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Abstract

Aims—Intracellular calcium plays an important role in neuronal hyperexcitability that leads to 

seizures. One calcium influx route of interested is the transient receptor potential vanilloid type 1 

(TRPV1) channel. Here, we evaluated the effects of capsazepine (CPZ), a potent blocker of 

TRPV1 channels on acoustically evoked seizures (audiogenic seizures, AGS) in the genetically 

epilepsy-prone rat (GEPR-3), a model of inherited epilepsy.

Methods—Male and female GEPR-3s were used. For the acute CPZ treatment study, GEPR-3s 

were tested for AGS susceptibility before and after treatment with various doses of CPZ (0, 1, 3, 

and 10 mg/kg; i.p.). For semichronic CPZ treatment study. GEPR-3s were tested for AGS 

susceptibility before and after 5-day CPZ treatment at the dose of 1 mg/kg (i.p.). The prevalence, 

latency, and severity of AGS were recorded and analyzed.

Results—We found that acute CPZ pre-treatment reduced the seizure severity in male GEPR-3s; 

the effect was dose-dependent. In female GEPR-3s, however, CPZ treatment completely 

suppressed the seizure susceptibility. Furthermore, semi-chronic CPZ treatment suppressed seizure 

susceptibility in female GEPR-3s, but only reduced the seizure severity in male GEPR-3s.

Conclusions—These findings suggest that the TRPV1 channel is a promising molecular target 

for seizure suppression, with female GEPR-3s exhibiting higher sensitivity than male GEPR-3s.
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Introduction

Epilepsies are disorders of neuronal excitability characterized by spontaneous recurrent 

seizures. Of an estimated 50 million individuals worldwide diagnosed with epilepsy, 

approximately 30% of these patients live with uncontrolled seizures [1,2]. Therefore, there is 

an urgent need for new antiepileptic treatments based on novel underlying mechanisms for 

neuronal hyperexcitability that leads to seizure generation. Ca2+ entry into neurons plays an 

important role in seizure generation, as intracellular [Ca2+] rises—and extracellular [Ca2+] 

decreases—during epileptiform activity [3,4]. Thus, inhibition of Ca2+ influx is a promising 

mechanistic approach for therapeutic interventions against seizures and epilepsies. One Ca2+ 

entry pathway of interest is the transient receptor potential vanilloid type 1 (TRPV1) 

channel, a non-selective cation channel with high Ca2+ permeability [5]. Although TRPV1 

channels have been implicated in the pathophysiology of seizures and epilepsies, conflicting 

reports have emerged. For instance, increased expression of TRPV1 channels was reported 

in the cortex and hippocampus from patients with mesial temporal lobe epilepsy [6]. 

Similarly, the levels of expression of TRPV1 channels were increased in the dente gyrus of 

mice exhibiting pilocarpine-induced limbic status epilepticus [7]. These findings suggest 

that preventing upregulation of TRPV1 channels should suppress limbic seizures. 

Surprisingly, activation of TRPV1 channels suppressed kainic acid-induced limbic status 

epilepticus [8]. In models of tonic-clonic seizures, inhibition of TRPV1 channels prevented 

the development of clonic and tonic-clonic seizures following amygdala kindling [9]. In 

addition, inhibition of TRPV1 channels the seizure threshold for clonic seizures but had no 

significant effect on pentylenetetrazole (PTZ)-induced tonic seizures [10]. The prevalence of 

PTZ-induced generalized tonic-clonic seizures was also reduced in adult mice lacking 

TRPV1 channels in the brain and previously subjected to a single febrile seizure episode at 

postnatal day 14 [11]. However, activation of TRPV1 channels suppressed tonic seizures and 

generalized tonic-clonic seizures induced by maximal electroshock and PTZ, respectively 

[12].

To further evaluate the role of TRPV1 channels in epilepsy, here, we report on the effects of 

capsazepine (CPZ), a potent TRPV1 channel antagonist, on seizure susceptibility in the 

genetically epilepsy-prone rat (GEPR-3), an inherited model of epilepsy [13].

Materials and Methods

Animals

Seven-week-old male and female GEPR-3 rats were used; these animals were obtained from 

our animal colony maintained at Georgetown University. The GEPR-3s were housed in a 

temperature/humidity-controlled room on a 12 h/12 h light/dark cycle with free access to 

food and water. All efforts were made to minimize the number of animals used in these 

experiments. All experimental procedures were approved by the Georgetown University 

Animal Care and Use Committee and were performed in accordance with the NIH Guide for 

the Care and Use of Laboratory Animals [14].
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Drug and treatment protocol

Capsazepine (CPZ) (N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihydroxy-2H-2-

benzazepine-2-carbothioamide) (Sigma Aldrich, St. Louis, USA) was freshly prepared 

(dissolution in a mixture of 0.9% saline and 0.2% dimethyl sulfoxide) prior to use. The 

GEPR-3s were randomly separated into groups of n=6–8. CPZ treatment was performed in a 

blinded fashion.

