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ABSTRACT 

Current treatments for Absence Epilepsy (AE) are insufficient and do not adequately manage 

seizures and comorbidities in most patients. With the recent legalization of cannabis in Canada, 

interest in its use for the treatment of epilepsy has increased. However, no studies have assessed 

cannabis in AE, and only limited preclinical evidence is available. Using Genetic Absence 

Epilepsy Rats from Strasbourg (GAERS), this thesis examines how cannabis-based medicines may 

be used to treat seizures and behavioural comorbidities relevant to AE. In Chapter 2, touchscreen 

chambers were used to identify visual learning and flexibility impairments in GAERS. These 

findings provide evidence of cognitive impairment, suggesting GAERS may be used to model this 

comorbidity. In Chapter 3, we tested the effects of plant-derived phytocannabinoids on seizures in 

GAERS. Injected Δ9-tetrahydrocannabinol (THC), the main psychoactive constituent in cannabis, 

increased the number of seizure events as measured by increased spike-and slow wave discharges 

(SWDs) recorded through electroencephalogram (EEG). In contrast, cannabidiol (CBD) produced 

a moderate decrease in SWDs. As cannabis is usually smoked, we used a novel smoke exposure 

protocol to subject animals to high-THC and high-CBD cannabis smoke. Consistent with the 

injection data, high-THC smoke increased SWDs whereas high-CBD smoke had no effect. These 

findings are the first to demonstrate a seizure modulating effect of THC and CBD in a rat model 

of AE.  Chapter 4 characterized the endocannabinoid system (ECS) in GAERS and investigated 

whether type 1 cannabinoid receptor (CB1R) positive allosteric modulators (PAMs) may be 

effective in reducing SWDs. Sex-specific and regional alterations in the ECS were identified which 

may contribute to seizure propagation and behavioural comorbidities in GAERS. These 

experiments also demonstrated that the CB1R PAMs GAT211 and GAT229 reduce SWDs in 

GAERS without producing adverse behavioural effects observed following THC exposure. In 

Chapter 5, GAT211 was tested to determine whether it could also reverse behavioural impairments 

observed in GAERS. This experiment used a battery assessing anxiety-like behaviour and social 

impairment as these deficits have previously been shown to respond to antiepileptic drug 

treatment. These data provided some evidence to suggest a potential therapeutic effect of GAT211, 

but future experiments will be required to confirm these results. Overall, these data identify 

additional comorbidities, and demonstrate seizure modulating effects of several cannabinoids. The 

seizure reducing effects of CBD, GAT211, and GAT229 highlight the potential use of 

cannabinoids in GAERS as a promising area for continued preclinical research in AE.   
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1. GENERAL INTRODUCTION 

 

1.1 Outline of the thesis 

 

There is considerable interest in the use of cannabis and synthetic cannabinoids for the 

treatment of epilepsy and related comorbidities. Cases such as Charlotte Figi’s, a child with Dravet 

Syndrome whose refractory seizures were effectively treated with cannabidiol (CBD), have 

received worldwide attention (Maa & Figi, 2014). Stories like Charlotte’s have catalyzed public 

support for cannabis research and have been used to promote legalization of medicinal cannabis 

in many jurisdictions. In addition to these high-profile news stories, promising anecdotal, 

preclinical, and clinical evidence has accelerated research in this area. However, the rise of 

cannabis has occurred rapidly, and many fields have not had adequate time to evaluate the potential 

benefits and harms of cannabinoids. Compounding this issue, many online sources purport to have 

therapeutic evidence for all manner of maladies, from anxiety to COVID-19, and such sources 

readily dispense pseudomedical advice which may be harmful to patients. In epilepsy, such claims 

carry demonstrable risk as cannabinoids exacerbate seizures in some instances (Perucca, 2017; 

Rosenberg et al., 2017). Thus, research must evaluate cannabinoids (CBs) and the 

endocannabinoid system (ECS) and study how they may be involved in the development, 

progression, and treatment of various seizure disorders. 

