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Abstract

Childhood absence epilepsy (CAE) is the most common pediatric epilepsy syndrome and is
characterized by typical absence seizures (AS). AS are non-convulsive epileptic seizures
characterized by a sudden loss of awareness and bilaterally generalized synchronous 2.5-4 Hz
spike and slow-wave discharges (SWD). Gamma butyrolactone (GBL) is an acute pharmacological
model of AS and induces bilaterally synchronous SWDs and behavioral arrest. Despite the long
use of this model, little is known about its strain and sex-dependent features. We compared the
dose-response profile of GBL-evoked SWDs in three rat strains (Long Evans, Sprague-Dawley,
and Wistar), and examined the modulatory effects of estrous cycle on SWDs in female Wistar rats.
We evaluated the number of seizures, the cumulative time seizing, and the average seizure duration
as a function of dose, strain, and sex/estrous phase. Long Evans rats displayed the greatest
sensitivity to GBL, followed by Wistar rats, and then by Sprague-Dawley rats. GBL-evoked SWDs
were modulated by estrous cycle in female rats, with the lowest sensitivity to GBL occurring
during metestrus. Wistar rats showed the greatest variability as a function of dose, and the least
variability within dose; these features make this strain desirable for interventional studies.
Moreover, our finding that the SWD response to GBL differs as a function of estrous cycle
underscores the importance of cycle monitoring in studies examining female animals using this
model. Together, these strain and sex-dependent findings provide guidance for future studies.
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Introduction

Childhood absence epilepsy (CAE) is the most common pediatric epilepsy syndrome (Jallon
et al., 2001) and has a typical onset between 3 and 8 years of age. The prevalence of CAE is
~15-20% among children with epilepsy; of these, 20-70% of cases resolve, often around
adolescence (Panayiotopoulos, 2001). CAE, in combination with Juvenile absence epilepsy,
which has a later onset (i.e., 10-17 years of age), have a combined incidence of ~100 per
100,000 person-years (Olsson, 1988).

Typical absence seizures (AS) are non-convulsive epileptic seizures characterized by a
sudden loss of awareness; multiple daily seizures are commonly reported (Crunelli and
Leresche, 2002). The electrographic hallmark of AS is bilaterally generalized synchronous
2.5-4 Hz spike and slow-wave discharges (SWD) (Berg et al., 2009). These oscillations
originate in a corticothalamocortical network (Crunelli and Leresche, 2002; Sitnikova, 2010;
Sitnikova and van Luijtelaar, 2009), critically engaging intrathalamic connections in the
reticular thalamic nucleus and thalamocortical cells in the ventrobasal thalamus (Sorokin et
al., 2017; Tancredi et al., 2000). First-line pharmacotherapies for absence seizures include
ethosuximide and valproate, both of which disrupt absence seizures through blockade of T-
Type calcium channels (Glauser et al., 2010).

Both genetic (e.g., Genetic Absence Epilepsy Rats from Strasbourg [GAERS], Wistar
Albino Glaxo/Rij [WAG/RIj]) and pharmacological models of AS have proven fruitful in
understanding the fundamental mechanisms underlying AS (Akman et al., 2010g;
D’Antuono et al., 2005). Gamma butyrolactone (GBL), in particular, has been widely used
as a pharmacological model of AS (Snead, 1992a; Venzi et al., 2015). GBL induces AS
across species, including mouse, rat, non-human primate, and humans (although see (Venzi
et al., 2015) for caveats regarding this model in mice). GBL is biologically inactive (Snead,
1991) but is rapidly converted into gamma-hydroxybutyric acid (GHB) by active lactonases
present in serum and liver (Roth et al., 1967). Systemic administration of GBL reliably
meets all criteria of an absence seizure model in rats (Snead, 1992a, 1988, 1984) and
produces electrographic and behavioral events similar to human absence seizures (Cortez et
al., 2016; Crunelli and Leresche, 2002).