Acute capsazepine treatment—The GEPR-3s were first tested for AGS susceptibility 

prior to CPZ administration; GEPR-3s that exhibited seizures were given an intraperitoneal 

(i.p.) CPZ injection in a volume of 0.2 mL/kg bogy weight at a dose of either 1, 3, or 10 

mg/kg. Doses of the drug were selected from our preliminary experiments and previous 

studies [9,10]. Subsequent testing occurred 0.5, 1, 2, and 24 hours after CPZ administration.

Subchronic capsazepine treatment—This treatment involved fresh preparation of 

CPZ at the dose of 1 mg/kg. The drug was administered i.p. for 5 consecutive days during 

the week, with seizure testing being carried out on the 5th day. As with the acute treatment 

protocol, seizure testing was done 0.5, 1, 2, and 24 hours after CPZ administration.

Acoustically evoked seizure testing

Seizure testing involved placing the animal into a Plexiglas chamber located in a sound 

attenuating cubic equipped with ventilation fan, light, sound generator, and video monitoring 

system (Med Associated, St Albans, VT). To induce audiogenic seizures (AGS), an acoustic 

stimulus that consisted of pure tones at a 100–105 decibels sound pressure levels intensity at 

12 kHz was presented until either seizure was elicited or 60 seconds passed with no seizure. 

The GEPR-3s were closely monitored following CPZ administration as well as during and 

following seizure testing. Convulsive seizure behavior was classified into stages: stage 0, no 

seizures in response to acoustic stimulus; stage 1, one episode of wild running seizures 

(WRS); stage 2, two or more episodes of WRS; stage 3, one episode of WRS followed by 

tonic-clonic seizures characterized by tonic dorsiflexion of the neck, tonic flexion of 

shoulder and bouncing clonic seizures (or clonus, i.e., tonic-clonic seizures while the animal 

is lying on its belly); stage 4, two or more episodes of WRS followed by tonic-clonic 

seizures; stage 5, one episode of WRS followed by tonic-clonic seizures and forelimb 

extension; stage 6, two episodes of WRS followed by tonic-clonic seizures and forelimb 

extension [13,15]. The maximum response was recorded for each animal. In another set of 

experiments, GEPR-3s were subjected to an assessment of general behavior (up to 24 hours) 

following CPZ administration. The following behavior abnormalities were recorded 

including: lethargy, ataxia, tremor, Straub’s tail, and spontaneous seizures. At the end of the 

experiment, animals were euthanized with a lethal dose of Nembutal (100 mg/kg, i.p.).

Rectal temperature

To determine the effects of CPZ administration on core body temperatures, rectal 

temperatures were measured in freely moving male and female GEPR-3s. Core body 

temperatures were recorded 0.5 hour before CPZ administration (time zero corresponds to 

time before administering CPZ), and at 0.5, 1, 2, and 24 hours after CPZ administration. The 

effects of CPZ on rectal temperature were expressed as the difference between rectal 
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temperature measured at time zero (baseline) and at 0.5, 1, 2, and 24 hours after CPZ 

administration. The GEPR-3s were euthanized at the end of the experiment.

Statistical analyses

Data were analyzed in a blinded fashion. Data for rectal temperatures were assessed using 

repeated measurements ANOVA (and Bonferroni correction, if necessary) with time for 

injection as the repeated factor and treatment as the between-group factor. Following 

pharmacological pretreatment and seizure testing, GEPR-3s that did not display seizures 

within the 60-sec observation period were considered to be protected from seizure activity. 

Only data obtained in control conditions and on the first seizure testing following 

administration of CPZ was included in the analysis. For each group, the incidence of WRS 

and clonus components of AGS in the GEPR-3s were recorded. The time interval from the 

start of acoustic stimulus to the appearance of the first episode of WRS was recorded as the 

seizure latency. The prevalence of WRS and clonus was analyzed using the McNemar’s test 

that compares categorical data when subjects serve as their own controls. The seizure 

severity was analyzed using the Wilcoxon signed-rank test that compares ordinal data in 

subjects before and after treatment. The seizure latency was analyzed using paired t-test. The 

cut-off for statistical significance was P<0.05 and no multiple comparisons and adjustment 

were performed. Data are presented as the mean ± S.E.M for seizure latency, median seizure 

score ± median average deviation (M.A.D.) for seizure severity, and percentages (%) ± 

standard error of proportion. for the prevalence of WRS and clonus.

