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Summary 
Epilepsy is often comorbid with psychiatric illnesses, including anxiety and depression. 

Despite the high incidence of psychiatric comorbidities in people with epilepsy, few studies 
address the underlying mechanisms. Stress can trigger both epilepsy and depression and 
significant accumulating evidence, from both human and animal studies, support that 
hypothalamic-pituitary-adrenal (HPA) axis dysfunction may contribute to the comorbidity of 
these two disorders1. Here we directly investigate the contribution of HPA axis dysfunction to 
epilepsy outcomes and psychiatric comorbidities. We generated a novel mouse model 
(KCC2/Crh mice) that lacks the K+/Cl- co-transporter, KCC2, in corticotropin-releasing hormone 
(CRH) neurons, which exhibit stress- and seizure-induced hyperactivation of the HPA axis.2,3 
Here we demonstrate that HPA axis dysfunction in KCC2/Crh mice is associated with increased 
vulnerability to behavioral deficits in chronically epileptic mice and more severe 
neuropathological features associated with chronic epilepsy (e.g. increased mossy fiber 
sprouting). Despite equivalent seizure burden, HPA axis dysfunction in these chronically 
epileptic mice increased the incidence of sudden unexpected death in epilepsy (SUDEP). 
Suppressing HPA axis hyperexcitability in this model using a pharmacological or chemogenetic 
approach decreased SUDEP incidence, supporting HPA axis dysfunction in SUDEP 
vulnerability. We also observed changes in neuroendocrine markers in individuals that died of 
SUDEP compared to people with epilepsy or individuals without a history of epilepsy. Together, 
these findings describe a novel, nongenetic mouse model of SUDEP which will benefit 
preclinical SUDEP research to gain a better understanding of the underlying pathological 
mechanisms contributing to SUDEP. HPA axis dysfunction increases vulnerability to psychiatric 
comorbidities in epilepsy and may be a risk factor for SUDEP.  
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Introduction 
Psychiatric comorbidities are highly prevalent in people with epilepsy (PWE), affecting 

approximately 75%, with depression (55%) and anxiety (25-50%) being the most common.4,5 The 
comorbid appearance of psychiatric disorders in PWE occurs at rates much higher than both the 
general population and in people with chronic illness other than epilepsy.4,6 Increasing evidence 
suggests that this comorbidity has neurobiological underpinnings,7 but the mechanisms 
underlying mood disorders in epilepsy remain unclear. Since seizure control remains the 
primary treatment focus for PWE, psychiatric comorbidities in people with epilepsy are often 
underdiagnosed and undertreated. As a result, these comorbidities can negatively impact the 
quality of life for people with epilepsy and, if left untreated, can severely worsen the course of 
epilepsy and/or increase suicide risk in PWE.8,9 
 A cardinal feature of depression, the psychiatric disorder most diagnosed in PWE, is 
hypothalamic-pituitary-adrenal (HPA) axis hyperactivity.10-13 The HPA axis mediates the body’s 
physiological response to stress, a major risk factor for depression and anxiety14 and a seizure 
trigger in many PWE.15,16 Psychological or physiological stress induces a HPA-mediated a 
neuroendocrine response. Corticotropin-releasing hormone (CRH) neurons in the 
paraventricular nucleus (PVN) of the hypothalamus govern HPA axis control. In response to 
stress or seizures,2,17 CRH is released and sequentially triggers the release of 
adrenocorticotropin hormone (ACTH) from the anterior pituitary gland, and cortisol from the 
adrenal glands. Cortisol (in humans) and corticosterone (in rodents) exert their effects through 
actions on either mineralocorticoid receptors or glucocortiocoid receptors. Many people who 
suffer from depression exhibit HPA axis dysregulation, as evidenced by elevated CRH and 
cortisol levels.18,19 In fact, hypercortisolism is a hallmark feature of major depression.11,20 

Interestingly, up to 60% of PWE also report stress as a trigger for seizures,15,21,22 
suggesting that HPA axis dysregulation may drive some elements of seizure susceptibility in 
epilepsy. In addition, cortisol levels are basally elevated in PWE and are further increased 
following a seizure, which correlates with seizure severity.18,19  Similarly, we found that seizures 
alone activate the HPA axis in rodents.2 Hyperactivation of the HPA axis causes compounding 
pathology as stress hormones exert proconvulsant actions23 and HPA axis dysfunction has been 
shown to exacerbate neuropathology and disease progression in epilepsy and accelerate 
epileptogenesis.17,24-27 These studies suggest that controlling the body’s physiological response to 
stress may be an effective treatment for seizure control. Indeed, we have shown that blocking 
seizure induced elevations of corticosterone with a CRH antagonist, antalarmin, reduces future 
seizure susceptibility.2 We have also demonstrated that blunting HPA axis activation improved 
outcomes in chronically epileptic mice.24 Recent studies also show that attenuating HPA axis 
activity through use of the glucocorticoid antagonist, RU486, or the glucocorticoid specific 
inhibitor, CORT108297, mitigates status epilepticus (SE) induced neuropathology.28,29 However, 
little is known regarding how seizure induced HPA axis activation contributes to comorbid 
psychiatric disorders in epilepsy. We recently demonstrated that a mouse model of pilocarpine- 
induced temporal lobe epilepsy (TLE) exhibits stress-induced elevations in circulating 
corticosterone and increased anxiety- and depression-like behaviors.17,24 Our previous work 
demonstrated that suppressing the seizure-induced activation of the HPA axis decreased 
seizure burden and comorbid behavioral deficits.24 However, these previous studies rely on 
correlations between corticosterone levels and epilepsy outcomes.  Here, we directly examine 
the relationship between HPA axis dysfunction and psychiatric comorbidities associated with 
epilepsy using a genetic mouse model exhibiting HPA axis hyperactivation. 

The HPA axis is regulated by GABAergic control of CRH neurons in the PVN.30,31 Our lab 
found that stress- and seizure- induced activation of the HPA axis is driven by a collapse in the 
chloride gradient in CRH neurons, required for GABAergic inhibition and maintained by the K+/Cl- 
co-transporter, KCC2.2,32 To explore the role of HPA axis dysfunction in epilepsy and associated 
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psychiatric comorbidities, we generated mice that lack KCC2 specifically in CRH neurons 
(Kcc2/Crh).3 The Kcc2/Crh mice exhibit an exaggerated seizure induced activation of the HPA 
axis. Here, we show that seizure induced hyperactivation of the HPA axis in male Kcc2/Crh 
mice contributes to increased vulnerability to anxiety- and depression-like behaviors and greater 
neuropathological changes associated with epilepsy. Unexpectedly, HPA dysfunction in 
chronically epileptic Kcc2/Crh mice is also associated with a profound increase in susceptibility 
to sudden unexpected death in epilepsy (SUDEP). We demonstrate that pharmacological or 
chemogenetic attenuation of seizure induced activation of the HPA axis reduces seizure burden 
and SUDEP incidence, further implicating HPA axis dysfunction in SUDEP. While certain 
genetic risk factors increase SUDEP predisposition,33,34 non-genetic influences contributing to 
SUDEP are not yet understood and there is a lack of experimental models to explore additional 
pathophysiological mechanisms. Our work suggests that HPA axis dysfunction may increase 
risk for SUDEP and that the Kcc2/Crh mouse model is a novel, non-genetic model of SUDEP 
with utility for examining non-genetic mechanisms contributing to SUDEP. Blood samples 
obtained from PWE and PWE with suspected SUDEP indicate that persistent and excessive 
HPA axis dysfunction may contribute to SUDEP, suggesting that identifying sources of HPA axis 
dysfunction may serve as novel biomarkers for those at risk of SUDEP.  

Methods 
Animals 

We used adult (8-12 weeks) male Cre-/- (WT) and Kcc2/Crh mice bred on a 129/Sv 
background strain and housed at the Tufts University School of Medicine’s Division of 
Laboratory Animal Medicine facility. Food and water were provided ad libitum. All procedures 
used in this study were approved by the Tufts University Institutional Animal Care and Use 
Committee. Our lab has generated and has previously characterized the Kcc2/Crh mouse line.3 
Briefly, we crossed floxed KCC2 (Kcc2f/f) mice (a generous gift from Dr. Stephen Moss) with 
CRH-Cre mice obtained from the Mutant Mouse Regional Research Center (Stock #030850-
UCD) to generate mice that lack KCC2 in CRH neurons (Kcc2/Crh).3 We genotyped the 
Kcc2/Crh mice in house and through Transnetyx using the following primers: 
 
KCC2  
5′: ATGAGTAGCAGATCCCATAGGCGAACC  
3′ CTGCCAAGAGCCATTACTACAGTGGATG  
 
CRH-Cre  
5′: CTGTCTTGTCTGTGGGTGTCCGAT  
3′: CGGCAAACGGACAGAAGCATT 
 
The expected polymerase chain reaction (PCR) product size for the floxed KCC2 mice is 543 bp 
and 426 bp for the WT mice.  
 