Currently, few studies have directly investigated how cannabinoids or the ECS may be 

involved in Absence Epilepsy (AE). Generally occurring in children ages 4-14, AE is associated 

with frequent non-motor seizures and short lapses in awareness (Brigo et al., 2018; Fisher et al., 

2017). Although spontaneous seizure remission occurs in most patients by late adolescence, 

patients with AE are at a higher risk to develop other epilepsies and often suffer from persistent 

cognitive and psychiatric comorbidities (Brigo et al., 2018; Fisher et al., 2017; Verrotti et al., 

2015). Current anti-epileptic drugs (AEDs) are insufficient, managing seizures in only 2/3 of 

patients and producing concerning side effects such a hepatotoxicity and cognitive impairment 

(Brigo et al., 2018; Crunelli et al., 2020; Fisher et al., 2017; Glauser et al., 2013). 

Using the Genetic Absence Epilepsy Rats from Strasbourg (GAERS), an established model of 

AE, this thesis examines the role of CBs and the ECS in seizure propagation and behaviour. As 

GAERS recapitulate many aspects of AE, including spontaneous seizure-like events and 

behavioural comorbidities, they are a suitable model system to evaluate potential therapies. The 
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primary goals of this thesis were: 1. To continue characterizing GAERS cognitive comorbidities, 

2. Determine what effects plant-derived and synthetic CBs have on seizures in this model, and 3. 

Assess whether CBs could be used to simultaneously treat both the seizures and comorbidities.  

Through a series of behavioural, biochemical, and electrophysiological experiments, I continue 

characterization of this model and conduct the first studies exploring the role of cannabinoids and 

the endocannabinoid system in the GAERS model of Absence Epilepsy. 

 

1.2 Absence Epilepsy 

 

Absence seizures (formerly “petit mal seizures”) are defined by the International League 

Against Epilepsy (ILAE) as a sub-classification of generalized onset non-motor seizures with 

typical clinical hallmarks of a “blank stare” and short (~5-20s) lapse in awareness (Brigo et al., 

2018; Fisher et al., 2017). Although short in duration, patients may have dozens to hundreds of 

non-convulsive seizures per day (Brigo et al., 2018; Crunelli et al., 2020). Most-commonly 

associated with Childhood Absence Epilepsy (CAE), absence seizures are a key clinical feature of 

several other syndromes including Juvenile Absence Epilepsy (JAE), Juvenile Myoclonic 

Epilepsy, and Jeavons syndrome (Crunelli et al., 2020; Fisher et al., 2017; Smith et al., 2018). In 

addition, absence seizures are also observed in conditions where more severe epileptic events 

predominate, such as Lennox-Gastaut Syndrome (LGS) and Dravet Syndrome (DS) (Crumrine, 

2011; Crunelli et al., 2020; Devinsky et al., 2018; Myers & Scheffer, 2017; Thiele et al., 2018). 

Considering their diverse appearance clinically, this thesis uses the term Absence Epilepsy (AE) 

to acknowledge other conditions where absence seizures are the predominate epileptic event.  

 

1.2.1 Incidence of Absence Epilepsy 

 

 Absence Epilepsy accounts for 8-15% of all pediatric epilepsies (Hughes, 2009; Sadleir et al., 

2006). The average age of onset is around 6 years old for CAE and around 12 years old for JAE 

(Hughes, 2009; Sadleir et al., 2006; Weiergräber et al., 2010). Sex-differences have been reported 

in the prevalence of AE, with females accounting for ~60% of AE cases (Caplan et al., 2008; 

Hughes, 2009; Weiergräber et al., 2010). Remission in adulthood is observed in approximately 2/3 

of AE cases, although 1/3 of cases are pharmaco-resistant and patients who remit remain at a higher 

risk to develop other epilepsies (Brigo et al., 2018; Crunelli et al., 2020; Hughes, 2009; Trinka et 

al., 2004). Longer duration of illness, later initial onset, and co-appearance of generalized tonic-
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clonic seizures are risk-factors associated with a poorer outcome and lower rate of remission 

(Hughes, 2009; Sadleir et al., 2006). Additionally, persistent neurocognitive deficits and 

psychiatric comorbidities (discussed more fully below) are observed in over 50% of AE cases 

(Caplan et al., 2008; Crunelli et al., 2020; Hughes, 2009). The persistent comorbidities, limited 

effectiveness of current treatments, and increased risk to develop other seizures in the future clearly 

demonstrate the erroneous classification of AE as a benign disorder.  