Results

Effects of various doses of acute CPZ treatment on acoustically evoked seizure 
susceptibility in GEPR-3s

Most of the male and female GEPR-3s tested under control conditions exhibited WRS that 

progressed into clonus. First, we evaluated the effects of acute CPZ treatment at a dose of 1 

mg/kg on the occurrence of WRS and clonus in both female and male GEPR-3s. In controls 

(pre-CPZ treatment), all female (n=7, Fig. 1A) and male GEPR-3s (n=8, Fig. 1B) had WRS, 

while 86% of females (Fig. 1C) and 100% of males (Fig. 1D) had clonus. Quantification 

showed that CPZ significantly reduced the prevalence of WRS in both female (Fig. 1A) and 

male (Fig. 1B) GEPR-3s. More precisely, in female GEPR-3s, CPZ reduced the prevalence 

of WRS by 29% (χ2=27.03, df=1, P<0.001), 57% (χ2=55.02, df=1, P<0.001), 57% 

(χ2=55.02, df=1, P<0.001), and 14% (χ2=12.07, df=1, P<0.001) after 0.5-, 1-, 2-, and 24-

hour post-treatment time points, respectively when compared with controls (Fig. 1A). 

Similarly, in male GEPR-3s, CPZ reduced the prevalence of WRS by 25% (χ2=23.04, df=1, 

P<0.001), 25% (χ2=23.04, df=1, P<0.001), 37% (χ2=35.03, df=1, P<0.001), and 13% 

(χ2=11.08, df=1, P<0.001) at 0.5-, 1-, 2-, and 24 hour post-CPZ treatment time points, 

respectively when compared with controls (Fig. 1B). CPZ at 1 mg/kg also significantly 

reduced the prevalence of clonus in female GEPR-3s by 29% (χ2=4.56, df=1, P<0.05), 43% 

(χ2=13.75, df=1, P<0.001), 73% (χ2=38.67, df=1, P<0.001), and 29% (χ2=19.24, df=1, 

P<0.001) after 0.5-, 1-, 2-, and 24-hour post-CPZ treatment, respectively, when compared 

with controls (Fig. 1C). In male GEPR-3s, the prevalence of clonus was reduced by 37% 

(χ2=36.03, df=1, P<0.001), 50% (χ2=48.02, df=1, P=0.0001), 50% (χ2=48.02, df=1, 
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P<0.001), and 37% (χ2=35.03, df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour post-CPZ treatment 

time points, respectively, when compared with controls (Fig. 1D). We also evaluated the 

effects of CPZ treatment on the latency to develop seizures in the GEPR-3s. In female 

GEPR-3s (Fig. 1E), CPZ nonsignificantly delayed the onset of seizures at 0.5-hour (to 

36.43±6.5 seconds, n=7, t=2.15, df=6, P<0.07) and 24-hour (to 32.43±4.84 seconds, n=7; 

t=1.97, df=2, P<0.09) post-treatment time points, when compared with controls (22.7 ± 1.57 

seconds, n = 7, Fig. 1E). CPZ significantly delayed the onset of seizures at 1-hour (to 

46.57±6.38 seconds, n=7; t=4.26, df=6, P<0.01) and 2-hour (to 48.57±6.38 seconds, n=7; 

t=4.26, df=6, P<0.01), when compared ton controls (22.7±1.57 seconds, n=7). Similarly, 

CPZ significantly increased the seizure latency 2-hour (to 36.75±5.25 seconds, n=8, t=2.46, 

df=7, P<0.05) post-treatment time point in male GEPR-3s, when compared with controls 

(23.83±0.68 seconds, n=8; Fig. 1F). The seizure latency was nonsignificantly increased at 

0.5-hour, 1-hour, and 24-hour post-treatment time points when compared with controls (Fig. 

1F). Finally, we evaluated the extent to which CPZ treatment at a dose of 1 mg/kg affected 

the seizure severity in the GEPR-3s. Quantification showed that CPZ significantly 

suppressed the occurrence of seizures in female GEPR-3s at the 2-hour (Z = 2.11, P < 0.05) 

post-treatment time point, when compared with controls (Fig. 1G). At 1-and 24-hour post-

treatment time points, CPZ nonsignificantly reduced the seizure severity (Fig. 1G). In male 

GEPR-3s, CPZ nonsignificantly reduced the seizure severity 2-hour post-treatment time 

point, when compared to controls (Fig. 1H).

Next, we evaluated the effects of acute CPZ pretreatment at a dose of 3 mg/kg on the 

expression of acoustically evoked seizures in both female and male GEPR-3s. In control 

conditions, WRS occurred in all female (n=8) and male (n=8) GEPR-3s (Fig. 2A,B), while 

75% of females and 100% of males had clonus (Fig. 2C,D). Quantification showed that CPZ 

altered the occurrence of WRS and clonus in the GEPR-3s. Thus, the prevalence of WRS 

was significantly reduced in females by 63% (χ2=51.02, df=1, P<0.001), 75% (χ2=73.01, 

df=1, P<0.001), 63% (χ2=51.02, df=1, P<0.001), and 37% (χ2=35.03, df=1, P<0.001) at 

