouse, 3 — 6 mice per experimental group; * denotes
p<0.05 using a two-way ANOVA). These data demonstrate that the HPA axis is activated in
chronically epileptic mice, which we propose may contribute to seizure susceptibility and
associated comorbidities, such as depression-like behaviors.

Consistent with blunted seizure-induced activation of CRH neurons in Gabrd/Crh mice, the
firing rate of CRH neurons in the PVN is decreased in Gabrd/Crh mice following KA-
induced seizures. Two hrs following seizures induced with KA, the firing rate of CRH
neurons is increased in Cre™~ mice (8.9 + 1.9 Hz) compared to vehicle-treated controls (4.3
+ 0.9 Hz) (Figure 4), similar to previous reports [1]. However, the firing rate of CRH
neurons in the PVN is not increased in Gabrd/Crh mice (3.8 £ 0.6 Hz) following seizures
induced with KA (Figure 4) (n = 15-16 mice, 4-5 mice per experimental group; * denotes
p<0.05 using a two-way ANOVA).

3.4 Seizure frequency is decreased chronically epileptic Gabrd/Crh mice.

To determine whether seizure-induced activation of the HPA axis contributes to seizure
susceptibility in chronically epileptic mice, the daily seizure frequency was measured in
Gabrd/Crh mice and Cre™~ littermates for 21 consecutive days beginning 4 weeks post
pilocarpine-induced status epilepticus (Figure 5a). There was no difference in the survival
rate (Cre™~: 63.4 + 7.6 %; Gabrd/Crh: 64.1 + 7.8 %) or the percent change in body weight
(Cre™'=: 6.6 + 0.4 %; Gabrd/Crh: 7.3 + 0.4 %) following pilocarpine-induced status
epilepticus between Cre™~ and Gabrd/Crh mice (Figure 5b,c), suggesting that the initial
epileptogenic insult was similar between experimental groups. However, the number of
seizures per day was reduced in chronically-epileptic Gabrd/Crh mice (2.1 + 0.7) compared
to Cre™~ littermates (5.5 + 1.2) (Figure 6b). Treatment of both Cre™" littermates and
Gabrd/Crh mice with exogenous corticosterone increased the number of seizures/day (Cre™~
+CORT: 7.3 £ 1.6; Gabrd/Crh+CORT: 5.9 + 1.0) (Figure 6b), similar to previous reports
[15]. Corticosterone increased seizure frequency to a greater extent in Gabrd/Crh mice
(273.1% increase) compared to Cre™" littermates (133.4 % increase) (n = 6 — 7 mice per
experimental group; * denotes p<0.05 using a one-way ANOVA). These data suggest
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seizure-induced activation of the HPA axis contributes to seizure frequency in chronically
epileptic mice.

3.5 Depression-like behaviors are decreased in chronically epileptic Gabrd/Crh mice.

Depression-like behavior was assessed in chronically epileptic Gabrd/Crh mice and Cre™/~
littermates using the forced swim test. Chronically epileptic Cre™~ littermates exhibit an
increase in depression-like behaviors compared to vehicle-treated controls, consistent with
previous reports (for review see [42, 43]). Chronically epileptic Cre™/~ littermates exhibit a
decrease in the latency to the first bout of immobility in the forced swim test (66.5 + 5.5 s)
and an increase in the total time spent immobile (232.8 £ 5.3 s) compared to vehicle-treated,
non-epileptic controls (latency: 87.3 £ 5.1 s; total time: 163.8 £ 8.2 s) (Figure 7a,b).
Consistent with a role for seizure-induced activation of the HPA axis in comorbid depression
in epilepsy, chronically epileptic Gabrd/Crh mice exhibit an increase in the latency to the
first bout of immobility in the forced swim test (114.7 + 17.6 s) and a decrease in the total
time spent immobile (116.4 + 15.4 s) compared to chronically epileptic Cre™~ mice
(latency: 66.5 £ 5.5 s; total time: 232.8 £ 5.3 s) (Figure 7a,b). Further, treatment of
Gabrd/Crh mice with exogenous corticosterone decreased the latency to the first bout of
immobility (39.0 £ 5.2 s) and increased the total time spent immobile in the forced swim test
(254.1 £ 11.0 s) (Figure 7a,b; n = 15 — 17 mice per experimental group; * denotes p<0.05
using a two-way ANOVA).