Ventral intrahippocampal kainic acid injections 

We followed the ventral intrahippocampal kainic acid (vIHKA) protocol previously 
reported by Zeidler et al., 2018.35 Mice were first anesthetized with 100 mg/kg dose of ketamine 
and 10 mg/kg dose of xylazine and administered 0.5 mg/mL dose of Buprenorphine Sustained 
Release Lab formulation preoperatively. Kainic acid (100 nL of 20 mM; vIHKA) or vehicle (100 
nL of sterile saline; vIHSA) was stereotaxically injected into the ventral hippocampus: 3.6 mm 
posterior, -2.8 mm lateral, and 2.8 mm depth. Seizures were not pharmacologically terminated 
and only mice that achieved status epilepticus were used for this study.  
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Gi DREADD injections and CNO administration 
 A subset of mice were bilaterally injected with AAV-hSyn-DIO-hM4D(Gi)-mCherry (Gi 
DREADD) in the PVN of the hypothalamus in Kcc2/Crh mice, an approach which has been 
demonstrated to inhibit CRH neuron activity and HPA axis activity.3 The mice were 
stereotaxically injected with 250 nL of Gi DREADD at (-0.9 mm posterior, ±0.3 mm lateral, and 
5.1 mm depth), unilaterally injected with kainic acid in the ventral hippocampus (3.6 mm 
posterior, -2.8 mm lateral, and 2.8 mm depth), and implanted with a prefabricated EEG 
headmount customized with a ventral hippocampal depth electrode. Electroencephalogram 
recordings (24/7) began 21 days post-surgery. The first 7 days of EEG recordings were baseline 
recordings to detect seizure frequency and severity in untreated mice. During the second week 
of continuous EEG recordings, mice were given ad libitum access to 5 mg of clozapine-N-oxide 
(CNO; Sigma-Aldrich cat. #34233-69-7) dissolved in 200 mL of drinking water.  
 
RU486 administration 

After administering vIHKA injections and implanting the prefabricated EEG headmount 
as described above, a cohort of mice with a 10 mg, 21-day, slow release RU486 pellet 
(Innovative Research of America, cat. #X-999). Following 3 days of post-surgery recovery, we 
began continuous, 24/7 EEG recordings.  
 
Electroencephalogram recordings and analysis 

Following vIHKA, we implanted a chronic, custom fabricated EEG headmount (Pinnacle 
Technology, cat. #8201) outfitted with a coated stainless steel wire depth electrode (A-M 
Systems, cat. #792300) inserted at the kainic acid injection site, in the right ventral 
hippocampus. The prefabricated headmount was fixed onto the mouse skull with 3 screws: one 
serving as an EEG lead in the prefrontal cortex, another as a reference ground, and another as 
the animal ground. Electroencephalogram recordings were collected at 4 KHz using a 100X 
gain preamplifier high pass filtered at 1KHz (Pinnacle Technology, cat. #8292-SE) and tethered 
turnkey system (Pinnacle Technology, cat. #8200). Recordings began between 7-10 days post-
surgery and continued uninterrupted for up to 3 weeks. For mice that received Gi DREADD 
injections, EEG recordings began 21 days following surgery to allow for optimal expression of 
the Gi DREADDs.  
 Seizures from EEG traces were automatically detected using a thresholding method, 
which detected 99.5% of manually scored seizures in a test dataset. Briefly, traces were 
downsampled (decimated) to 100 Hz and divided into 5 second segments. Seizure segments 
were detected based on power (2-40 Hz) and line length of the downsampled LFP/EEG signal. 
These features and their thresholds were selected based on a training dataset along with their 
performance on the testing dataset (Feature: feature multiplier. Line length-vHPC: 4.5, Power-
vHPC: 2.5, line length-FC: 3.5). 5s segments were scored as seizures if their values were larger 
than feature mean + (standard deviation x feature multiplier) in at least two out of the three 
features (popular vote). Seizures were only included if two consecutive 5 second segments 
were classified as seizures (minimum 10 seconds length). Automatically detected seizures were 
then manually verified and all false positive events were discarded. These pipelines can now be 
found in a python application (seizy) that was developed in our laboratory 
(https://github.com/neurosimata/seizy). Seizure frequency was calculated by dividing the total 
number of seizures a mouse had over the recording period by the total number of recording 
hours. The average seizure duration was calculated by taking the mean of seizure bout 
durations for each mouse in each recording period. For each mouse, seizure burden was 
calculated as: Total # of seizures * Average seizure durationTotal EEG recording hours 
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Behavioral assessments 
 Behavioral testing was conducted beginning at 60 days post-vIHKA or vehicle injections. 
Avoidance behaviors were tested using the open field (OF) and light/dark (L/D) paradigms. 
Learned helplessness behavior was tested using the forced swim test (FST), anhedonia was 
evaluated using the sucrose preference test (SPT), and motivated, goal-directed behavior was 
assessed using the nestlet shredding test (NST).  
 

Open Field Test 
 Avoidance behaviors in the light/dark box was measured as previously described 
(Melon, 2019).36  Briefly, mice were placed in an open arena surrounded by a 40 cm x 40 cm 
photobeam frame with 16 x 16 equally spaced photocells (Hamilton-Kinder). Mice were placed 
individually into the center of the arena and beam breaks and movement were automatically 
detected and measured using the Motor Monitor software (Hamilton-Kinder) over the 10 min 
testing period. We analyzed the amount of time spent in the center, the total distance traveled in 
the center, and the total number of beam breaks. 
 

Light/Dark Box 
 Avoidance behaviors in the light/dark box was measured as previously described 
(Melon, 2019).36  Briefly, mice were placed in the dark chamber of a two-chamber light/dark box 
apparatus surrounded by a 22 cm x 43 cm photobeam frame with 8 equally spaced photocells 
(Hamilton-Kinder). Mice were allowed to explore the two-chamber apparatus freely for a 10 min 
testing period. Beam breaks and movement were detected and measured using the automated 
Motor Monitor software (Hamilton-Kinder). We analyzed the total number of entries, total 
duration spent in, and the total distance traveled in the light chamber. 
 

Sucrose Preference Test 
 Anhedonia was measured using the sucrose preference test, using a protocol similar to 
our previous studies (Melon, 2019).36  Mice were individually housed and given ad libitum access 
to two water bottles, one filled with water and the other filled with 2% sucrose (w/v). Water 
bottles were weighed daily at the same time (ZT 14-15). Water bottle positions were swapped 
daily to avoid placement preference. The mice underwent the SPT paradigm for 7 days. 
Sucrose preference for each mouse was calculated by dividing the daily change in the sucrose 
water bottle weight by the sum of the changes in the bottle weights for both the regular water 
and sucrose water (Δ sucrose/Δ sucrose + Δ reg. water). Graphs were generated by plotting the 
average sucrose preference across the 7 days for each mouse. (1 gram of H20 = 1 mL of H20). 
 

Nestlet Shredding Test 
 Mice were placed in clean cages with two squares of unshredded cotton fiber nestlets 
(Ancare catalog #NES3600). Before the mice were placed in the cage, the unshredded nestlet 
was weighed. Any unshredded nestlet was weighed at the same time every day (ZT 14-15) for 7 
days. Care was taken to not disrupt the unshredded nestlet; any piece that was physically 
attached to the nestlet counted towards the overall weight of the nestlet. The percent of the 
nestlet left unshredded was calculated by taking the weight of any unshredded nestlet for each 
day and dividing it by the initial weight of the nestlet (Day 0).  
 

Forced Swim Test 
Learned helplessness was measured using the FST as previously described by our 

laboratory.36,37.Briefly, mice were placed in a 5 L circular, plastic container (20 cm in diameter). 
The container was filled with room temperature water (23-25° C) and placed in a room with 
minimal visual and auditory distractions. Mice were individually placed in water and were video 
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recorded for 6 minutes, undisturbed. FST videos were analyzed by a FST Scoring application 
developed in our laboratory. The latency to the first bout of immobility and total time spent 
immobile was quantified. 
 