GBL-evoked ASs are sensitive to canonical anti-absence drugs and are exacerbated by drugs
that worsen ASs in humans, underscoring the predictive validity of this model (Snead, 1978;
Venzi et al., 2015). The neural mechanisms of GBL action include activation of both the y-
aminobutyric acid type B (GABAg) receptor and a GHB-specific receptor (Emri et al.,
1996). Despite the extensive use of this model, sex-specific features remain uncharacterized.
This is of interest because absence epilepsies have a 2-5 times greater incidence in females
as compared to males (Christensen et al., 2005; Waaler et al., 2000). Moreover, ovarian
hormones regulate both the severity of atypical absence seizures and GABAg receptor
binding throughout estrous cycle (Persad et al., 2004). However, there is a comparable
incidence of SWDs among males and females from inbreed GAERS and WAG/RIj strains
(Coenen and Van Luijtelaar, 1987; van Luijtelaar et al., 2014). Ideally, a model mirroring the
clinical population should show a divergence in response between female and male animals.
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In addition to poverty of information regarding sex differences in the GBL model, little is
known regarding strain differences. The model was originally characterized in Sprague-
Dawley rats, and has been used to a lesser extent in Wistar and Long Evans rats. These
strains differ in the expression of spontaneous absence-like discharges (Cortez et al., 2001;
Pinault et al., 2001), as well as other behavioral (Turner and Burne, 2014), pharmacological
(Woolfolk and Holtzman, 1995) and epilepsy-related phenotypes (L&scher et al., 2017;
Twele et al., 2016). With the increasing availability of transgenic rat strains, background
strain influences on phenotypes have become a more pressing consideration. Transgenic
strains on each of these backgrounds have been developed, and the feasibility of the multi-
generation backcrosses needed to homogenize their backgrounds remains out of reach for
most laboratories. Thus, determining strain-dependent effects in this model may enhance
future study design using diverse background strains.

To address these gaps, we compared the dose-response profile of GBL evoked SWDs in
three strains of rats (Long Evans, Sprague-Dawley and Wistar), and examined the
modulatory effects of estrous cycle on SWDs in female Wistar rats.

2. Materials and Methods

2.1 Animals

Experiments were performed on male Long Evans (LE, Charles River, n=6), Sprague-
Dawley (SD, Envigo, n=8), and Wistar rats (WIS, Envigo, n=9). After completing the dose-
response studies in male rats, we selected a single strain (Wistar) to investigate estrous cycle
effects in female rats (Envigo, n=10), as this strain displayed the greatest variability as a
function of dose in males. All rats were 6-8 weeks of age at the time of surgery. The animals
were housed in the Georgetown University Division of Comparative Medicine under
environmentally controlled conditions (12 hr light/dark cycle, lights on between 6:00 A.M.
and 6:00 P.M.; ambient temperature 23°C + 1°C) with food (Lab Diet, #5001) and water
provided ab /ibitum. All experiments were performed during the light phase. Experimental
procedures were performed in compliance with Association for Assessment and
Accreditation of Laboratory Animal Care standards, the Guide for the Care and Use of
Laboratory Animals (National Research Council (U.S.) et al., 2011), and were approved by
the Georgetown University Animal Care and Use Committee.

2.2 Estrous Cycle Monitoring

For female rats, estrous cycle stages were assessed by taking vaginal smears from each
animal in the morning of each experimental day (between 8 and 9 a.m.). The smears were
transferred to a clean slide and then visualized by light microscopy. The phase of the estrous
cycle was estimated on the basis of the predominant cell type: proestrus - large round,
usually nucleated cells; estrus - masses of the anucleated cornified (keratinized) irregularly
squamous epithelial cells; metestrus - round nucleated epithelial cells with infiltration of
leukocytes; and diestrus - predomination of leukocytes. All the experiments were conducted
before 1 p.m., to avoid possible changes of the cycle phase or hormonal interference. Each
animal was tested at each phase of the estrous cycle. We cannot rule out the possibility that
stress associated with repeated handling or vaginal smears altered the cycle rhythmicity.
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However, suggesting that our staging was accurate, and that stressors did not alter the cycle
in an obvious manner, the stage of the cycle varied by the expected phase when animals
were checked intermittently over the course of several weeks.

2.3 Surgery and Electrode Implantation

2.4 Drugs

Surgeries were performed as previously described (Dunn et al., 2018). Briefly, rats were
anesthetized with equithesin (2.8 mg/kg, i.p.) and placed into a stereotaxic frame (Kopf,
Tujunga, CA). Five epidural EEG screw electrodes were implanted through holes in the
skull. Electrodes were placed over the frontal and parietal cortices; frontal electrodes were
placed just posterior to coronal suture and just lateral to the sagittal suture, parietal
electrodes were placed ~2mm anterior to the lambdoidal suture at the approximate midpoint
of the parietal bone. A reference/ground electrode was placed over the cerebellum. EEG
wires were routed into a plastic pedestal (PlasticsOne, Roanoke, VA) and held in place with
dental acrylic. During the recordings, the animals were awake and tethered to an EEG
preamplifier and amplifier (Pinnacle Technologies, Lawrence, KS). Data were recorded
using LabChart 8 (AD instruments, Colorado Spring, CO) with a 60 Hz low pass filter.
Electrographic traces are derived from frontal and parietal leads referenced to the
contralateral cortex. Recordings were 30 min in duration for all animals (both sexes and all
strains), and all recordings fell within the first half of the light-dark period.