3.6 Specifically activating or inhibiting CRH neurons in the PVN using DREADDSs alters
seizure frequency and comorbid depression-like behaviors

To specifically investigate the role of CRH neurons within the PVN, which govern the
activity of the HPA axis, in seizure susceptibility and comorbid depression, we utilized a
DREADD approach to specifically activate or inhibit these neurons. Activation of CRH
neurons in the PVN with CNO (Gg DREADD) increased the number of seizures per day
(9.6 = 1.3) compared to seizure frequency in the same animals in the absence of CNO
treatment (7.3 + 1.4) (Figure 8a,b). In contrast, inhibiting CRH neurons in the PVN (Gi
DREADD) decreased the number of seizures per day (3.0 £ 0.7) compared to seizure
frequency in the same animals in the absence of CNO treatment (6.7 = 1.4) (Figure 8a,b; n =
5 mice per experimental group; * denotes p<0.05 using a paired Student’s t-test).

Modulation of CRH neurons in the PVN using DREADDs also alters depression-like
behaviors in chronically epileptic mice. Activation of CRH neurons in the PVN does not
alter depression-like behaviors in the forced swim test in chronically epileptic Gg DREADD
mice (latency to immobility: 45.7 £ 219.6 s; total time immobile: 219.6 + 13.3 s) compared
to chronically epileptic AAV-GFP mice (latency to immaobility: 68.8 + 4.8 s; total time
immobile: 222.4 + 7.6 s) (Figure 8c,d; n = 10 — 20 mice per experimental group; * denotes
p<0.05 using a one-way ANOVA), which may be due to a ceiling effect. However, inhibiting
CRH neurons in chronically epileptic mice decreases depression-like behaviors (Gi
DREADD mice - latency to immobility: 122.0 £+ 28.3 s; total time immobile: 116.4 £ 21.4 s)
compared to chronically epileptic AAV-GFP mice (latency to immobility: 68.8 + 4.8 s; total
time immobile: 222.4 £ 7.6 s) (Figure 8c,d; n = 10 — 20 mice per experimental group; *
denotes p<0.05 using a one-way ANOVA). These data suggest that seizure-induced

Epilepsy Behav. Author manuscript; available in PMC 2021 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hooper et al. Page 11

activation of the HPA axis contributes to an increase in seizure frequency and associated
comorbidities, consistent with the notion that dysregulation of the HPA axis negatively
impacts epilepsy outcomes.

4. Discussion

This study utilizes genetic and chemogenetic approaches to modulate HPA axis function to
investigate the relationship between seizure-induced activation of the HPA axis, seizure
susceptibility, and associated comorbidities. Much of the research into the role of the HPA
axis in epilepsy has focused on the role of stress on seizure susceptibility, given the evidence
that stress is a major trigger for seizures in patients with epilepsy [11]. In addition to the
impact of stress, recent studies have begun to investigate the impact of HPA axis dysfunction
on epilepsy outcomes independent of stress [1, 20]. Blocking glucocorticoid receptors with
RU486 has been shown to mitigate some of the neuropathological features of chronic
epilepsy in mice [20]. The present study goes even further to demonstrate that genetic or
chemogenetic suppression of the HPA axis decreases seizure susceptibility and comorbid
depression-like behaviors.

The fact that suppression of the seizure-induced activation of the HPA axis alters seizure
susceptibility in the kainic acid model suggests that seizure-induced activation of the HPA
axis is capable of influencing even acute seizure susceptibility. This suggests that seizure-
induced activation of the HPA axis is not due solely to long-term remodeling by episodic
seizure activity, but rather acute activation of the HPA axis is sufficient to influence seizure
susceptibility and severity. In contrast, the evidence that suppression of the seizure-induced
activation of the HPA axis alters seizure frequency in chronically epileptic mice suggests
acute intense seizure activity is not required for the seizure-induced activation of the HPA
axis, but rather episodic seizures are also sufficient to activate the HPA axis and impact
seizure activity. However, it is interesting to note that corticosterone levels are elevated in
chronically epileptic mice (Figure 3), suggesting that there may also be HPA axis
remodeling following chronic seizure activity.