Automated Behavioral Testing 
Mouse tracking for FST was done using a custom trained DeepLabCut model.38 Mouse 

nose, tail, tail-base and rear feet were automatically labeled, and positional data was processed 
to exclude and forward-fill low confidence values. Distance traveled between frames for each 
limb was used to determine if the mouse was immobile based on a machine-learning model. 
The model used a Long Short-Term Memory network (https://github.com/fchollet/keras) which 
was trained using manually scored experiments from several lab members. After excluding 
bouts of immobility under 1.5 seconds, total time immobile and latency to first bout of immobility 
were calculated. Values from experiments manually verified post hoc correlated with the 
automated analysis with an R2 of 0.92 (n=9). Python scripts used to process and analyze the 
data, as well as the artificial intelligence models used are available upon request. 
 

Behavioral distribution analysis by peak detection 
         Kernel Density Estimations (KDE) were fit to behavioral data using the Seaborn 

package for Python (https://github.com/mwaskom/seaborn). The default parameters were used, 
except the bandwidth was changed to 0.8 to adjust for over-smoothing of the distributions. 
Peaks were then detected using the Scipy Find Peaks function. The midpoint between the 
peaks was used as the threshold to determine if each animal fell into the vulnerable or non-
vulnerable populations. If only one peak was detected, the mean of the values was used to split 
the animals into vulnerable and non-vulnerable groups. 
 
Corticosterone ELISAs 
 Blood was collected from mice either through submandibular bleeds using a mouse 
lancet39 or through trunk blood at the end of the experimental timeline. Blood collection was 
performed at the same time (ZT 10-11). During collection, samples were kept on ice. Blood 
samples were then centrifuged at 1.8 x g for 15 minutes at 4°C to isolate serum. Serum was 
stored in the -80°C freezer until use. Postmortem blood samples from PWE, PWE with 
suspected SUDEP, and subjects with no history of epilepsy were obtained from the North 
American SUDEP Registry (NASR) at NYU Langone Health. To quantify corticosterone and 
corticotropin releasing hormone (CRH) levels from our serum samples, we used a 
corticosterone enzyme linked immunosorbent assay (ELISA) kit (Enzo Life Sciences, cat. #ADI-
900-097) or a Human CRH/CRH ELISA kit (Lifespan Biosciences, cat. #LS-F5352) and ran 5 uL 
aliquots of each sample in duplicate. Experimental samples were compared to a standard curve 
of known corticosterone concentration.  
 
Immunohistochemistry 
 Following the completion of EEG recordings or behavior, mice were sacrificed by 
anesthetizing with isoflurane and euthanized by rapid decapitation. The brain was rapidly 
extracted, immersed in 4% paraformaldehyde, and incubated at 4°C overnight. Following 
immersion fixation, the brains were cryoprotected in 10% and 30% sucrose at 4°C for 24 and 48 
hours, respectively, snap frozen, and stored at -80° C until cryostat sectioning.  
 Brains were coronally sectioned on a crysostat at 40 µm. For NeuN staining, sections 
were blocked for 1 hour in 10% normal goat serum (at room temperature) and probed with an 
anti-NeuN Alexa Fluor 488 conjugated antibody (1:100; Millipore-Sigma cat. # MAB377X) for 2 
hours at room temperature and protected from light. For ZnT3 staining, endogenous peroxidase 
activity in the tissue was quenched by incubating sections in 3% hydrogen peroxide in methanol 
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for 30 minutes. Sections were then blocked in 10% normal goat serum for one hour at room 
temperature. Sections were incubated in primary anti-ZnT3 (Synaptic Systems, cat. # 197002; 
1:5000) for 72 hours at 4°C. Goat-anti Rabbit Vectastain Elite ABC-HRP kit (Vector 
Laboratories, cat.# PK-6101) was used according to manufacturer’s instructions and 3,3’ 
Diaminobenzidine (DAB) substrate was used for visualization.  
 The NeuN staining was visualized using a Nikon A1R confocal. Each dentate gyrus 
image was imaged at 20X and stitched together using the Fiji software.40 Brightfield images of 
the ZnT3 staining were taken on a Nikon E800 microscope. Three hippocampal sections 
(representing the dorsal, medial, and ventral sections of the hippocampus) were imaged and 
analyzed per mouse. Each hippocampal section was then normalized to its respective 
uninjected, contralateral side. The average per mouse was then used to average across 
animals. 

 
Dentate granule cell dispersion and Mossy Fiber Sprouting quantification 

         Cell dispersion was quantified using Cell Profiler 41 to detect individual cells expressing 
NeuN using the included cell profiler pipelines. Briefly, the Otsu detection method with global, 
three-class thresholding was used to detect cells from the DAPI channel. The threshold 
correction factor was adjusted between 1.3 and 2 to manually adjust for variance in tissue 
thickness. A NeuN mask was then used to select only neuronal cells. Cell density was 
calculated by dividing the total number of cells by the area of manually outlined dentate gyrus. 
Dentate granule cell dispersion was analyzed by quantifying the average number of neighboring 
cells and the total percent of cells each dentate granule cell was touching in an unbiased 
fashion.   

         Mossy fiber sprouting (MFS) was also quantified using an included Cell Profiler 
pipeline.41  Briefly, the Otsu detection method with global, two-class thresholding was used to 
identify ZnT3 stained mossy fibers. MFS was quantified as the measure of the total percent of 
mossy fiber sprouting in the dentate gyrus in an unbiased manner. Total mossy fiber area was 
divided by the area of the manually outlined dentate gyrus. 

  
Statistical analyses 
 Data was analyzed using GraphPad Prism 9. When only two conditions were present, 
we ran a Student’s t-test. Multi-group analyses were tested with a one-way ANOVA with post-
hoc multiple comparisons. When comparing multiple conditions and treatments, a two-way 
ANOVA test with post-hoc Tukey’s multiple comparisons was used. All data are represented as 
the mean ± SEM. All p-values <0.05 were considered significant. *p < 0.05; **p < 0.01; ***p < 
0.001; ****p < 0.0001 

Results 
To examine the impact of HPA axis hyperexcitability on epilepsy outcomes, we used a 

mouse model that exhibits exacerbated seizure-induced activation of the HPA axis (Kcc2/Crh 
mice) and evaluated the impact on several epilepsy outcome measures, including spontaneous 
recurrent seizure frequency, characteristic neuropathological features, and psychiatric 
comorbidities. 
 
Seizure-induced activation of the HPA axis in Kcc2/Crh mice 
 The Kcc2/Crh mouse model was previously generated and characterized by our 
laboratory where we demonstrated that these animals have increased stress-induced elevations 
in corticosterone levels compared to controls Cre-/- littermates (WT).36 Here we demonstrate that 
Kcc2/Crh mice also exhibit exacerbated seizure-induced elevations in corticosterone and 
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elevated circulating corticosterone levels in chronically epileptic mice (Fig. 1A).  Corticosterone 
levels are increased in Kcc2/Crh mice two hours following acute kainic acid (20 mg/kg) 
administration (237.52 ± 39.66 ng/ml) compared to WT controls (100.48 ± 20.148 ng/ml) and 
vehicle controls (49.01 ± 8.58 ng/ml) (Fig. 1A).  Circulating corticosterone levels are also 
increased in Kcc2/Crh mice following status epilepticus induction using the pilocarpine model 
(Fig. 1A; 259.8 ± 79.69 ng/ml) compared to chronically epileptic WT mice (Fig 1B; 71.07 ± 
10.85). Thus, this mouse model (Kcc2/Crh) is a valuable tool for examining the 
pathophysiological impact of HPA axis hyperexcitability on epilepsy outcomes. 
 