0.5-, 1-, 2-, and 24-hour post-treatment time points, respectively, when compared with 

controls (Fig. 2A). In male GEPR-3s, the prevalence of WRS was reduced by 25% 

(χ2=23.04, df=1, P<0.0001), 25% (χ2=23.04, df=1, P<0.001), 37% (χ2=35.03, df=1, 

P<0.001), and 50% (χ2=48.02 df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour post CPZ-treatment, 

respectively, when compared with controls (Fig. 2B). At 3 mg/kg, the prevalence of clonus 

was also significantly reduced in female GEPR-3s by 50% (χ2=15.23, df=1, P<0.001), 67% 

(χ2=24.01, df=1, P<0.001), 50% (χ2=15.23, df=1, P<0.001), and 33% (χ2=7.67, df=1, 

P<0.01) 0.5-, 1-, 2-, and 24-hour, post-CPZ treatment, respectively, when compared with 

controls (Fig. 2C). In males, CPZ treatment also reduced the prevalence of clonus by 37% 

(χ2=35.03, df=1, P<0.001), 50% (χ2=48.02, df=1, P<0.001), 75% (χ2=73.01, df=1, 

P<0.001), and 75% (χ2=73.01, df=1, P<0.001) at 0.5-, 1-, 2-, and 24-hour post-CPZ 

treatment, respectively when compared with controls (Fig. 2D). The anticonvulsant effects 

of CPZ was associated with changes in seizure onset. Thus, in female GEPR-3s (Fig. 2E), 

CPZ significantly delayed the onset of seizures at 0.5-hour (to 47.75±6.03 seconds, n=8; 

t=4.56, df=7, P<0.001), 1-hour (to 52.37±5.01 seconds, n=8; t=5.18, df=7, P<0.001), 2-hour 

(to 48.37±5.7 seconds, n=8; t=4.95, df=7, P<0.001), and 24-hour (to 41.75±5.6 seconds, 

n=8; t=2.62, df=7, P<0.01) post-treatment time points, when compared to controls 
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(25.25±2.1 seconds, n=8). In male GEPR-3s (Figure 2F), CPZ significantly increased the 

seizure latency at 1-hour (to 36.5±5.19 seconds, n=8, t=2.87, df=7, P<0.01), 2-hour (to 

40.12±5.95 seconds, n=8; t=3.35, df=7, P<0.01), 24-hour (to 43.25±6.4 seconds, n=8; t=3.6, 

df=7, P<0.01), but not 0.5-hour (to 33±6.07 seconds, n=8, t=2.22, df=7, P<0.06) post-

treatment time points, when compared to controls (22.63±2.03 seconds, n=8). CPZ treatment 

also altered the seizure severity in the GEPR-3s. Quantification showed that at 3 mg/kg, CPZ 

suppressed seizures in female GEPR-3s (n=8) at 0.5-hour (Z=2.12, P<0.05) and 1 hour (Z = 

2.22, P < 0.05), when compared with controls (Fig. 2G). CPZ nonsignificantly reduced the 

seizure severity at 0.5 hour (Z = 1.98, P < 0.06) and 2-hour (Z = 1.98, P < 0.06) post-

treatment time points, when compared to controls (Fig. 2G). In males GEPR-3s, the seizure 

severity significantly decreased 2-hour (Z = 2.13, P < 0.05) and 24-hour (Z = 2.16, P < 0.05) 

post-treatment time point when compared with controls (Fig. 2H).

In another set of experiments, we evaluated the extent to which acute CPZ treatment at a 

dose of 10 mg/kg alters the expression of acoustically evoked seizures in both female (n=8) 

and male (n=8) GEPR-3s. CPZ treatment reduced the prevalence of WRS in both female and 

male GEPR-3s (Fig. 3). Quantification showed that the prevalence of WRS was reduced by 

63% (χ2=61.02, df=1, P<0.001), 75% (χ2=73.01, df=1, P<0.001), 100% (χ2=98.01, df=1, 

P<0.001), and 87% (χ2=85.01, df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour post-treatment time 

points, respectively, when compared with controls (Fig. 3D). In male GEPR-3s, the 

prevalence of WRS was reduced by 25% (χ2=23.40, df=1, P<0.001), 37% (χ2=35.03, df=1, 