Four male rats of each strain were also implanted with a pair of stainless steel electrodes
(PlasticsOne) in the left thalamic reticular nucleus (AP —1.8; ML 2.6; DV 6.0). At the
conclusion of experiments, these animals were overdosed with pentobarbital based
euthanasia solution, and perfused transcardially with saline followed by 4%
paraformaldehyde. Brains were post-fixed for 24—72 hours, cryoprotected, frozen, and
sectioned. Tissue were stained using thionin, as previously described (West et al., 2012).
Only rats with histologically confirmed placement of depth electrodes in the reticular
nucleus were used for depth EEG analysis.

Gamma-Butyrolactone (GBL, Sigma) was diluted in 0.9% saline at a concentration of 100
mg/ml and administered via intraperitoneal (i.p.) injection. Animals were monitored for the
occurrence of spike-and-wave discharge (SWDs) activity for 30 min after the time of
injection. Four doses were tested, 50, 75, 100 and 200 mg/kg with the interval of at least 1
day (but typically 2-4 days) between tests. The dose range was selected on the basis of
effective doses in prior studies using this compound (Snead, 1991, 1988; Soper et al., 2016).
The dosing order was randomized across animals. In both blood and brain, GHB (the active
metabolite of GBL) levels rise within minutes after drug administration, followed by a rapid
redistribution phase. Moreover, GBL displays non-linear pharmacokinetics with saturation
(zero-order) kinetics evident at high concentrations (Giarman and Roth, 1964; Lettieri and
Fung, 1979; R. H. Roth and Giarman, 1965; Robert H. Roth and Giarman, 1965). While
estimating the precise half-time in our studies is not possible from published data, it is worth
noting that the duration of time in which SWDs are observed even after the highest doses of
GBL we used does not exceed 1 hour. Moreover, even at doses 2—10 times those we
employed, behavioral effects only persist ~2 hr after administration (c.f., (McCabe et al.,
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1971). Thus, even with an intra-dose interval of 24h, drug accumulation is not expected to be
a concern.

The use of a repeated measure design minimized the number of animals used for this study,
consistent with ARRIVE guidelines. We cannot rule out the possibility that repeated
administration of GBL resulted in neuroplastic changes. Indeed, after continuous
administration of GHB prodrugs can produce dependence in baboons ((Goodwin et al.,
2013), and reduced sleep-time after high dose GBL in rodents has been reported after twice
daily injections ((Van Sassenbroeck et al., 2003)). Alterations in GABAA receptor subunit
levels in the thalamus have been reported in the hours following GHB-evoked seizures, but
these return to baseline levels within 24h; moreover, the total duration of GHB-evoked
seizures is decreased when a second dose is given 6, but not 24 h after an initial dose
(Banerjee et al., 1998). Thus, while tolerance has been reported after repeated high-dose
GBL, the doses and intervals we selected likely avoid this effect.

2.5 EEG analysis

SWDs were assessed offline using LabChart 8 by a dose- and strain- blind observer; for
analysis of data from females, the observer was also blinded to estrous cycle phase. The
signal was filtered (band pass 2-50Hz) and SWDs were differentiated from normal activity,
including sleep spindles (6-12Hz) based on amplitude: SWDs showed peak-to-peak
amplitude that was at least double the background activity with a typical crescendo-
decrescendo pattern. SWDs were only counted as ASs if they were visible on all EEG leads.
While the morphology of the SWDs differed slightly across strains, these criterion were
effective in each strain. We quantified the GBL effect in terms of cumulative duration of
SWDs per 30 min epoch after GBL administration. EEG recordings was analyzed for every
dose tested. Mean EEG power frequency during SWDs was calculated using LabChart 8. We
quantified the mean power for each SWD observed. This was averaged within-subject to
produce a single value for each rat at each dose tested. Cross-correlation and event-triggered
spectral analyses were performed using NeuroExplorer (Version 5, Plexon), and were
derived from a minimum of 20 events in 2-3 subjects per strain. Only animals with
electrodes correctly positioned in the nRT were used for the cross correlation and event-
triggered spectral analyses.