 
 
 
 

 
 

Figure 1: Kcc2/Crh KO mice exhibit an exaggerated, seizure-induced activation of the HPA axis. (A) 
Circulating corticosterone concentration collected 2 hours after intraperitoneal injections of either vehicle 
or KA in WT and Kcc2/Crh mice. (B) Circulating corticosterone levels were quantified from serum 
collected 24 hours following pilocarpine induced status epilepticus in WT and Kcc2/Crh mice. n = 20 (WT 
vehicle); 5 (Kcc2/Crh vehicle); 19 (WT KA); 8 (Kcc2/Crh KA); 12 (WT pilocarpine); 9 (Kcc2/Crh 
pilocarpine). Error bars represent ±SEM. *p <0.05; ***p<0.001. A two-way ANOVA was used to analyze 
(A) and an unpaired Student’s t-test was used to analyze (B). WT, wildtype; KA, kainic acid; Cort., 
corticosterone. 
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HPA dysfunction worsens mossy fiber sprouting in chronically epileptic Kcc2/Crh mice. 
Hallmark neuropathological features of temporal lobe epilepsy (TLE), including 

hippocampal mossy fiber sprouting (MFS) and dentate granule cell dispersion (DGCD), have 
been well characterized in both preclinical models of epilepsy and in PWE.42-46 Chronic 
pathological activation of the HPA axis in clinical models of mood disorders has also been 
shown to compromise hippocampal function and integrity.47-51 Here, we assessed whether HPA 
axis dysfunction additively worsened characteristic neuropathology in chronically epileptic 
Kcc2/Crh mice. Eight weeks following either vIHKA or vIHSa, brains from WT and Kcc2/Crh 
mice were collected, processed, and stained with either ZnT3 (for MFS) or DAPI and NeuN (for 
DGCD). Compared to chronically epileptic WT mice, a significantly greater percent of the 
dentate gyrus subregion of the hippocampus in vIHKA Kcc2/Crh mice contains MFS (Fig. 2A 
and D; WT vIHKA: n= 11, 2.546 ± 0.4240%; Kcc2/Crh vIHKA: n= 9, 11.85 ± 5.367%; unpaired 
Student’s t-test, *p< 0.05).  

To quantify the extent of DGCD in chronically epileptic WT and Kcc2/Crh mice, we 
analyzed the mean number of cells in direct contact with cells co-expressing DAPI and NeuN in 
addition to calculating the average cell density. While there were significant differences in the 
mean number of immediately adjacent neighbors between the vIHSA and vIHKA injected WT 
and Kcc2/Crh groups (Fig. 2B, C, and E; WT vIHSA: n= 9, 0.982 ± 0.024; WT vIHKA, n= 6, 
0.332 ± 0.122; Kcc2/Crh vIHSa: n= 6, 1.005 ± 0.037 ; Kcc2/Crh vIHKA, n= 9, 0.345 ± 0.1071 
normalized number of neighbors; ****p < 0.0001), there were no statistical differences in the 
mean number of adjacent neighbors between the WT and Kcc2/Crh vIHKA groups (Fig. 2B, C, 
and E). Similarly, there were significant differences in the total cell density of the dentate 
granule cell region between the vIHSa and vIHKA injected WT and Kcc2/Crh groups (Fig. 2B, C, 
and F; WT vIHSA: n= 9, 1.016 ± 0.044; WT vIHKA, n= 6, 0.441 ± 0.112; Kcc2/Crh vIHSa: n= 6, 
0.960 ± 0.063; Kcc2/Crh vIHKA, n= 9, 0.466 ± 0.099 normalized cell density; **p< 0.01, ***p< 
0.001), there were no statistical differences between the WT and Kcc2/Crh vIHKA groups (Fig. 
2B, C, and F). Because HPA axis function is already aberrantly increased in chronic epilepsy, 
further exacerbating HPA axis dysfunction in the Kcc2/Crh mice appears to selectively worsen 
MFS, but not DGCD, in chronic epilepsy.  
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Figure 2: HPA axis dysfunction worsens MFS in chronic epilepsy. (A) Representative coronal sections of 
the hippocampus collected from control and chronically epileptic adult, male WT and Kcc2/Crh KO mice 
and stained with ZnT3 to quantify MFS. (B-C) Representative sections stained with NeuN to visualize 
DGCD in WT and Kcc2/Crh mice are shown in (B) and (C), respectively. Pink outlines were automatically 
generated through Cell Profiler and indicate cells where NeuN and DAPI colocalize. (D) The mean 
(±SEM) percent change in MFS was quantified in the ipsilateral hemisphere and normalized to the mean 
percent change in MFS of the contralateral hemisphere of chronically epileptic WT and Kcc2/Crh mice. 
(E) The mean (±SEM) number of adjoining neighboring neuronal cells was quantified for the ipsilateral 
hemisphere and normalized to the mean number of immediate neighboring neuronal cells on the 
contralateral hemisphere for both control and chronically epileptic WT and Kcc2/Crh mice. (F) The total 
number of cells within the manually defined dentate gyrus area was quantified on the ipsilateral 
hippocampal hemisphere and normalized to the cell density of the uninjected, contralateral hippocampal 
hemisphere. N= 2-3 mice per group; n= 6-9 sections per group, with 3 regionally distinct hippocampal 
sections from each mouse (dorsal, medial, and ventral). Error bars represent ±SEM. An unpaired 
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Student’s t-test was used to analyze MFS and a one-way ANOVA was used to analyze DGCD 
parameters. Statistical analysis was performed on the sample size, n, for both MFS and DGCD. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. WT, wild type; KA, kainic acid; MFS, mossy fiber sprouting; 
DGCD, dentate granule cell dispersion; Norm, normalized. 
 
Chronically epileptic Kcc2/Crh mice exhibit increased vulnerability to negative affective 
states 

 Previous studies have demonstrated behavioral abnormalities, including increased 
avoidance behaviors and anhedonia, in the ventral intrahippocampal kainic acid (vIHKA) model 
of chronic epilepsy.35 Therefore, we employed this model to assess the impact of HPA axis 
dysfunction on behavioral abnormalities associated with chronic epilepsy. Eight weeks after 
vIHKA or vIHSa injections, chronically epileptic and control Kcc2/Crh and Cre-/- (WT) mice were 
subjected to a battery of behavioral paradigms to test for differences in behavioral states. 
Avoidance behaviors were tested in the open field (OF) and light/dark (L/D) box paradigms. 
Compared to vIHSa mice, chronically epileptic Kcc2/Crh and WT mice show statistically 
significant decreases in the amount of time spent (WT vIHSa: n =17, 99.34±14.47 s; Kcc2/Crh 
vIHSa: n =20, 65.15 ± 8.623 s; WT vIHKA: n= 11, 50.25 ± 8.496 s; Kcc2/Crh vIHKA: n=19, 
45.59 ± 7.416 s; one-way ANOVA; *p < 0.05, ***p < 0.001) and total distance traveled (WT 
vIHSa: n=17, 1009 ± 107.5 cm; Kcc2/Crh vIHSa: n=20, 584.1 ± 69.48 cm; WT vIHKA: n=11, 
647.7 ± 110.0 cm; Kcc2/Crh vIHKA: n=19, 509.8 ± 69.98 cm; one-way ANOVA; *p < 0.05, **p 
<0.01, ***p < 0.001) in the center of the OF test (Fig. 3A and B), both of which are indications of 
increased avoidance behaviors. While there are no statistically significant differences in the 
amount of time that was spent in the light arena of the L/D test across the groups (Fig. 3C; WT 
vIHSa: n=17, 159.2 ± 14.14 s; Kcc2/Crh vIHSa: n=20, 131.2 ± 17.55 s; WT vIHKA: n=11, 136.0 
± 22.99 s; Kcc2/Crh vIHKA: n=19, 105.9 ± 17.81 s; not significant via one-way ANOVA), there 
was a modest, but statistically significant, decrease in the total distance the chronically epileptic 
Kcc2/Crh mice traveled in the light compared to the saline injected WT mice (Fig. 3D; WT 
vIHSa: n=17, 1073 ± 84.79 cm; Kcc2/Crh vIHSa: 790.5 ± 92.88 cm; WT vIHKA: 924.0 ± 173.9 
cm; Kcc2/Crh vIHKA: 675.2 ± 111.3 cm; one-way ANOVA; *p < 0.05). These modest behavioral 
effects observed in Kcc2/Crh mice may represent a potential floor effect in the degree of 
behavioral severity that chronically epileptic mice will exhibit, since the HPA axis is elevated in 
chronically epileptic mice as well and a further increase may not translate into a further impact 
on behavior.  