Collectively, these findings force us to reevaluate the relationship between the HPA axis,
epilepsy and associated comorbidities. Independent of stress, seizures activate the HPA axis,
negatively impacting epilepsy outcomes. However, it is possible that stress itself may also
impact the extent of seizure-induced activation of the HPA axis. It has been well established
that early life stress can impact future stress reactivity [44]. Interestingly, previous studies
also implicate early life stress in seizure susceptibility [45, 46]. A recent study demonstrated
that early life stress decreased the threshold for status epilepticus, accelerated
epileptogenesis, and increased comorbid depression-like behaviors [32]. The same study
demonstrated that the animals vulnerable to increased seizure susceptibility and comorbid
depression also exhibited increased corticosterone levels and increased adrenal weight [32],
suggesting altered HPA axis function. Thus, the impact of stress may go beyond triggering
seizures and may actually alter HPA axis function in a way that worsens seizures and
associated comorbidities.
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We propose that the seizure-induced activation of the HPA axis creates a proconvulsant
environment, which facilitates future seizure susceptibility. The pathophysiological
consequences of seizure-induced activation of the HPA axis has not been comprehensively
explored. It is quite possible that seizure-induced HPA axis dysfunction may impact other
aspects of epilepsy and associated comorbidities. For instance, seizure-induced activation of
the HPA axis may influence seizure clustering, whereby seizure-induced elevations in stress
hormones create a proconvulsant environment favoring seizure clustering. Unfortunately, we
were unable to comprehensively explore this hypothesis in the current study due to a
relatively limited assessment of seizure frequency in the chronically epileptic period. In
order to definitively establish whether there are changes in seizure clustering, one would
need to record seizure frequency over a longer time period. It is also possible that seizure-
induced activation of the HPA axis may impact additional comorbidities associated with
epilepsy, such as cognitive impairments and cardiovascular irregularities potentially
associated with sudden unexpected death in epilepsy (SUDEP).

5. Conclusions

The data presented here demonstrate that seizure-induced activation of the HPA axis has a
significant impact on epilepsy outcomes. These findings implicate HPA axis dysfunction in
epilepsy beyond the largely explored impact of stress. It remains to be determined whether
previous stress experience alters seizure-induced activation of the HPA axis, adding another
level of complexity to the relationship between stress, the HPA axis, epilepsy, and associated
comorbidities.
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Highlights
. Suppression of the seizure-induced activation of the HPA axis decreases acute
seizure susceptibility
. Blunted seizure-induced elevation in corticosterone is associated with reduced

seizure frequency in chronically epileptic mice

. Suppression of the seizure-induced activation of the HPA axis decreases
depression-like behaviors in chronically epileptic mice

. Activation of CRH neurons in the PVN is sufficient to increase seizure
susceptibility
. Inhibition of CRH neurons in the PVN is sufficient to decrease depression-

like behaviors in chronically epilepsy mice
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Figure 1: Blunted acute seizure-induced elevations in corticosterone in Gabrd/Crh mice.
a, Average circulating corticosterone levels in Gabrd/Crh mice and Cre™~ littermates at

baseline and 2 hrs following seizures induced with kainic acid (20mg/kg, i.p.) compared to
vehicle-treated Cre™~ littermates and Gabrd/Crh mice treated with exogenous corticosterone
(21-day slow-release corticosterone pellet). n = 5 — 12 mice per experimental group; *
denotes p<0.05 using a two-way ANOVA. b, Representative images of c-fos expression in
the PVN of Gabrd/Crh mice and Cre™/~ littermates 2 hrs following seizures induced with
kainic acid. ¢, The average number of c-fos-positive neurons in the PVN of Gabrd/Crh
miceand Cre™" littermates following kainic acid-induced seizures or in vehicle-treated
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controls. n = 6 sections/mouse, 3 mice per experimental group. * denotes p<0.05 using a
one-way ANOVA.
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Figure 2: Decreased seizure susceptibility in Gabrd/Crh mice.
a) Representative electrographic epileptiform activity over the 2 hr recording period in