P<0.001), 50% (χ2=48.02, df=1, P<0.001), and 63% (χ2=61.02, df=1, P<0.001) 0.5-, 1-, 2-, 

and 24-hour post-CPZ treatment, respectively, when compared with controls (Fig. 3B). CPZ 

treatment also altered the expression of clonus in both female and male GEPR-3s. At 10 

mg/kg, CPZ reduced the prevalence of clonus in females by 67% (χ2=24.01, df=1, P<0.01) 

and 83% (χ2=33.62, df=1, P<0.001) 0.5- and 1-hour post-treatment time point, respectively, 

when compared with controls (Fig 3C). Interestingly, clonus seizures were completely 

suppressed 2- and 24-hour post-CPZ treatment (χ2=43.81, df=1, P<0.001), when compared 

with controls (Fig. 3C). In male GEPR-3s, CPZ pretreatment also reduced the prevalence of 

clonus by 37% (χ2=35.53, df=1, P<0.001), 63% (χ2=60.52, df=1, P<0.0001), 87% 

(χ2=85.51, df=1, P<0.001), and 87% (χ2=85.51, df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour 

post-CPZ treatment time point in female GEPR-3s, respectively, when compared with 

controls (Fig. 3A). In female GEPR-3s (Fig. 3E), the anticonvulsant effect of CPZ was 

associated with a significant delay in the onset of seizures at 0.5-hour (CPZ: 48.87±5.44 

seconds, n=8; t=3.96, df=7, P<0.01), 1-hour (CPZ: 52.5±4.9 seconds, n=8; t=5.2, df=7, 

P<0.001), 2-hour (CPZ: 60±0 seconds, n=8; t=27.14, df=7, P<0.001), and 24-hour (CPZ: 

56.5±3.5 seconds, n=8; t=8.89, df=7, P<0.001) post-treatment time points, when compared 

to controls (22.75±1.37, n =8). In male GEPR-3s (Fig. 3F), CPZ significantly increased the 

seizure latency at 1-hour (to 41±5.72 seconds, n=8, t=2.97, df=7, P<0.01), 2-hour (to 

44.37±5.94 seconds, n=8; t=3.95, df=7, P<0.01), and 24-hour (to 48±5.87 seconds, n=8; 

t=4.49, df=7, P<0.001), but not at 0.5-hour (to 33.75±5.03 seconds, n=8 post-treatment time 

points, when compared to controls (23.38±2.03 seconds, n=8). At a dose of 10 mg/kg, CPZ 

completely suppressed seizure susceptibility 0.5-hour (z=2.12, P<0.05), 1-hour (Z=2.34, 

P<0.01), 2-hour (Z=2.57, P<0.01), and 24-hour (Z=2.53, P<0.01) post-CPZ treatment time 

points in females GEPR-3s when compared with controls (Figure 3G). In male GEPR-3s, 
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however, CPZ treatment significantly reduced the seizure severity 2-hour(Z = 2.34, P < 0.01) 

and 24-hour (Z = 2.37, P < 0.01) time points, but not at 1-hour time point (Z=1.93, P<0.06), 

when compared to controls (Fig. 3F).

Effects of semi-chronic CPZ treatment on acoustically evoked seizure susceptibility in 
GEPR-3s

We evaluated whether a five consecutive daily (semi-chronic) CPZ treatment at a dose of 1 

mg/kg enhanced anticonvulsant effects seen following acute CPZ treatment (see Fig. 1). In 

control conditions (pre-CPZ treatment), all female (n=6) and male (n=6) GEPR-3 exhibited 

WRS and clonus (Fig 4). Quantification showed that semi-chronic CPZ treatment at a dose 

of 1 mg/kg significantly reduced the prevalence of WRS by 14% (χ2=12.07, df=1, 

P<0.001), 71% (χ2=69.01, df=1, P<0.001), 86% (χ2=84.01, df=1, P<0.001), and 57% 

(χ2=55.01, df=1, P<0.001) at 0.5-, 1-, 2-, and 24-hour time points, respectively, when 

compared with controls (Fig. 4E). The prevalence of WRS was also reduced in male 

GEPR-3s (n=6) by 17% (χ2=15.06, df=1, P<0.001), 33% (χ2=31.03, df=1, P<0.001), 50% 

(χ2=48.02, df=1, P<0.001), and 17% (χ2=15.06, df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour 

post-treatment time points, respectively, when compared with controls (Fig. 4B). Next, we 

evaluated the effects of CPZ semi-chronic treatment on the occurrence of clonus in the 

GEPR-3s. Quantification also showed that CPZ reduced the prevalence of clonus in female 

GEPR-3s by 29% (χ2=27.03, df=1, P<0.001), 86% (χ2=84.01, df=1, P<0.001), 86% 

(χ2=84.01, df=1, P<0.001) and 71% (χ2=69.01 df=1, P<0.001) 0.5-, 1-, 2-, and 24-hour 

post-treatment time points in female GEPR-3s, respectively, when compared with controls 

(Figure 4A). The prevalence of WRS was also reduced in male GEPR-3s by 17% 

(χ2=15.06, df=1, P<0.001), 50% (χ2=48.02, df=1, P<0.001), 83% (χ2=81.02, df=1, 

P<0.001) and 83% (χ2=81.02, df=1, P<0.001) 0.5-, 1-, 2- and 24-hour post-CPZ treatment, 

respectively, when compared with controls (Fig. 4D). In female GEPR-3s (Fig. 4E), the 

anticonvulsant effect was associated with a significant delay in the onset seizure only at the 