2.6 Hypnotic State

High dose GBL has been reported to induce a hypnotic state characterized by the emergence
of continuous slow-wave EEG activity (3 to 5Hz); this deep hypnotic state is characterized
behaviorally by loss of posture and righting reflex (Godschalk et al., 1977; Snead, 1984;
Venzi et al., 2015). We calculated the duration of predominate slow-wave activity as a metric
of hypnosis following high-dose GBL.

2.7 Statistical and Data analysis

Data were analyzed using GraphPad Prism version 6 (GraphPad Inc., La Jolla, CA) and
SPSS version 25 (IBM). For males, data were analyzed by two-way analysis of variance
with strain as a between subjects factor and dose as a within subjects factor. For females,
both dose and estrous phase was analyzed as a within subjects factor. For analysis of
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duration of hypnotic state, data were not normally distributed and thus analyzed by Kruskal-
Wallis test. Pairwise comparisons were conducted following the finding of a significant main
effect or interaction and were subject to Holm-Sidak correction for familywise error rate.
Linear trend analysis was conducted as a post-test following repeated measures ANOVA in
GraphPad Prism following the method of Sheskin (Sheskin, 2011). P values less than 0.05
were considered to be statistically significant.

3. Results

3.1 Strain- and Dose- Dependent Effects

Here we examined the dose dependent effect of systemic administration of GBL on evoked
SWDs in adult rats of the Long Evans, Wistar, and Sprague-Dawley strains. Following the
GBL injection, bursts of bilaterally synchronous spike-and-wave discharges (SWDs) were
evident in EEG recorded from the frontal and parietal cortices, as well as in depth electrodes
located in the thalamic reticular nucleus. The localization of electrodes is shown in
Supplemental Figure 1. The first episodes of SWD occurred within 3-5 min of GBL
administration and lasted for the duration of the observation window (30 min).
Representative EEGs for each strain are shown in Fig 1A. Sudden behavioral arrest
(cessation of ongoing activity) and vibrissa twitching were evident for the duration of the
EEG paroxysm. At the conclusion of the electrographic discharge, normal motor behavior
resumed. Cross-correlation analyses revealed synchronized activity across thalamic and
cortical leads in all strains (Figure 1B). Peri-event spectrograms, derived from a minimum of
20 discharges per subject, with 2—3 rats averaged per strain, indicated an elevation in
thalamic EEG power and an elevation in cortical EEG power (Figure 1C). Spectral
characteristics of the discharges surprisingly differed across strains (Figure 1D): Wistar and
Sprague-Dawley rats displayed peak power in the 5-7 Hz range, whereas Long Evans
displayed peak power in the 10-15 Hz range. ANOVA revealed a main effect of strain (F (2,
13) = 25.9, P=0.00003), a significant main effect of dose (F (3, 39) = 7.547, P=0.0004), but
no dose-by-strain interaction (F (6, 39) = 1.33, P=0.27). The strain effect was due to
significantly higher mean power frequency in Long Evans as compared to Wistar
(P=0.000005) and Sprague-Dawley (P=0.0001) strains. The dose effect was due to
significant reduction in mean power frequency in Long Evans rats treated with the highest
dose of GBL (200 mg/kg); mean power frequency for each of the lower doses differed
significantly from that following the 200 mg/kg dose (50 vs 200: p=0.007; 75 vs 200:
p=0.001; 100 vs. 200: p=0.03, Holm-Sidak corrected post-tests). The analyses in Figure 1D
represent the average of all events recorded from the frontal cortical lead of each rat; mean
power was averaged within subject and the single subject values were then averaged to
produce group means.

All the doses tested led to the emergence of SWDs and behavior arrest in all three strains
(Figure 2). To quantify this response, we measured the number of SWDs, the cumulative
time spent displaying SWDs, and the average SWD duration as a function of dose (Figure
2A-C, respectively). With respect to the number of SWDs (Figure 2A), we found a main
effect of dose (F (3, 54) = 18.17, P=0.00000003), a main effect of strain (F (2, 18) = 4.992,
P=0.019) but no strain-by-dose interaction (F (6, 54) = 0.8579, P=0.5). The strain effect was
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driven by the significantly greater number of SWDs in Long Evans strain compared to the
other two strains (simple effect of strain, Long Evans vs Sprague-Dawley: P=0.02; Long
Evans vs Wistar: P=0.045; Holm-Sidak corrected). In all strains, we noted a decrease in
SWD number at the highest dose tested, likely due to the emergence of a hypnotic state (see
Figure 5). Strain-dependent (F (2, 18) = 3.99, P=0.04) and dose-dependent (F (3, 54) = 6.45,
P=0.0008) effects, as well as a strain-by-dose interaction F (6, 54) = 2.35, P=0.04) were also
apparent for average SWD duration (Figure 2B). This was driven by significantly longer
SWD durations in the Wistar strain as compared to the Sprague-Dawley strain (simple effect
of strain, P=0.03; Holm-Sidak corrected), which was particularly evident at the 100 mg/kg
dose of GBL (P=0.006).