Because hyperactivation of the HPA axis is a cardinal feature in major depression 
models, we hypothesized that the exaggerated seizure induced activation of the HPA axis in the 
Kcc2/Crh mice would correlate with greater susceptibility for behavioral outcomes potentially 
relevant to depression, including learned helplessness, anhedonia, and decreased motivation 
for goal-directed behaviors, associated with chronic epilepsy. Behavioral outcomes were 
evaluated in control and chronically epileptic WT and Kcc2/Crh mice using a battery of 
behavioral approaches including the forced swim test (FST; a test of learned helplessness), 52 
sucrose preference test  (SPT; a test of anhedonia),53 and nestlet shredding test (NST; a 
measure of apathy or loss of goal directed behavior).54 Kcc2/Crh mice exhibit an increase in total 
time spent immobile in the forced swim test compared to saline-injected WT mice, an effect 
which is lost in chronically epileptic mice (Fig, 3E; WT vIHSa: n=12, 142.0 ± 19.29 s; Kcc2/Crh 
vIHSa: n=13, 197.4 ± 14.33 s; WT vIHKA: n=8, 137.1 ± 19.43 s; Kcc2/Crh vIHKA: n=16, 95.71 ± 
13.03 s; one-way ANOVA; *p < 0.05, ****p < 0.0001). Chronically epileptic Kcc2/Crh mice 
exhibit a significant decrease in the latency to immobility in the FST compared to saline injected 
WT mice (Fig. 3F; WT vIHSa: n=12, 92.37 ± 8.194 s; Kcc2/Crh vIHSa: n= 13, 49.52 ± 10.32 s; 
WT vIHKA: n=8 53.96 ± 13.71 s; Kcc2/Crh vIHKA: n=16 48.79 ± 9.801 s; one-way ANOVA; *p < 
0.05, **p< 0.01). The increase in learned helplessness behavior within the chronically epileptic 
Kcc2/Crh mice is mirrored in the chronically epileptic WT group, once again suggesting that in 
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chronic epilepsy, there is a floor effect in which behavioral severity is linked to activation of the 
HPA axis but is independent of the magnitude of HPA axis activation. Similarly, there were no 
observable differences in anhedonic behavior as measured by the sucrose preference test in 
either the control or chronically epileptic Kcc2/Crh and WT mice. 

Chronically epileptic Kcc2/Crh mice also exhibit profound deficits in motivated goal-
directed behaviors, evident from the NST (Fig. 3H). Shredding nestlet or bedding to build a nest 
is an innate, goal directed behavior in rodents.54 When presented with an intact nestlet, 
chronically epileptic Kcc2/Crh mice lag in shredding their nestlet over the course of one week 
compared to vIHSa mice and vIHKA WT mice (Fig. 3H). A two-way ANOVA with repeated 
measures analysis reveals a significant interaction effect of KA treatment and the percent of 
unshredded nestlet remaining over time (Fig. 3H; ***p< 0.001, ****p <0.0001), an effect that is 
solely driven by the chronically epileptic Kcc2/Crh group. In summary, chronically epileptic 
Kcc2/Crh mice show signs of greater susceptibility to apathy and learned helplessness, both of 
which are symptoms of depression-like behavior, compared to chronically epileptic WT mice.  

Consistent with the role of HPA axis dysfunction driving behavioral deficits in chronically 
epileptic mice, the vIHSa Kcc2/Crh mice, which exhibit HPA axis dysfunction but are not 
chronically epileptic, also show behavioral abnormalities. Compared to vIHSa WT mice, vIHSa 
Kcc2/Crh mice exhibit significant decreases in the total time spent (Fig. 3A; WT vIHSa: n =17, 
99.34±14.47 s; Kcc2/Crh vIHSa: n =20, 65.15 ± 8.623 s; one-way ANOVA; p < 0.05) and in the 
total distance traveled (Fig. 3B; WT vIHSa: n=17, 1009 ± 107.5 cm; Kcc2/Crh vIHSa: n=20, 
584.1 ± 69.48 cm; one-way ANOVA; p < 0.05) in the center during the OF paradigm. 
Additionally, vIHSA Kcc2/Crh mice spend a significantly greater time immobile (Fig. 3E; WT 
vIHSa: n=12, 142.0 ± 19.29 s; Kcc2/Crh vIHSa: n=13; one-way ANOVA; p < 0.05) and exhibit 
faster latency to immobility (Fig. 3F; WT vIHSa: n=12, 92.37 ± 8.194 s; Kcc2/Crh vIHSa: n= 13, 
49.52 ± 10.32 s; one-way ANOVA; p < 0.05) in the FST compared to vIHSA WT mice. These 
data suggest that overactivation of the HPA axis alone is sufficient to alter negative affective 
states.  

It is also interesting to note that there is substantial variance in the data within each 
group across these behavioral paradigms. This prompted us to hypothesize that there may be 
two populations within each group, one that is vulnerable and another that is resilient to altered 
affective states associated with epilepsy. While none of the distributions passed a Hartigan-Dip 
test for bimodality, likely due to the data being underpowered, we plotted the distribution of the 
populations for the chronically epileptic Kcc2/Crh and WT by using a kernel density estimate 
(KDE) to determine a continuous probability density curve. From the relative probability 
distribution that was generated using the KDE, peaks of the population were automatically 
detected in an unbiased manner, and the population was delineated by these peaks into either a 
vulnerable (those that underperformed in a particular behavioral task compared to vIHSa WT 
mice) or resilient group. If the algorithm did not detect peaks, the population was split based on 
the mean of the distribution. Using this algorithm, we found that compared to chronically 
epileptic WT mice, a greater proportion of the chronically epileptic Kcc2/Crh mice were 
vulnerable across the behavioral paradigms (Fig.4). For example, when looking at the total time 
the chronically epileptic mice spent in the center of the OF test, the algorithm we used indicates 
that 58% of the Kcc2/Crh mice are considered vulnerable compared to just 36% of the WT 
group (Fig.4A and B). Similarly, 58% of the chronically epileptic Kcc2/Crh mice are considered 
more vulnerable to anxiety-like behavior in the total time spent in the light arena of the L/D box 
compared to just 27% of the chronically epileptic WT mice (Fig.4C and D). In summary, our data 
demonstrates that HPA axis dysfunction in the Kcc2/Crh mice increases vulnerability to negative 
affective states associated with chronic epilepsy; however, these effects are modest and likely 
due to a floor effect. 
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Figure 3: Chronically epileptic Kcc2/Crh male mice exhibit increased vulnerability to negative affective 
states compared to WT control mice. (A-B) The average total time spent in the center (A) and total 
distance traveled in the center of the OF test (B). (C-D) The average total time spent (C) and total 
distance traveled (D) in the lit arena of the LD setup. (E-F) The histograms depict the average total time 
spent immobile (E) and the latency to the first bout of immobility (F) in the FST. (G) The average percent 
sucrose preference measured over the course of a 7-day SPT paradigm. (H) The average percent of 
unshredded nestlet material was weighed daily for one week. N= 11-20 per group. Error bars represent 
SEM. *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001. OF, LD, FST, and SPT were analyzed using a 
one-way ANOVA. NST was analyzed using a two-way ANOVA with repeated measures. WT, wildtype; 
KA, kainic acid; OF, open field; LD, light/dark; FST, forced swim test; SPT, sucrose preference test; NST, 
nestlet shredding test.  
 
 

 
 