 The etiology of AE is not well understood; however, some heritability is observed and genetic 

components have been identified (Glauser et al., 2017; Heron et al., 2007; Hughes, 2009). The 

most prominent mutations observed in AE relate to voltage gated calcium channel (VGCC) genes, 

where variants of the T-type calcium channel gene CACNA1H have been associated with increased 

AE risk and differences in AED response (Chen et al., 2003; Glauser et al., 2017; Heron et al., 

2007; Hughes, 2009; Singh et al., 2007a). However, although CACNA1H appears to be an 

important susceptibility gene, mutations to this gene alone do not appear sufficient to cause AE 

(Glauser et al., 2017; Heron et al., 2007; Hughes, 2009). Mutations in chloride channel genes (e.g., 

CLCN2), GABA receptor genes (e.g., GABRAD), additional VGCC genes (e.g., CACNA1l), and 

more diverse targets (e.g., RCN2) have all been identified as potential contributory factors (Glauser 

et al., 2017; Heron et al., 2007; Hughes, 2009; Singh et al., 2007a; Weiergräber et al., 2010). The 

absence of a single molecular culprit suggests that, although mutations of VGCCs are a key 

element in the pathology of AE, the dysregulation of other systems contribute to the development 

of absence seizures. Future studies must continue analyzing clinical populations to further 

characterize these elements. 

 

1.2.2 Ictogenesis and Absence Seizures 

As described above, the presence of absence seizures is the clinical hallmark of AE. A typical 

absence seizure is a short, generalized non-motor seizure accompanied by a lapse of awareness, 

blank stare, and arrest of voluntary activity (Hughes, 2009; Koutroumanidis et al., 2017; Sadleir 

et al., 2006). Occasionally, a moderate loss of muscle tone, eyelid fluttering, and repetitive facial 

movements may also be observed (Hughes, 2009; Koutroumanidis et al., 2017; Sadleir et al., 

2006). Occurring most-frequently during periods of quiet-wakefulness, absence seizures may be 

disrupted by sudden visual and auditory stimuli (e.g., calling a child’s name) (Koutroumanidis et 

al., 2017). Absence seizures generally start and stop abruptly and are associated with few, if any, 
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detectable pre-ictal signs or post-ictal symptoms (Koutroumanidis et al., 2017; Sadleir et al., 2006). 

Most seizures (>60%) last between 5-20 s, with a mean duration of 10-12 s, rarely exceeding 40 s 

(Hughes, 2009; Koutroumanidis et al., 2017; Sadleir et al., 2006). Although relatively short in 

duration, seizures may occur frequently and patients may have dozens to hundreds of events per 

day (Hughes, 2009; Koutroumanidis et al., 2017; Sadleir et al., 2006).  

The neurophysiological correlate of absence seizures coincides with behavioural arrest and 

lapses in awareness, appearing on electroencephalograms (EEG) as a series of generalized bilateral 

3-5 Hz spike-and-slow-wave discharges (SWDs) (Hughes, 2009; Koutroumanidis et al., 2017; 

Sadleir et al., 2006). Generally higher in frequency during initial onset, SWD oscillations decrease 

as the event continues (Hughes, 2009; Koutroumanidis et al., 2017; Sadleir et al., 2006). Post- and 

inter-ictal EEG is similar to normal background activity, however aberrant SWDs and increases in 

cortical activity may occasionally occur (Hughes, 2009; Sadleir et al., 2006). 

Convergent evidence from EEG, magnetoencephalography (MEG), and functional magnetic 

resonance imagine (fMRI) has demonstrated a lack of generalization at the start of an absence 

seizure in humans, suggesting the existence of a cortical initiation network (CIN) (Crunelli et al., 

2020; Fisher et al., 2017). Localized pre-ictal increases in activity are observed seconds before an 

absence seizure begins in distributed structures including the precuneus, posterior cingulate cortex, 

lateral parietal cortex, and frontal cortex (Crunelli et al., 2020; Hughes, 2009). As the pre-ictal 

period continues, these localized increases coincide with increased synchrony across sensorimotor 

cortical areas (Crunelli et al., 2020; Hughes, 2009). As the ictal period begins, this synchronous 

activity propagates throughout the cortex, and thalamus, continuing until the seizure subsides 

(Crunelli et al., 2020). Rather than a seizure locus restricted to a single brain area, distant structures 

contribute to the CIN producing a generalized absence seizure.  

The distribution of structures involved suggests that small, localized changes in neuronal or 

network excitability likely account for the aberrant activity fueling the CIN. Such differences 

would fit with the heterogeneity observed in AE patients and the lack of a single common mutation 

driving this disorder. It is plausible that some mutations (e.g., CACNA1H) may be more likely than 

others to produce the pre-ictal changes required to drive the CIN and subsequent absence seizures. 