24-hour (controls: 22±2.82 seconds, n=2; CPZ: 23.38±2.03 seconds, n=6, t=3.91, df=5, 

P<0.01) post-CPZ treatment time point. The latency was nonsignificantly increased at 1-

hour (31.67±6.5 seconds, n=6, t=2.3, df=5, P<0.06) and 2-hour (35.5±8.01 seconds, n=6, 

t=2.42, df=5, P<0.06) following CPZ treatment, when compared to controls. In male 

GEPR-3s (Fig. 4F), the occurrence of seizure was also delayed at 24-hour (controls: 

21.5±1.47 seconds, n=6; CPZ: 37±4.88 seconds, n=6; t=2.94, df=5, P<0.01), but not at 0.5-

hour post-treatment time points. CPZ treatment nonsignificantly delayed the seizure latency 

at 1-hour (to 42±8.07 seconds, n=6; t=2.31, df=5, P<0.07 and 2-hour (to 34.67 ± 5.33 

seconds, n = 6; t = 2.39, df = 5, P < 0.06) post-treatment time points, when compared to 

controls. We also evaluated the extent to which semi-chronic CPZ treatment affects the 

seizure severity in the GEPR-3s. The time course of seizure severity showed that semi-

chronic CPZ treatment suppressed acoustically evoked seizures 1-hour (Z=2.22, P<0.05) and 

2-hour (Z = 2.33, P < 0.05) post-treatment time point in female GEPR-3s, when compared 

with controls. CPZ has no effect on seizure severity at 0.5 hour following semi-chronic 

treatment, when compared with controls (Fig. 4G). In male GEPR-3s, CPZ significantly 

reduced the seizure severity at 2 hours (Z = 1.92, P < 0.06) and 24 hours (Z = 1.92, P < 0.06) 

but not at 0.5 and 1 hour following a semichronic treatment, when compared with controls 

(Fig. 4H). In male GEPR-3s (Fig. 4H), CPZ significantly reduced the seizure severity 2-hour 
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(Z=1.92, P<0.06) and 24-hour (Z=1.92, P<0.06) but not 0.5- and 1-hour following a semi-

chronic treatment, when compared to controls.

Effects of acute and CPZ treatment on core body rectal temperatures in GEPR-3s

Administration of CPZ at the tested doses did not induce abnormal behaviors (ie, reduced 

exploratory behavior, lethargy, ataxia, Straub’s tail, and spontaneous seizures) in both female 

(n=6–8) and male (n=6–8) GEPR-3s. Similarly, est between-subject effect revealed that 

acute (0, 1, 3, or 10 mg/kg, ip, Fig. 5A,B) or semichronic (0, 1 mg/kg, ip, Fig 5C,D) CPZ 

treatment did not alter core body temperatures of both female (n=6) and male (n=6) 

GEPR-3s.

Discussion

The main finding of this present study is that acute CPZ pretreatment suppressed AGS 

susceptibility in the GEPR-3s or reduced the seizure severity in male GEPR-3s. The seizure 

suppression was observed in female GEPR-3s at all tested doses, whereas only higher doses 

were effective in attenuating the seizure severity in male GEPR-3s following acute CPZ 

treatment. Semichronic CPZ treatment using the least effective acute CPZ tested dose-

suppressed seizure susceptibility in female GEPR-3s, but only reduced the seizure severity 

in male GEPR-3s. These data indicate that AGS in female GEPR-3s is more sensitive to the 

effect of CPZ treatment compared to male GEPR-3s; the underlying biological mechanism 

for this differential sex effect is yet unknown. Since CPZ inhibits the activity of TRPV1 

channels, these findings suggest that blockade of these channels may have a potent 

anticonvulsant activity in female GEPR-3s. In the GEPR, seizure activity is initiated in the 

inferior colliculus (IC) [16,17]. Thus, the suppression of AGS following CPZ treatment 

suggests that remodeling of TRPV1 channels, at least in the IC, may play an important role 

in AGS susceptibility in GEPR-3s.

TRPV1 channels are mainly located in nociceptive neurons of the peripheral nervous system 

suggesting low expression levels of these channels in the central nervous system [18–20]. 

The presence of TRPV1 channels in the central nervous system suggests their broader role 

of than in pain perception. Accordingly, increased expression of TRPV1 channels has been 

reported in the cortex and hippocampus obtained from patients with temporal lobe epilepsy 

[6]. Similarly, increased expression of TRPV1 channels was found in the dentate gyrus of 

mice exhibiting pilocarpine-induced status seizures [7]. Thus, it is tempting to speculate that 

AGS susceptibility in the GEPR-3s is associated with increased expression of TRPV1 

channels in the network for AGS, including the IC.