Figure 4: A greater proportion of the chronically epileptic Kcc2/Crh mouse population exhibit increased 
vulnerability to negative affective states compared to chronically epileptic WT mice. (A-B) Population 
distributions of performance in the OF test between chronically epileptic WT (A) and Kcc2/Crh (B) groups.
(C-D) Distribution of performance in the LD box between the vIHKA WT (C) and vIHKA Kcc2/Crh (D) 
groups. (E-F) Within group distributions of performance in the FST test between the chronically epileptic 
WT (E) and Kcc2/Crh (F) groups. In each plot, the lighter color represents the underperforming, more 
vulnerable population while the black distribution plots represent the resilient groups. # denotes instances 
where only one peak was detected, so population distributions were delineated by the mean of the data. 
OF, open field; LD, light dark box; FST, forced swim test. 
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Chronically epileptic Kcc2/Crh mice have increased SUDEP incidence 
 Given the proconvulsant actions of stress hormones,23,26,27 we sought to determine whether 
seizure induced activation of the HPA axis also leads to the worsening of seizure outcomes. At 
the time of vIHKA administration, WT and Kcc2/Crh mice were implanted with EEG head 
mounts outfitted with a ventral hippocampal depth electrode. Spontaneous seizures were 
observed 7 days following vIHKA-induced status epilepticus. Between chronically epileptic WT 
and Kcc2/Crh mice, there were no significant differences in the number of daily seizures (Fig. 
5C; WT vIHKA: N= 6; 1.924 ± 0.542 seizures; Kcc2/Crh vIHKA: N= 8; 2.885 ± 0.848 seizures; 
no significance via one-way ANOVA), average seizure duration (Fig. 5D; WT vIHKA: N= 7; 
54.20 ± 3.97 s; Kcc2/Crh vIHKA: N= 8; 53.49 ± 2.213 s; no significance via one-way ANOVA), 
or seizure burden (Fig. 5E; WT vIHKA: N= 6; 4.267 ±  1.15; Kcc2/Crh vIHKA: N =8; 6.539 ±  
1.984). Although the impact of HPA axis hyperexcitability has no significant impact on 
spontaneous seizure activity, remarkably, we found that 38% of Kcc2/Crh mice died of sudden 
unexpected death in epilepsy (SUDEP) within 20 days post SE (Fig. 6A; vIHKA Kcc2/Crh: N= 
13; 15.80 ± 2.746 days). In the same time frame, there were no deaths in the chronically 
epileptic WT mouse population (Fig. 6A; WT vIHKA: N=7). This is an unexpected, yet 
transformative discovery, potentially linking HPA axis dysfunction to SUDEP risk. 
 To further interrogate whether increased HPA axis dysfunction in the Kcc2/Crh mice 
contributes to the increased risk of SUDEP in Kcc2/Crh mice, we used chemogenetic and 
pharmacologic approaches to attenuate HPA axis activity. Our first approach was to 
stereotaxically inject hM4D(Gi) coupled inhibitory designer receptors exclusively activated by 
designer drugs (Gi DREADDs) into the paraventricular nucleus (PVN) of the hypothalamus in 
Kcc2/Crh mice immediately prior to the vIHKA injection, an approach previously demonstrated 
to suppress CRH neuronal activity in the PVN3 and decrease seizure frequency.24 Three weeks 
after SE, we collected baseline EEG activity from chronically epileptic Kcc2/Crh mice. The 
following week, the Gi injected Kcc2/Crh mice were given the synthetic ligand, clozapine-N-
oxide (CNO), via drinking water to inhibit CRH neuron activity. Though inhibition of CRH 
neuronal activity did not have any impact on overall seizure frequency, duration, or burden in 
this mouse model of chronic epilepsy (Fig. 5F-H; vIHKA Kcc2/Crh + CNO: N= 8; seizures per 
day: 1.314 ± 0.6537; seizure duration:  42.69 ± 2.753; seizure burden:  1.753 ± 0.341) 
compared to baseline (Fig. 5F-H; vIHKA Kcc2/Crh  baseline: N= 8; seizures per day:  1.646 ± 
0.566; seizure duration: 41.62 ± 1.856; seizure burden: 2.684 ± 0.789), Gi DREADD treatment 
substantially inhibited SUDEP incidence in the chronically epileptic Kcc2/Crh mice, where only 1 
out of 8 mice died of SUDEP compared to 5 out of 13 untreated vIHKA Kcc2/Crh mice (Fig. 6C). 
In fact, the one SUDEP incidence in the chronically epileptic Kcc2/Crh group injected with Gi 
DREADD occurred during the week when CNO was removed from the drinking water. This 
further suggests that HPA axis dysfunction contributes to SUDEP and that regulating HPA axis 
activity can reduce the risk of SUDEP. 
 We also used a pharmacological approach to test whether HPA axis dysfunction in the 
chronically epileptic Kcc2/Crh mice contributed to the increased SUDEP occurrence. 
Immediately following vIHKA, mice were implanted with a 21-day slow-release pellet of RU486, 
a synthetic steroid that is a potent glucocorticoid receptor antagonist.55 Although RU486 also 
acts as an antagonist at progesterone receptors56 as well as glucocorticoid receptors,57 this 
approach has the benefit of not requiring daily injections which is a major advantage when 
evaluating the impact of HPA axis on outcome measures.  When combined with the Gi 
DREADD approach described above, we can appropriately interpret these results and draw 
conclusions from these experiments. There are no significant differences in daily seizure 
number (Fig. 5C; WT vIHKA: N=6; 1.924 ± 0.542 seizures; Kcc2/Crh vIHKA: N= 8; 2.885 ± 
0.848 seizures; Kcc2/Crh vIHKA+RU486: N= 9; 0.982 ± 0.354) or seizure burden (Fig. 5E; WT 
vIHKA: N= 6; 4.267 ±  1.15; Kcc2/Crh vIHKA: N =8; 6.539 ±  1.984 in vIHKA Kcc2/Crh; vIHKA 
Kcc2/Crh +RU486: N=8; 2.293 ± 0.71) in vIHKA Kcc2/Crh mice treated with RU486 compared 
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to chronically epileptic WT and Kcc2/Crh mice. The vIHKA Kcc2/Crh mice treated with RU486 
exhibit a significant reduction in the average seizure duration compared to chronically epileptic 
WT and Kcc2/Crh mice (Fig. 5D; WT vIHKA: N= 6; 54.20 ± 3.97 s; Kcc2/Crh vIHKA: N= 8; 53.49 
± 2.213 s; Kcc2/Crh vIHKA+RU486: N= 8; 38.09 ± 2.617 s; one-way ANOVA, **p< 0.01). 
Importantly, RU486 treatment prevented SUDEP in the chronically epileptic Kcc2/Crh mice, 
occurring in 0 of the 9 mice tested, compared to 5 out of 13 untreated vIHKA Kcc2/Crh (Fig. 6B).
These data indicate that HPA axis dysfunction does indeed contribute to SUDEP, and 
attenuation of seizure induced activation of the HPA axis can reduce SUDEP incidence. Our 
findings also reveal that the chronically epileptic Kcc2/Crh mouse model is a novel, non-genetic 
model of SUDEP.  
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Figure 5: HPA axis dysfunction does not worsen spontaneous seizure activity in chronic epilepsy. (A) 
Representative recorded seizure from hippocampal local field potential. Orange squares indicate time 
magnified 5s traces. (B) Example detected hippocampal seizures which were concatenated from a WT 
(Cre-/-) and a Kcc2/Crh KO (Cre+/+) mouse. (C-E) Mean (±SEM) number of daily seizure occurrences (C), 
seizure duration (D), and seizure burden (E) for chronically epileptic WT, Kcc2/Crh KO, and Kcc2/Crh KO 
mice treated with RU486, a glucocorticoid receptor antagonist. (F-H) Average number of daily seizures 
(F), seizure durations (G) and seizure burden (H) for vIHKA Kcc2/Crh mice bilaterally injected with 
hM4D(Gi)-DREADDs in the PVN. Graphs F-H depict mean seizure activity collected via EEG recordings 
that were made prior to CNO administration (baseline), during CNO administration (+CNO), and during a 
week free of CNO administration (-CNO). Seizure burden was calculated by multiplying the total number 
of seizures a mouse exhibited by their average seizure duration, and dividing this value by the total EEG 
recording hours. Error bars represent SEM. **p < 0.01. Data was analyzed through a one-way ANOVA. 
N=5-9 per group. CNO, clozapine-N-oxide; Avg, average. 
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Figure 6: HPA axis dysfunction in chronically epileptic Kcc2/Crh mice increases SUDEP incidence. (A-C) 
Percent survival following vIHKA induced SE in chronically epileptic WT and Kcc2/Crh KO mice (A), in 
chronically epileptic Kcc2/Crh KO mice treated with the glucocorticoid receptor antagonist, RU486 (B), 
and in vIHKA Kcc2/Crh KO mice expressing Gi DREADDs and given CNO (C). SUDEP, sudden 
unexpected death in epilepsy; WT, wildtype; SE, status epilepticus. 
 
Persistent HPA axis dysfunction in epilepsy may increase SUDEP risk 

Data from our preclinical model suggest that HPA axis dysfunction may increase 
susceptibility to SUDEP, a finding that is incredibly relevant in the clinical setting and could 
potentially lead to the identification of a biomarker for SUDEP risk. To understand whether our 
findings translate to the human condition, we ran enzyme linked immunoassays (ELISAs) for 
corticotropin releasing hormone (CRH) and cortisol in postmortem blood samples collected from 
PWE with or without suspected SUDEP compared to individuals with no history of epilepsy 
(samples obtained from the North American SUDEP Registry at NYU Langone Health). 
Contrary to what we anticipated, we observe a significant decrease in both cortisol and CRH in 
PWE with suspected SUDEP (cortisol: 1.897 ± 1.271 ng/ml; CRH: 118.1 ± 47.06 ng/ml) 
compared to either PWE (cortisol: 15.51 ± 5.080 ng/ml; CRH: 270.5 ± 85.71 ng/ml) or 
individuals with no history of epilepsy (cortisol: 23.04 ± 7.304 ng/ml; CRH: 356.8 ± 154.2 ng/ml) 
(Fig. 7A and B). This substantial decrease in circulating hormones in the PWE with suspected 
SUDEP is consistent with HPA axis dysfunction contributing to SUDEP.  