Despite these differences in characteristics of individual SWDs, there was only a marginal
main effect of strain on the cumulative parameter, total time displaying SWDs (F (2, 18) =
3.406; P=0.06; Fig 2C). As with the other parameters, there was a main effect of dose (F (3,
54) = 15.7, P=0.0000002) on total time displaying SWDs. In all three strains, total duration
increased as a function of dose until decreasing at the highest dose; as with number of
SWDs, the decrease following 200 mg/kg of GBL may be due to the emergence of a
hypnotic state (Figure 4). When we analyzed the lowest three doses collapsed across strain
(repeated measures ANOVA, effect of dose F(1.3,26)=13.1, P=0.0006), a significant linear
trend of increasing cumulative SWD duration as a function of increasing dose was evident
(R?=0.300, P=0.00001). The general profile observed was a right shifted dose-response for
Long Evans as compared to the other strains (number of SWDs), and a striking increase in
length of SWDs in Wistar rats. This trend was also evident within Long Evans (R?=0.303,
P=0.048) and Wistar (R?=0.481, P=0.0005) rats, but only approached significance in
Sprague-Dawley rats (R2=0.175, P=0.076).

Strain differences were further underscored by analysis of the within-subject maximum
response (Figure 3). For this analysis, we calculated the maximum number of SWDs,
maximum mean SWD duration, and maximum total time displaying SWDs across doses on
a within-subject basis. The maximum number of SWDs differed significantly across strain
(F(2,21)=5.5, P=0.01), an effect driven by the significantly greater number of SWDs in the
Long Evans, as compared to Wistar and Sprague-Dawley strains (Holm-Sidak corrected Ps =
0.028 and 0.016, respectively). Consistent with our observation in Fig 2 that Wistar animals
display longer SWDs, maximum SWD duration likewise differed across strains (F (2,21) =
4.8, P=0.02), an effect driven by the increased duration in Wistar as compared to Long
Evans and Sprague-Dawley strains (Holm-Sidak corrected Ps = 0.048 and 0.030,
respectively).

We evaluated the duration of hypnotic state generated by high dose GBL (200 mg/kg; Figure
4A). High dose GBL (200 mg/kg) has been previously reported to induce SWD that
gradually evolved into a continuous hypersynchronous state at with a lower mean power
frequency (3-5 Hz) (Godschalk et al., 1977; Snead, 1992a, 1992b). During these states,
animals remain frozen with their eyes open, displaying decreased muscle tone.
Electrographically, this state is characterized by the emergence of high amplitude slow-wave
activity resembling that seen during slow wave sleep. This electrographic pattern is quite
different than the “spindle-like” pattern seen during spike-and-wave discharges; i.e., there is
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no spike component (Venzi et al., 2015). This state often lasts for several minutes with
absence of movement and the presence of continuous low irregular EEG frequency (Figure
4B). Duration of hypnotic state did not differ as a function of strain (Kruskal-Wallis test,
H=0.91, P=0.7).

3.2 Sex differences and impact of the estrous cycle

To determine if the estrous cycle affect GBL-evoked SWDs, we evaluated GBL responses
(75 and 100 mg/kg) in female Wistar rats across estrous phases (Figure 5). With respect to
SWD count, we found a significant main effect of both dose (F (1, 4) = 19.7, P=0.01) and
estrous cycle phase (F (3, 12) = 7.4, P=0.005), but no dose-by-estrous phase interaction (F
(3, 12) = 2.1, P=0.2). This was driven by the significantly lower number of SWD counts
during metestrus compared to estrus and diestrus (P=0.01 and P=0.007, respectively; Holm-
Sidak corrected). We compared the response for each phase of the estrous cycle to the
response in males. We only detected a main effect of sex when comparing males to females
during metestrus (F (1, 11) = 11.8, P=0.006), this was driven by a lower number of SWDs in
females as compared to males, with the 75 mg/kg dose of GBL (P<0.05, Holm-Sidak
corrected). There was no effect of sex when comparing males to females during proestrus
[F(1,11)=1.03, P=0.33], diestrus [F(1,11)=0.027, P=0.9], or estrus [F(1,11)=1.44, P=0.25].