Such a theory leaves room for additional complementary mutations or neurobiological changes 

that may elevate or otherwise alter seizure prevalence. However, as the mechanisms driving 
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increased network activity in AE are unknown, and evidence is limited to that generated from 

preclinical models, this theory remains speculative. 

 

1.2.3 Neurocognitive Impairment and Psychiatric Comorbidities in Absence Epilepsy 

 

The presence of absence seizures alone does not effectively describe the full spectrum of 

clinical phenomena associated with AE (Brigo et al., 2018; Caplan et al., 2008; Dunn et al., 2016; 

Verrotti et al., 2015). Persistent impairments in neurocognitive function have been identified even 

when seizures remit. Patients with AE are also at a higher risk to develop psychiatric conditions 

such as attention deficit hyperactivity disorder (ADHD), anxiety disorders, and depression 

(Aldenkamp et al., 2016; Dunn et al., 2016; Fonseca Wald et al., 2019; Verrotti et al., 2015). 

Furthermore, although many AE patients receive AEDs, few patients benefit from specific 

treatment for their neurocognitive and psychiatric comorbidities. These comorbidities contribute 

to a reduced quality of life (QOL) for patients affected by AE. 

A recent review examined the persistent effects of AE (in particular CAE) across several 

neurocognitive domains including intellectual functioning, language, learning and memory, 

attention, and executive function (Fonseca Wald et al., 2019; MacEachern et al., 2017; Verrotti et 

al., 2015). Children affected by AE generally have an average or slightly below average score on 

intelligence quotient (IQ) tests and approximately 1/4 of patients present with subtle cognitive 

deficits (Caplan et al., 2008; Dunn et al., 2016; Verrotti et al., 2015). AE patients with lower IQ 

scores generally have poorer language abilities, more behavioural problems, and increased social 

difficulties (Caplan et al., 2008; Verrotti et al., 2015). Although findings are not uniform, impaired 

learning and memory are also observed in AE (Caplan et al., 2008; Dunn et al., 2016; Lin et al., 

2012; Verrotti et al., 2015). Attention problems are also common and may contribute to deficits 

reported in other areas (Verrotti et al., 2015). Similarly, higher-order executive functions is often 

impaired in AE, particularly those processes involved in sustained attention and behavioural 

flexibility (Conant et al., 2010; Dunn et al., 2016; Verrotti et al., 2015). Across many 

neurocognitive domains, increased seizure incidence, earlier age of onset, and use of multiple 

AEDs is associated with more severe impairment, a higher probability of cognitive deficits, and a 

lower IQ score (Dunn et al., 2016; Verrotti et al., 2015). 

In addition to neurocognitive deficits, patients affected by AE are at greater risk for several 

psychiatric disorders. In one study, CAE patients were four times as likely (61%) to receive a 
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psychiatric diagnosis compared to normal groups (15%) (Caplan et al., 2008). The same study also 

identified substantially higher rates of ADHD (26% vs 6%), Anxiety (20% vs 7%), comorbid 

ADHD and anxiety (11% vs 2%), Social problems (23.4% vs 5.9%), and elevated withdrawn 

behaviour (14.1% vs 2.9%), when comparing CAE patients to a normal group (Caplan et al., 2008). 

Across multiple studies a concerning trend emerges: ~60% of patients with AE also have a 

neuropsychiatric comorbidity, most commonly ADHD, anxiety, and mood disorders (Caplan et 

al., 2008; Crunelli et al., 2020; Dunn et al., 2016; Vega et al., 2011). As discussed above, few 

patients receive specific treatment for these comorbidities, contributing to a lower QOL for AE 

patients.  

 

1.2.4 Current Treatments for Absence Epilepsy 

 

The molecular mechanisms underlying the development of AE are not well understood, 

however disruptions in voltage gated ion channels appear critical for seizure initiation and 

propagation (Crunelli et al., 2020; Hughes, 2009). Many current AEDs are thought to act through 

inhibition or alteration of voltage gated Na+ or Ca2+ channels (Rogawski et al., 2016). With 

respect to AE, low-voltage activated (LVA) T-type Ca2+ channels appear to be critically involved 

in the propagation and treatment of absence seizures (Cain & Snutch, 2013a; Crunelli et al., 

2020; Glauser et al., 2017; Hughes, 2009; Singh et al., 2007a; Tringham et al., 2012). 