The role of TRPV1 channels in the pathophysiology of epilepsy is complex. For instance, 

TRPV1 antagonist CPZ suppressed PTZ-induced seizures, while the TRPV1 agonist 

capsaicin reduced the prevalence of maximal electroshock-induced tonic seizures and PTZ-

induced tonic-clonic seizures [12,21]. However, inhibition of TRPV1 channels had no effect 

on the severity of PTZ-induced seizures [10,22]. Furthermore, the severity of PTZ-induced 

tonic-clonic seizures was decreased in TRPV1 deficient mice [11]. Surprisingly, decreased 

severity of PTZ-induced tonic-clonic seizures was also reported in mice with an 

overexpression of TRPV1 channels in the hippocampus [22]. The severity of PTZ-induced 
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seizures was also reduced after intra-hippocampal administration of either TRPV1 channel 

agonist or antagonist [22]. Thus, it has been suggested that in mice with TRPV1 channel 

overexpression, PTZ administration was not able to further increase TRPV1 channel 

function and neuronal excitability in the hippocampus, leading to decreased seizure 

susceptibility.22 Inhibition of TRPV1 channels also prevented the development of clonic and 

tonic-clonic seizures following amygdala kindling, a model of limbic epileptogenesis [9]. 

Consistent with these studies, we found that inhibition of TRPV1 channels suppressed AGS 

susceptibility in the GEPR-3s. Tonic seizures and generalized tonic-clonic seizures induced 

by maximal electroshock and PTZ in naive rodents or acoustic stimuli in the GEPR-3s are 

mediated by the brainstem. Nevertheless, maximal electroshock-induced tonic seizures and 

PTZ-induced tonic seizures and generalized tonic-clonic seizures are models of acute 

seizures, but not models of epilepsy per se. Thus, activation of TRVP1 channels suppresses 

seizures in models of acute seizures, while inhibition of these channels suppresses seizures 

in models of acquired and inherited epileptogenesis.

The underlying mechanisms of how blockade of TRPV1 channels suppresses AGS 

susceptibility in the GEPR-3s are not yet fully understood. TRPV1 channel is a non-

selective cation channel with high Ca2+ permeability, and its activation results in increased 

intracellular Ca2+ and neuronal excitability, leading to enhanced glutamate release [23–26]. 

Interestingly, altered intracellular Ca2+ and glutamate signaling in the IC are known to play 

important roles in the pathophysiology of seizures in GEPRs [27,28]. Whether Ca2+ 

signaling via TRPV1 channels interacting with glutamate signaling is critical in AGS 

susceptibility in GEPR-3s remains unknown. Another putative mechanism underlying 

epileptogenesis is long-term potentiation where repeated synaptic stimulation lead to 

enhancement of synaptic efficiency [29].Interestingly, TRPV1 channels contributed to 

synaptic plasticity as their activation facilitated LTP and suppressed long-term depression 

(LTD) in the hippocampus and amygdala [24,30,31]. Such effects of TRPV1 channels on 

LTP and LTD may also occur in the IC and contribute to neuronal hyperexcitability 

associated with enhanced susceptibility to acoustically evoked seizures.

In conclusion, inhibition of TRPV1 channels suppressed acoustically evoked seizures in the 

GEPR-3s, suggesting that these channels may provide a potential molecular target for the 

suppression of generalized tonic-clonic seizures.
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Figure 1. 
Effects of acute capsazepine (CPZ) treatment at a dose of 1 mg/kg on occurrence of 

acoustically evoked seizures in female and male GEPR-3s. The anticonvulsant effects of 

CPZ were evaluated at different posttreatment time points of 0.5, 1, 2, and 24 hours. CPZ at 

a dose of 1 mg/kg (i.p.) markedly reduced the incidence of WRS in both female (n=7, panel 

A) and male (n=8, panel B) GEPR-3s. CPZ also reduced the prevalence of clonus in both 

female (panel C) and male (panel D) GEPR-3s. CPZ also delayed the onset of seizure in 

either female (panel E) or male (panel F) GEPR-3s. Time course of the effects of CPZ 

showed a transient, but complete seizure suppression by the 1st hour post-treatment in 

female GEPR-3s (panel G), while no anticonvulsant effect was observed in male GEPR-3s 

(panel H). For the prevalence of WRS and clonus, data represent the percentage (%)

±standard error of proportion, and McNemar’s test was used for statistical analysis. For 

latency, data represent mean±S.E.M., and paired t-test was used for analysis. For seizure 

severity, data represent the median score±median average deviation, and Wilcoxon signed-

Cho et al. Page 12

CNS Neurosci Ther. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rank test was used for statistical analysis. Opened and filled bar graphs represent controls 

(pre-CPZ) and CPZ treated GEPR-3s, respectively. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2. 
Effects of acute capsazepine (CPZ) treatment at a dose of 3 mg/kg on occurrence of 

acoustically evoked seizures in GEPR-3s. The anticonvulsant effects of CPZ were evaluated 

on the prevalence and severity of seizures in both female (n=8) and male (n=8) GEPR-3s at 

different post-treatment time points of 0.5, 1, 2, and 24 hours. CPZ at a dose of 3 mg/kg (ip) 

markedly reduced the incidence of WRS in both female (panel A) and male (panel B) 

GEPR-3s. CPZ also reduced the prevalence of clonus in both female (panel C) and male 

(panel D) GEPR-3s. CPZ delayed the onset of seizure onset in either female (panel E) or 

male (panel F) GEPR-3s. Time course of the effects of CPZ showed a transient, but 

complete seizure suppression in female GEPR-3s by first half-hour post-treatment (panel G). 