We were initially surprised by this finding since we have previously shown that 2 hours 
after pilocarpine or kainic acid induced SE in mice, there is a significant surge in circulating 
corticosterone and adrenocorticotropin releasing hormone (ACTH).2 However, these data 
together suggest that following an initial surge of HPA axis activity acutely after a seizure or 
during the early stage of epileptogenesis, the persistent seizure induced overactivation of the 
HPA axis leads to its collapse over time, which in turn may substantially increase SUDEP risk. 
The present data reveals that while the breakdown of the HPA axis occurs in chronic epilepsy, 
the level of dysfunction over time may be proportional to the intensity of seizure induced 
activation of the HPA axis, with greater HPA axis dysfunction potentially contributing to 
increased vulnerability to comorbid mood disorders and greater risk of SUDEP. 
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Figure 7: Chronic HPA axis dysfunction may increase SUDEP risk in PWE. (A-B) Postmortem analysis of
circulating cortisol (A) and CRH (B) in control subjects, PWE, and subjects who died of SUDEP. Error 
bars represent SEM. * p <0.05. Data was analyzed using a one-way ANOVA. Cort, cortisol; CRH, 
corticotropin releasing hormone; PWE, person(s) with epilepsy; SUDEP, sudden unexpected death in 
epilepsy.  

  
Discussion 

Consistent with clinical reports of high incidence rates of anxiety and/or depression in 
PWE, several studies have shown that chronically epileptic mice exhibit increased anxiety- and 
depression-like behavior.17,35,58-60 We and others have shown that chronically epileptic mice also 
exhibit an increase in circulating corticosterone levels,2 and mitigating HPA axis hyperactivity 
reduces seizure susceptibility,24 neuropathology,28,29 and depression-like behavior.24 Here, we 
show that chronically epileptic Kcc2/Crh mice have an increased predisposition to anxiety- and 
depression-like behavior. While there are no significant differences in the aggregated behavioral 
outcomes in chronically epileptic WT or Kcc2/Crh mice, this represents a floor effect in 
behavioral severity likely due to activation of the HPA axis in both experimental groups. There 
is, however, a high variability in behavioral outcomes, distributing into resilient and vulnerable 
populations in which there is an increased vulnerable population in epileptic Kcc2/Crh mice 
compared to WT. Given that seizures activate the HPA axis in WT mice and corticosterone 
levels are elevated in chronically epileptic WT mice,2 further activation of the HPA axis in 
Kcc2/Crh mice may only have a subtle impact on behavioral outcomes, resulting in an increased
vulnerability to behavioral deficits associated with epilepsy in Kcc2/Crh mice. In support of this 
interpretation of our data, our previous studies demonstrate that mice with HPA axis 
hypofunction exhibit significant improvements in behavioral outcomes associated with chronic 
epilepsy.24  Collectively, these studies suggest that HPA axis activation negatively impacts 
behavioral outcomes associated with epilepsy. 
         Prior to implementing the vIHKA model35 in our Kcc2/Crh mice, we tested out the 
paradigm in a group of C57/Bl6 mice. Like the observations made by Zeidler, et al., we found 
that chronically epileptic vIHKA C57/Bl6 mice exhibited pronounced differences in OF, LD, FST, 
SPT, and EPM (data not shown). However, the same pronounced differences are not observed 
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across the behavioral paradigms we tested in the chronically epileptic WT and Kcc2/Crh mice. 
While there are significant differences between the saline injected WT mice and each of the 
chronically epileptic mouse cohorts in the OF and the FST paradigms, significant differences 
were not observed in the other paradigms that were tested and there is high variability even 
within test. Pronounced behavioral differences were not apparent in this study, perhaps due to 
background strain differences (129/Sv vs. C57Bl6/J). While this is an interesting finding, 
investigation into the mechanisms contributing to these potential strain differences in behavior is 
out of the scope of the current study. 
         Compared to the chronically epileptic WT mice, we observed that a greater proportion of 
the chronically epileptic Kcc2/Crh mice are vulnerable to negative affective states across each 
of the behavioral paradigms. This led us to hypothesize that there may be separate populations 
within the Kcc2/Crh cohort: a group that underperforms or is more vulnerable to exhibiting 
negative affective behavior, and another group that may be better at developing coping 
mechanisms under stressful conditions or are more resilient to anxious- or depressive-like 
phenotypes. We found that across the behavioral paradigms, the chronically epileptic Kcc2/Crh 
cohort tended to have a greater proportion of mice that were vulnerable to anxiety- or 
depression-like states compared to the chronically epileptic WT mice. Our data suggests that 
while chronic epilepsy gives rise to psychiatric comorbidities, increased HPA axis activity in 
chronic epilepsy may increase predisposition to negative affective states. From a clinical 
standpoint, screening PWE for changes in circulating cortisol, ACTH, or CRH may provide 
insight to their risk for developing psychiatric comorbidities, which in turn can dictate a treatment 
plan to improve their quality of life. 

This study does make the unexpected, yet potentially transformative discovery that HPA 
axis hyperexcitability increases susceptibility to SUDEP. We demonstrate that chronically 
epileptic mice with exaggerated seizure-induced activation of the HPA axis (Kcc2/Crh mouse 
line 3) exhibit increased mortality due to SUDEP, with almost 40% succumbing to SUDEP. To 
our knowledge, this mouse model represents the first potential environmental link to SUDEP 
risk. We confirmed that the increased risk of SUDEP in this model is directly related to HPA axis 
dysfunction since chemogenetic or pharmacological suppression of the HPA axis prevents 
SUDEP incidence in this model.  However, we were also concerned that the SUDEP phenotype 
may be an artifact of the mouse model with no translational relevance to the human condition. 
These concerns were dispelled by the evidence of HPA dysfunction in blood samples from PWE 
that died of suspected SUDEP compared to non-PWE or PWE (without suspected SUDEP) 
samples. It should be noted that there are other potential variables between the human samples 
which may contribute to these differences, such as differences in the time of day or time to 
sample collection, which may indirectly result from the fact that most SUDEP events occur at 
night.61-63. However, cortisol levels are stable over the time of collection,64,65 suggesting that this 
may not be a confounding factor. Thus, these data demonstrate that HPA axis dysfunction may 
be a novel mechanism contributing to SUDEP and is the first environmental, non-genetic insult 
to be implicated in the mechanisms contributing to SUDEP. 

Stress has been linked to sudden death in people without epilepsy (for review see 
Lampert, 2014),66 primarily due to heart failure.67 In fact, it has been estimated that between 20-
40% of sudden cardiac deaths are precipitated by stress.68 Stress has been shown to increase 
arrhythmias which has been linked to the increased risk of sudden death.69 Although the 
mechanisms through which stress increases the risk for sudden death is poorly understood, it 
likely involves the ability of stress to induce changes in autonomic function. 70,71 

Similar to stress, seizures are also associated with cardiac changes, such as 
arrhythmias, suggesting that stress should be evaluated as a potential risk factor for SUDEP (for 
review see Lathers and Schraeder, 2006)72. SUDEP is thought to involve autonomic dysfunction72 
which is tightly regulated by the HPA axis (for review see Ulrich-Lai & Herman, 2009).73 Here we 
demonstrate that HPA axis dysfunction increases SUDEP incidence.  These data are the first to 
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link HPA axis dysfunction to SUDEP risk, providing a potential novel mechanism contributing to 
SUDEP and opening avenues for further mechanistic research into the pathophysiology of 
SUDEP. 
 Interestingly, psychiatric illnesses have also been linked to sudden unexpected death 
unrelated to epilepsy.  Psychiatric illnesses are associated with increased morbidity due to 
numerous factors, including suicide, comorbid alcohol and substance use, and accidents. 
However, individuals with psychiatric illnesses are also at an increased risk of cardiac sudden 
death.74 For example, depression is associated with an increased risk of cardiovascular disease, 
coronary heart disease, and cardiac death (for review see Glassman, 2007; Musselman, 
1998).75,76 The link between psychiatric illnesses and cardiovascular disease has been linked to 
environment and lifestyle, such as body weight, smoking, and lack of exercise.77 However, the 
exact mechanisms mediating the association between psychiatric illnesses and cardiovascular 
disease are unresolved (for review see Musselman, 1998).76 Relevant to the current study, the 
HPA axis has also been suggested to mediate the cardiac problems and sudden death,76,78 and 
recently, psychiatric comorbidities associated with epilepsy have been linked to SUDEP79 