Accordingly, although their mechanisms are not fully understood, current AEDs used for AE 

appear to reduce seizures in part through inhibition of T-type Ca2+ channels (Crunelli et al., 

2020; Glauser et al., 2010; Rogawski et al., 2016). 

The most commonly used treatments for AE are ethosuximide (ETX), valproic acid, and 

lamotrigine, or a combination thereof (Crunelli et al., 2020; Penovich & James Willmore, 2009). 

A recent double-blind study evaluated the 1 year outcome of newly diagnosed CAE patients 

(n=446) following monotherapy with either drug (Glauser et al., 2013). Ethosuximide and 

valproic acid were significantly more effective in reducing seizures (45% and 44% respectively) 

than lamotrigine (21%) (Glauser et al., 2013). Although similarly effective in managing seizures, 

the valproate group experienced a higher rate of adverse events (42% discontinued). By 

completion of the study, only 49% of patients were seizure free with most patients receiving 

ETX (57%) compared to valproate (49%) or lamotrigine (36%) (Glauser et al., 2013). Additional 

studies have confirmed the superior efficacy and side-effect profile of ETX compared to other 
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AEDs, suggesting it is the optimal initial therapy for CAE (Crunelli et al., 2020; Glauser et al., 

2013; Glauser et al., 2017). However, as noted by the authors, even the ideal initial monotherapy 

fails in 55% of patients over the first 12 months of treatment (Glauser et al., 2013). 

Current AEDs manage seizures in just 2/3 of AE patients (Crunelli et al., 2020; Glauser et al., 

2010; Glauser et al., 2013). Concerningly, this value may overstate the effectiveness of current 

AEDs and does not account for adverse effects that contribute to comorbidities found in AE 

(Aldenkamp et al., 2016; Crunelli et al., 2020; IJff et al., 2016). In addition to physiological side 

effects such as nausea, fatigue, and weight gain, valproic acid may also produce confusion, 

dysphoria, anxiety, depression, hyperactivity, and attention problems (Glauser et al., 2013). 

Although fewer side effects are associated with ETX, they include fatigue, nausea, headache, 

hyperactivity, and the potential for mild cognitive impairment (Aldenkamp et al., 2016; Glauser 

et al., 2013; IJff et al., 2016). Lamotrigine produces similar side-effects to the other AEDs with 

notably fewer gastrointestinal issues, however considering its lower efficacy it is less frequently 

prescribed as a monotherapy (Aldenkamp et al., 2016; Crunelli et al., 2020; Glauser et al., 2013; 

Hughes, 2009). 

As discussed in previous sections, comorbidities associated with AE contribute to a lower 

QOL for patients. In one study, fewer than 1/4 of patients received any intervention for 

comorbidities (e.g., anxiety or cognitive impairment) (Caplan et al., 2008). As greater than 60% 

of patients in the study also had a psychiatric diagnosis, these data highlight a large unmet need 

for AE patients (Caplan et al., 2008). Similar results have been observed in other studies and 

AEDs appear to have little effect on comorbidities and may even exacerbate these manifestations 

directly or through adverse effects (Aldenkamp et al., 2016; Caplan et al., 2008; Crunelli et al., 

2020; Dunn et al., 2016; Hughes, 2009; Verrotti et al., 2015). Development of new therapies that 

can ameliorate seizures and comorbidities have the potential to greatly improve AE treatments. 

However, there is currently no evidence of a common mechanistic pathway for seizure 

propagation and comorbidities in AE, necessitating continued research in this area (Crunelli et 

al., 2020). 

Together, these sections identify unmet needs in the treatment of AE. Current therapies are 

insufficient, only partially managing seizures, and produce little, if any, improvement in 

associated comorbidities. Therefore, the remainder of this thesis will assess the feasibility of CBs 
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as putative therapies for AE. 

 

1.3 Rodent models of Absence Epilepsy 

All models of human disease will be a simplified representation that cannot wholly account for 

the complexities of human biological, environmental, and social development. However, the long 

lifespan of humans and important practical and ethical considerations necessitates the use of 

animal models to understand disease and develop new treatments. In epilepsy, translational models 

have supported development of antiseizure medications and therapies that are actively used in 

clinical populations (Simonato et al., 2014). These translational successes highlight the value of 

animal models in epilepsy research and factor into the recommendation by the ILAE to use genetic 

models with a spontaneous occurrence of seizures for research when possible (Simonato et al., 

2014).  