When we evaluated mean SWD duration, we found a main effect of dose (F (1, 4) = 14.2,
P=0.02), but neither an effect of estrous phase (F (3, 12) = 1.7, P=0.2) nor a dose-by-estrous
phase interaction (F (3, 12) = 0.63, P=0.6). Females did not differ from males at any point in
the estrus cycle (proestrus [F(1,11)=4.8, P=0.052], diestrus [F(1,11)=3.99, P=0.07],
metestrus [F(1,11)=2.9, P=0.12], or estrus [F(1,11)=1.39, P=0.26].

Finally, we evaluated total time spent displaying SWDs. We found a main effect of dose (F
(1, 4) =59.2, P=0.002), a main effect of estrous phase (F (3, 12) = 5.3, P=0.02), but no dose-
by-estrous phase interaction (F (3, 12) = 0.69, P=0.6). The main effect of estrous phase was
driven by a significantly shorter time spent displaying SWDs in metestrus compared to
estrus (P=0.03; Holm-Sidak corrected). Males differed from females only during the
metestrus phase (F (1, 11) = 5.8, P=0.03), an effect evident at the 100 mg/kg dose (P=0.03;
Holm-Sidak corrected).

4. Discussion

Our data demonstrate that the response to GBL differs as a function of rat strain, estrous
cycle, and sex. Long Evans rats displayed enhanced sensitivity to GBL, with a greater
number of induced SWDs (absence seizures) than Sprague-Dawley and Wistar rats at similar
doses. In addition, SWDs in Long Evans rats consisted of higher-frequency spectral
components than in the other strains. Wistar rats displayed a surprising increase in duration
of individual SWDs as compared to the other strains. In addition, we found that the response
to GBL differed as a function of phase of the estrous cycle with higher sensitivity to GBL
found during estrus and diestrus compared to metestrus. Moreover, responses in females
differed from males only during metestrus. These findings will enable more efficient study
design using this common model across strains and sexes.
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4.1 Strain Differences

Differences across rat strains, substrains, and suppliers, have been well-documented in
several models of epilepsy; likewise differences across mouse strains have been reported in a
variety of epilepsy models (for review see: (Ldscher et al., 2017)). Many of these studies,
however, have focused on models of temporal lobe epilepsy (Brandt et al., 2003; Honndorf
etal., 2011; Hort et al., 2000; Langer et al., 2011, 2011; Loéscher et al., 1998; Portelli et al.,
2009; Xu et al., 2004). While the brain networks generating absence seizures differ
substantially from those that generate temporal lobe-like seizures, strain differences have
also been reported in models of AS (Willoughby and Mackenzie, 1992).

Consistent with our findings with GBL, Long Evans rats displayed a baseline occurrence of
SWD in naive animals (Cortez et al., 2001; Huang et al., 2012; Pinault et al., 2001); up to
90% of Long Evans rats displayed this phenotype (Shaw, 2004). Sprague-Dawley rats have
also been reported to display spontaneous SWDs, although the penetrance (~14%) of this
phenotype is less than that reported in Long Evans rats. Interestingly, this phenotype was
sex-dependent: while 20% of female Sprague-Dawley rats displayed SWDs, they were
uncommon or absent in males (Pearce et al., 2014). Finally, Wistar rats have likewise been
reported to display spontaneous SWDs with a penetrance of ~40%; as with Sprague-Dawley
rats, these discharges were more common in females as compared to males (80% vs 34%,
respectively) (MVergnes et al., 1982). While the functional significance of these SWDs
remains a topic of debate (Ewell, 2017; Kaplan, 1985; Rodgers et al., 2015; Taylor et al.,
n.d.; Wiest and Nicolelis, 2003), the greater sensitivity to GBL in Long Evans animals is
seemingly consistent with a predisposition to initiate spontaneous thalamocortical
oscillations in this strain. Anecdotally, we have regularly observed spontaneous SWDs in
Long Evans rats obtained from Charles River; and less frequently in Wistar and Sprague-
Dawley rats obtained from Harlan/Envigo. Further characterization of the baseline SWD
phenotype of these strains/sub-strains would enable an assessment of the degree to which
spontaneous SWD occurrence predicts susceptibility to GBL-evoked discharges.