In male GEPR-3s, CPZ significantly reduced the seizure severity by the 2nd hour post-

treatment (panel H). The prevalence of WRS and clonus, seizure latency, and seizure 

severity were analyzed as described in Figure 1. Opened and filled bar graph represent 
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controls (pre-CPZ) and CPZ treated GEPR-3s, respectively. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 3. 
Effects of acute capsazepine (CPZ) treatment at a dose of 10 mg/kg on occurrence of 

acoustically evoked seizures in GEPR-3s. The anticonvulsant effects of CPZ were evaluated 

on the prevalence and severity of seizures in both female and male GEPR-3s at different 

post-treatment time points of 0.5, 1, 2, and 24 hours. CPZ at a dose of 10 mg/kg (i.p.) 

markedly suppressed or reduced the incidence of WRS in female (n=8, panel A) and male 

(n=8, panel B) GEPR-3s, respectively. CPZ also suppressed or reduced the prevalence of 

clonus in female (panel C) and male (panel D) GEPR-3s, respectively. CPZ delayed the 

onset of seizure onset in either female (panel E) or male (panel F) GEPR-3s. Note that 

seizures were completely suppressed 2-hour post-treatment and only one animal exhibited 

seizure 24-hour following CPZ treatment. Time course of the effects of CPZ showed a long-

lasting seizure suppression in female GEPR-3s by the first half-hour post-treatment (panel 

G). In male GEPR-3, however, a long-lasting attenuation of seizure severity was observed 

by the 2nd hour post-treatment time point (panel H). The prevalence of WRS and clonus, 

seizure latency, and seizure severity were analyzed as described in Figure 1. Opened and 
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filled bar graph represent controls (pre-CPZ) and CPZ treated GEPR-3s, respectively. 

*P<0.05, **P<0.01, ***P<0.001.
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Figure 4. 
Effects of semi-chronic CPZ treatment on the expression of acoustically seizure 

susceptibility in GEPR-3s. The effects of CPZ at a dose of 1 mg/kg (i.p.) were evaluated on 

the prevalence and severity of seizures in both female (n=6) and male (n=6) GEPR-3s at 

different time points of 0.5, 1, 2, and 24 h. CPZ at a dose of 1 mg/kg (ip) markedly reduced 

the prevalence of WRS in female (panel A) and male (panel B) GEPR-3s. CPZ treatment 

also reduced the prevalence of clonus in female (panel C) and male (panel D) GEPR-3s. The 

anticonvulsant effect was associated with increased seizures latency in female (panel E) and 
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male (panel F) GEPR-3s. Time course of the effects of CPZ treatment showed a long-lasting 

complete seizure suppression by the 1st hour post-treatment time point in female GEPR-3s 

(panel G). In male GEPR-3s, CPZ reduced the seizure severity by the 2nd hour post-

treatment time point (panel H). The prevalence of WRS and clonus, seizure latency, and 

seizure severity were analyzed as described in Figure 1. Opened and filled bar graph 

represent controls (pre-CPZ) and CPZ treated GEPR-3s, respectively. *P<0.05, **P<0.01, 

***P<0.001.
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Figure 5. 
Effects of CPZ acute and semi-chronic treatments on core body temperature in GEPR-3s. 

Acute CPZ treatment at all tested doses (0 mg/kg: black lines, 0.5 mg/kg: blue lines, 1 

mg/kg: green lines and 10 mg/kg: red lines) did not significantly alter rectal temperature in 

both female (n=6) and male (n=6) GEPR-3s. Similarly, semi-chronic treatment at either the 

dose of 0 (black lines) or 1 mg/kg (i.p., blue lines) did not alter core body temperatures in 

both female and male GEPR-3s. Repeated measurements ANOVA were used to compare 

changes in rectal temperature.

Cho et al. Page 20

CNS Neurosci Ther. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Animals
	Drug and treatment protocol
	Acute capsazepine treatment
	Subchronic capsazepine treatment

	Acoustically evoked seizure testing
	Rectal temperature
	Statistical analyses

	Results
	Effects of various doses of acute CPZ treatment on acoustically evoked seizure susceptibility in GEPR-3s
	Effects of semi-chronic CPZ treatment on acoustically evoked seizure susceptibility in GEPR-3s
	Effects of acute and CPZ treatment on core body rectal temperatures in GEPR-3s

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