Emerging evidence, including findings presented in this study, demonstrate a link 
between stress, psychiatric illnesses, sudden death, epilepsy, and SUDEP.  Stress activates the 
HPA axis and is a trigger for psychiatric illnesses. In fact, HPA hyperexcitability is a hallmark 
feature of depression. Our previous research linked HPA axis dysfunction to comorbid 
psychiatric illnesses and epilepsy and here we demonstrate a novel mechanistic link to SUDEP. 
Stress, psychiatric illnesses, and epilepsy have all been linked to cardiovascular disease.  Given 
that the HPA axis influences autonomic and cardiovascular function, future studies will need to 
examine the mechanistic link between HPA axis dysfunction, autonomic and cardiovascular 
function, and SUDEP. 
         A risk factor for SUDEP is high seizure burden and uncontrolled seizures.80,81 However, 
we did not observe significant differences in seizure frequency, duration, or burden between 
chronically epileptic Kcc2/Crh and WT mice. Thus, our evidence does not support an indirect 
relationship between seizure burden and SUDEP incidence in this model, suggesting a more 
direct relationship. The lack of effect on seizure frequency may also be due to a ceiling effect 
since we have shown that suppressing seizure-induced activation of the HPA axis decreases 
seizure susceptibility and spontaneous seizure frequency in chronically epileptic mice.24 Our data 
suggests that increased HPA axis activity may be a predictor of SUDEP and mitigating its 
activity may reduce SUDEP susceptibility in PWE. Indeed, we were able to dramatically reduce 
SUDEP incidence in the chronically epileptic Kcc2/Crh mice by attenuating HPA axis function, 
either through pharmacologically blocking glucocorticoid receptor activity through RU486, or 
through chemogenetically inhibiting CRH neuron activity using hM4Di-DREADDs. This finding is 
of incredible clinical relevance and indicates that periodically monitoring circulating stress 
hormones in PWE may be used as a measure to assess SUDEP risk at any point, and thus may 
help better guide immediate treatment to prevent SUDEP. 
         Our use of RU486 in this study was to test the hypothesis that attenuation of the seizure 
induced hyperactivity of the HPA axis in chronically epileptic Kcc2/Crh mice would mitigate 
SUDEP incidence. Studies have shown that this synthetic steroid potently binds to and 
antagonizes glucocorticoid receptors.57 It is important to note that RU486 can also moderately 
antagonize progesterone receptors56 and can also antagonize androgen receptors82 to an even 
lesser degree and reduced affinity. While it is possible that the RU486 treatment in our study 
may have acted on all three receptors, studies show that RU486 preferentially binds to 
glucocorticoid receptors in environments where corticosterone is present in pathologically 
elevated levels,83 which is the case in the chronically epileptic Kcc2/Crh mouse model we used 
in our study. Glucocorticoid receptors are also predominantly activated and maximally saturated 
over mineralocorticoid receptors in high corticosterone environments,23,84 further establishing 
RU486 specificity to glucocorticoid receptors in our study. While we appreciate the limitations of 
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the pharmacological use of RU486, our evidence suggests that this approach is sufficient to 
reduce HPA axis activity, and therefore abolish SUDEP incidence in chronically epileptic 
Kcc2/Crh mice. The route of administration of RU486 also has the advantage of not requiring 
daily injections which are stressful and would confound the results of this study. In combination 
with our chemogenetic approach to directly evaluate the role of the HPA axis, these studies 
convincingly demonstrate that HPA axis dysfunction increases SUDEP risk in chronically 
epileptic Kcc2/Crh mice and suppressing HPA hyperexcitability is effective at reducing SUDEP 
risk. 
          These findings demonstrate that the Kcc2/Crh mouse model is a novel mouse model of 
SUDEP that the field can use to progress our limited understanding of the mechanisms 
underlying SUDEP. While some genetic risk factors in PWE increase susceptibility to SUDEP,33,34 
non-genetic risk factors influencing SUDEP incidence are relatively understudied. Our model 
suggests that HPA axis dysfunction may be a contributing factor to increased SUDEP risk, 
suggesting an environmental link to SUDEP risk. A prominent hypothesis in the field is that 
SUDEP results from cardiac and/or respiratory dysfunction in PWE. Studies have shown that 
seizures can compromise both cardiac and respiratory 85-87 function in PWE. Combined with our 
previous work showing that seizures alone can activate the HPA axis2 and work from others 
showing that increased HPA axis function independent of seizures contributes to compromised 
heart function,88,89 we hypothesize that increased HPA axis dysfunction in chronic epilepsy can 
contribute to cardiorespiratory deficits that can predispose PWE to SUDEP.  

It is also possible that excessive glucocorticoid signaling in response to repeated and 
excessive HPA axis activation induces pathological changes, such as cardiac remodeling which 
may increase the risk to SUDEP.90,91 This potential mechanism is supported by evidence of 
cardiac remodeling in some SUDEP patients.92-94 The HPA axis also regulates cardiorespiratory 
function91,95,96 and influences inflammatory processes,97,98 both of which could affect SUDEP risk. 
These potential mechanisms are supported by the fact that SUDEP is a suspected cardio-
respiratory event99,100 and changes in inflammation have been observed in association with 
SUDEP.101,102  Interestingly, a subpopulation of CRH neurons in the PVN send direct projections to 
the rostral ventrolateral medulla (RVLM)103 and nucleus of the solitary tract (NTS)104, which control 
autonomic and cardiovascular function. Further studies are required to obtain a mechanistic 
understanding of how HPA axis dysfunction increases vulnerability to SUDEP. 
         Approximately 60% of SUDEP cases have been reported to occur at night or early 
morning,62 potentially implicating circadian rhythm influence over SUDEP risk. Release or stress 
hormones, such as cortisol, exhibit a diurnal rhythm,105,106 which could influence SUDEP 
susceptibility. In fact, altered diurnal fluctuations in cortisol have been linked to negative mental 
and physical health outcomes.107 However, to our knowledge, the link between diurnal cortisol 
levels and SUDEP has not been explored. Here we demonstrate significantly lower levels of 
circulating stress hormones in postmortem samples from patients with epilepsy that died of 
confirmed or suspected SUDEP. These findings warrant further exploration of changes in 
cortisol levels in PWE, particularly those at risk of SUDEP. 

Finally, an important caveat to the current study is that we only show data from male 
mice. The primary question we sought to answer was whether HPA axis hyperactivity in chronic 
epilepsy contributed to comorbid psychiatric disorders. It is difficult to ignore the fact that 
globally, females are twice as likely to suffer from depression108,109 and present with a more severe 
symptom profile compared to males, which often renders available treatment options ineffective. 
With such a substantial global burden, there is a desperate need to understand whether there 
are sex differences in how HPA axis dysfunction contributes to comorbid depression in 
chronically epileptic females versus males. Furthermore, sex differences in epilepsy have been 
well-documented.81,110,111 For example, several epidemiological studies document more SUDEP 
cases among males compared to females.112,113 Interestingly, among females suffering from 
epilepsy, SUDEP incidence rates were reportedly five times higher in those that suffered 
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comorbid psychiatric illness compared to those who did not,113 further implicating distinct sex 
differences in epilepsy and comorbid mood disorders. Ongoing work in our laboratory is focused 
on understanding how HPA axis dysregulation in chronic epilepsy is regulated between sexes 
and how potential sex differences in HPA axis dysregulation can influence affective states and 
SUDEP risk. 

Conclusion 
 In summary, our work provides new insight into how HPA axis dysfunction may 
contribute to negative outcomes in epilepsy, including vulnerability to comorbid psychiatric 
disorders. Importantly, this work demonstrates for the first time that HPA axis dysfunction may 
play a pathophysiological role in SUDEP.  Our data indicates that modulating HPA axis 
dysfunction in PWE may decrease their risk of developing comorbid psychiatric disorders, 
mitigate neuropathology, and reduce risk of SUDEP incidence. The current study also highlights 
a novel mouse model of SUDEP, which will be beneficial to the field for investigating the 
pathophysiological mechanisms contributing to SUDEP.   
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