Following GBL administration, we noted a divergence in mean power frequency of SWDs
across strains. Consistent with prior reports in Sprague-Dawley rats (Pearce et al., 2014) and
Wistar rats (\Vergnes et al., 1982), the mean power frequency was ~6 Hz. By contrast, Long
Evans rats displayed a higher mean power frequency for SWDs, consistent with reports
(Shaw, 2007; Wiest and Nicolelis, 2003) in which oscillations displayed 5-14 (or 7-12 Hz)
peak power. The mechanisms resulting in these differences remain unexplored.

Interestingly, the common inbred rat models of absence epilepsy (e.g., GAERS, WAG/RIj)
were both derived from colonies of Wistar rats (Akman et al., 2010b). In our analysis, Wistar
rats displayed the least variability in SWD number (see Fig 3A), and the longest average
SWDs (Fig 2B, 3B). Depending on the experimental purpose, this tighter clustering across
Wistar rats may offer an advantage or disadvantage. These data also raise the possibility that
given the higher variability in both LE and SD strains, they may be suited to develop further
absence-prone or absence resistant strains.
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4.2 Sex differences and impact of estrous cycle

As with strain differences, sex differences in epilepsy phenotypes have been well-reported
but primarily in the context of temporal lobe or generalized tonic-clonic epilepsy models
(Bujas et al., 1997; Mejias-Aponte et al., 2002; Nicoletti et al., 1985; Perici¢ and Bujas,
1997; Scharfman and MacLusky, 2014). Of particular relevance for the present study;,
progestins, including both progesterone and its metabolite allopregnanolone exerted
anticonvulsant effects in models of temporal lobe epilepsy (Lonsdale et al., 2006; Lonsdale
and Burnham, 2007, 2003), presumably through action on GABA, receptors (Wu et al.,
1990). However, this profile may differ for absence-like seizures, which are typically
exacerbated by drugs that enhance GABAergic neurotransmission. Along these lines,
progesterone administration significantly increased SWDs in WAG/Rij, while progesterone
antagonists, estradiol, and estrogen receptor antagonists failed to impact SWDs (van
Luijtelaar et al., 2001). Consistent with this finding, progesterone has also anecdotally been
reported to increase typical absence seizures in humans (Grinewald et al., 1992).

Levels of estrogens, androgens, and progestins change dynamically over the course of the
estrous cycle. Estrogen levels climb during metestrus and diestrus, peak during proestrus,
and drop precipitously during estrus. Progesterone levels likewise peak during proestrus,
drop during estrus, and are low during metestrus and diestrus (Lebron-Milad and Milad,
2012; Smith et al., 1975). Accordingly, it is not surprising that cycle stage is associated with
differential effects on seizures. For example, proestrus is associated with increased
vulnerability whereas estrus is associated with decreased vulnerability to status evoked by
pilocarpine (Scharfman et al., 2005). Moreover, progesterone levels, but not estradiol levels
modulated SWDs in WAG/RIj rats: the number of SWDs increased during the peak in serum
levels of progesterone during the estrous cycle (i.e., during proestrus) (van Luijtelaar et al.,
2001). This differs from the peak sensitivity to GBL we observed during estrus, which may
result from a difference in mechanism between evoked SWDs (present study) and
spontaneous SWDs (van Luijtelaar et al., 2001).

GABAg receptors are a primary target of GBL/GHB and display estrous-cycle dependent
changes in expression (al-Dahan et al., 1994). This effect occurs in a progesterone-
dependent manner, with a surge in GABARg receptor levels observed 4h after progesterone
priming (al-Dahan and Thalmann, 1996). Thus, although progesterone levels are low during
estrus, GABAGR receptor levels are thus expected to be high following the progesterone surge
during proestrus. This may explain the enhanced sensitivity to GBL we observed during
estrus. Consistent with a more general role for GABAR receptors in the emergence of
SWDs, GABAg antagonists reduce spontaneous SWDs in aged Wistar rats (Puigcerver et
al., 1996) and these receptors are downregulated in models of absence seizures (Inaba et al.,
2009; Merlo et al., 2007).