Gabrd/Crh mice and Cre™~ littermates and Gabrd/Crh mice treated with exogenous
corticosterone. b, The average latency to the onset of the first electrographic seizure in
Gabrd/Crh mice, Cre™~ littermates, and Gabrd/Crh mice treated with exogenous
corticosterone. ¢, The average percent time exhibiting epileptiform activity in Gabrd/Crh
mice, Cre™' littermates, and Gabrd/Crh mice treated with exogenous corticosterone. n = 7 —
8 mice per experimental group; * denotes p<0.05 using a one-way ANOVA.
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Figure 3: Blunted corticosterone levels in chronically epileptic Gabrd/Crh mice.
a, Average circulating corticosterone levels in Gabrd/Crh mice and Cre™/~ littermates at

baseline and in chronically epileptic mice 60 days following pilocarpine-induced status
epilepticus. The blunted corticosterone levels in chronically epileptic Gabrd/Crh mice are
increased with exogenous corticosterone treatment (21-day slow-release corticosterone
pellet). n =9 — 19 mice per experimental group; * denotes p<0.05 using a one-way ANOVA.
b, Representative images of c-fos expression in the PVN of Gabrd/Crh mice and Cre™~
littermates 60 days following pilocarpine-induced status epilepticus. ¢, The average number
of c-fos-positive neurons in the PVN of Gabrd/Crh mice and Cre™" littermates 60 days
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following pilocarpine-induced status epilepticus or in vehicle-treated controls. n = 6
sections/mouse, 3 mice per experimental group. * denotes p<0.05 using a two-way ANOVA.
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Figure 4: Decreased firing rate of CRH neurons following seizures in Gabrd/Crh mice.
a, Representative traces of the spontaneous firing rate of CRH neurons 2 hrs following

kainic acid-induced seizures in Gabrd/Crh mice and Cre™" littermates, and in vehicle treated
controls. b, The average firing rate of CRH neurons 2 hrs following kainic acid-induced
seizures in Gabrd/Crh mice and Cre™" littermates, and in vehicle treated controls. n = 15 —
16 slices, 4 — 5 mice per experimental group; * denotes p<0.05 using a two-way ANOVA
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Figure 5: Pilocarpine-induced status epilepticus is equivalent in Gabrd/Crh mice and cre™-

littermates.

a, A diagram of the paradigm used to induce status epilepticus and assess spontaneous
recurrent seizures and comorbid depression-like behaviors in chronically epileptic mice. b,
The average survival rate following pilocarpine-induced status epilepticus in Gabrd/Crh
mice and Cre™/~ littermates. ¢, The percent body weight lost during the 3 hr period of

pilocarpine-induced status epilepticus.
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Figure 6: Decreased seizure frequency in chronically-epileptic Gabrd/Crh mice.

10s

a, A representative electrographic spontaneous recurrent seizure in chronically epileptic
mice following pilocarpine-induced status epilepticus. The underlined regions are shown
below on a shorter time scale (al, a2). b, The average number of seizures per day in vehicle-
treated and corticosterone-treated chronically epileptic Gabrd/Crh mice and Cre™~
littermates. n = 6 — 7 mice per experimental group; * denotes p<0.05 using a one-way

ANOVA.
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Figure 7: Decreased comorbid depression-like behaviors in chronically epileptic Gabrd/Crh
mice.

a, The average latency to the first bout of immobility in the forced swim test in chronically
epileptic Gabrd/Crh mice and Cre™'" littermates, vehicle-treated controls, and corticosterone
treated chronically epileptic Gabrd/Crh mice. b, The average total time spent immobile in
the forced swim test in chronically epileptic Gabrd/Crh mice and Cre™~ littermates, vehicle-
treated controls, and corticosterone treated chronically epileptic Gabrd/Crh mice. n =15 -
17 mice per experimental group; * denotes p<0.05 using a two-way ANOVA.
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Figure 8: Chemogenetic modulation of PVN CRH neurons alters seizure frequency and
depression-like behaviors in chronically epileptic mice.

a, Representative electrographic seizures in chronically epileptic DREADD mice. al,
Representative electrographic activity corresponding to a tonic-clonic, Stage 5 behavioral
seizure. a2, Representative electrographic activity corresponding to a Stage 3 behavioral
seizure. b, The average number of seizures per day in Gg and Gi DREADD mice in the
presence and absence of CNO. n =5 mice per experimental group; * denotes p<0.05 using a
paired Student’s t-test. The average latency to immobility (c) and the total time spent
immobile (d) in the forced swim test in Gg and Gi DREADD mice and AAV-GFP controls. n
=10 — 20 mice per experimental group; * denotes p<0.05 using a one-way ANOVA.
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