In addition to fluctuations in GABAg receptor levels during the estrus cycle, glutamic acid
decarboxylase and vesicular GABA transporter levels are increased in the thalamus during
the estrous phase, including in the nRT (Umorin et al., 2016). Increased GABA signaling
may also contribute to the exacerbation of SWDs during estrus. Finally, estrous cycle
differences in sensitivity of GBL and SWDs may also be related to neurosteroid levels,
which are modulated as a function of their precursor hormones. For example,
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allopregnanolone, which is synthesized from progesterone, significantly increases SWDs in
WAG/RIj rats (Budziszewska et al., 1999). As discussed above, progesterone and its
metabolites potentiate GABAA receptor signaling, which may in turn exacerbate SWDs
(Biagini et al., 2010).

In the present study, 30 min EEGs were collected during the first half of the light period of
the light-dark cycle, however the peak levels of estradiol and progesterone typically occur in
close proximity to shifts in light-dark cycle (Smith et al., 1975). Thus, a shift of only a few
hours may result in quite different levels of circulating ovarian hormones, even within a
given phase of the cycle. Because we did not monitor hormone levels, we cannot directly
associate either estradiol or progesterone levels with the change in sensitivity we observed
across the estrous cycle.

4.3 Conclusions

Here we have described the dose-response characteristics of GBL-evoked SWDs across
three strains of rats: Long Evans rats displayed the greatest sensitivity, followed by Wistar
rats, followed by Sprague-Dawley rats. Moreover, we report that GBL-evoked SWDs are
modulated by estrous cycle in female rats, with the peak sensitivity occurring during estrus.
Given that Wistar rats displayed the greatest variability as a function of dose, and the least
variability within dose; this strain may desirable for future interventional studies. Moreover,
our finding that the SWD response to GBL differs as a function of estrous cycle underscores
the importance of cycle monitoring in studies examining female animals using this model.
Together, these strain and sex-dependent findings provide guidance for future studies
enabling optimization of dose selection by strain and sex.
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Highlights

. Laboratory rat strains differ in response to gamma butyrolactone (GBL)
evoked spike-and-wave discharges

. Long Evans rats display greater sensitivity to GBL than do Sprague-Dawley
or Wistar rats

. Responses to GBL differ as a function of sex and estrus cycle
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Figure 1. Electrographic characterization of Spike-and-Wave Discharges across strain.
(A) Representative electrographic recordings from Long Evans (LE, black, top), Wistar

(WIS, blue, middle) and Sprague-Dawley (SD, green, bottom) strains. Recordings show both
cortical and thalamic discharge during SWDs. (B) Cross-correlation between EEG channels
shows, indicating a high correlation of activity between thalamic and cortical sites in each
strain. (C) Event-triggered power spectra for each strain. (D) Mean power frequency as a
function of GBL dose across strains. # indicates significantly greater than the 200 mg/kg
dose within the Long Evans strain; * indicates significant difference from the Long Evans
strain within each dose (P<0.05). FC = frontal cortex, nRT = thalamic reticular nucleus, PC
= parietal cortex
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Figure 2. GBL induces dose- and strain-dependent Spike-and-Wave discharges.
(A) Number of SWDs detected during the observation period as a function of strain and

dose, (B) mean duration of individual SWDs as a function of strain and dose, (C) total time
displaying SWDs (number x mean duration) as a function of strain and dose. * =
significantly different, P<0.05. Figures show means and standard errors of the mean.
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Figure 3. Strain effects with maximum response collapsed across dose.
Violin plots showing (A) Number of SWDs detected during the observation period, (B)

mean duration of individual SWDs, (C) total time displaying SWDs (number x mean
duration). Circles indicate individual subjects. Data for this figure represents the maximum
within subject response for each parameter. * = significantly different, P<0.05. LE = Long
Evans, WIS = Wistar, SD = Sprague-Dawley
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Figure 4. Hypnotic state induced by 200 mg/kg GBL as a function of strain.
(A) Violin plots showing duration of hypnotic state across strains. (B-D) electrographic

pattern of hypnotic state in Long Evans (LE; Panel B), Wistar (WIS; Panel C) and Sprague-
Dawley (SD; Panel C) strains.
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Figure 5. Sex- and Estrous Cycle Dependent effects of GBL in Wistar rats.
(A) Number of SWDs detected during the observation period as a function of estrous cycle

phase and dose, (B) mean duration of individual SWDs as a function of estrous cycle phase
and dose, (C) total time displaying SWDs (number x mean duration) as a function of estrous
cycle phase and dose. * = significantly different from metestrus, P<0.05. Figures show
means and standard errors of the mean. P = Proestrus, E = Estrus, M = Metestrus, D =
Diestrus
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