A recent survey of European neurologists asked: “To your opinion, what are the most important 

clinical features that need to be represented in an animal model to provide the most reliable 

information for the clinicians on absence epilepsy” (Depaulis et al., 2016). Of respondents, the top 

factors were: Presence of SWDs on EEG (83%), pharmacological sensitivity (48%), and 

concomitant behaviour and brain structures involved (46%). Similar genetic mutations (~35%) and 

age of onset (~25%) were also viewed as assets (Depaulis et al., 2016). From these survey data, 

and the recommendations from the ILAE, we can identify characteristics that an ideal model of 

AE should possess: spontaneous development of SWDs, a similar response to current AEDs, an 

analogous neurological and genetic profile, and behaviour that resembles human AE. 

Although no model can perfectly emulate human AE, several genetic models have been 

developed such as the Genetic Absence Epilepsy Rats from Strasbourg (GAERS); the Wistar 

Albino Glaxo rats from Rijswijk (WAG/Rij); and monogenic mouse models like the Stargazer 

mouse. In the following sections, this thesis will discuss these models, exploring their 

developmental backgrounds; epileptic profiles; comorbid behavioural phenotypes; and response 

to AEDs. As GAERS are used in the experiments included in this thesis, they will receive greater 

attention. However, considering the importance of the other models to AE research, particularly 

the WAG/Rij, the following sections will also draw parallels among these models, comparing and 

contrasting as needed. This section will demonstrate the relevance of genetic models in AE 
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research, highlighting the potential of GAERS for development of new AEDs to manage seizures 

and comorbidities. 

1.3.1 Genetic Absence Epilepsy Rats from Strasbourg (GAERS) 

1.3.1.1 Background, Epileptogenesis, and Ictogenesis 

 

The predecessor to the GAERS model was a population of Wistar rats characterized by 

Vergnes et al. (1982). These rats exhibited spontaneous non-convulsive absence-like seizures and 

SWDs. Selective in-breeding led to the creation of the GAERS and Non-Epileptic Control (NEC) 

strains. Since then, hundreds of experiments have been conducted with GAERS and NEC, and 

colonies have been established in Europe, Australia, and North America. A recent study evaluated 

animals from four colonies in Australia and Europe and determined that all GAERS carried a 

single-nucleotide-polymorphism (SNP) in the CACNA1H gene controlling the CaV3.2 T-type 

calcium channel, whereas NEC lacked this mutation (Powell et al., 2014). The SNP produces a 

gain-of-function mutation, increasing activity of neuronal T-type channels (discussed in detail 

below). Accordingly, all GAERS produce frequent spontaneous SWDs whereas very few, if any, 

NEC exhibit this activity (Depaulis et al., 2016; Marks et al., 2016b; Powell et al., 2009; Powell 

et al., 2014). Converging evidence supports a causal association with the CACNA1H mutation, 

CaV3.2 T-type calcium alterations, and presence of spontaneous SWDs in GAERS (Depaulis et 

al., 2016; Dezsi et al., 2013; Powell et al., 2009; Powell et al., 2014; Tringham et al., 2012). 

However, similar to CACNA1H mutations in humans, the SNP alone is not sufficient to produce 

the full epileptic phenotype observed in GAERS suggesting involvement of other systems 

(Crunelli et al., 2020; Depaulis et al., 2016).  

The genetic similarities and propensity to produce spontaneous cortical SWDs resembling 

those observed in human AE are arguably GAERS most valuable traits. As discussed above, 

cortical SWDs in AE patients are generalized oscillations that coincide with lapses of awareness 

during absence seizures. In GAERS, SWDs are synchronous bilateral events that are always 

accompanied by behavioural arrest and a gradual loss of muscle tone (Depaulis et al., 2016). Like 

humans, behavioural and environmental factors can influence the presence and severity of SWDs 

in GAERS (Chipaux et al., 2013; Crunelli et al., 2020; Depaulis et al., 2016; Marks et al., 2016a; 

Vergnes et al., 1991). Studies have demonstrated that although they may be observed during 

behavioural testing, SWDs are suppressed when GAERS are actively on task (e.g., lever pressing 
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or stimulus response)(Marks et al., 2016a; Vergnes et al., 1991). Consequently, SWDs most 

frequently appear during periods of quiet wakefulness, lasting approximately 10-30 s with 

significant inter-animal and inter-colony variability (Depaulis et al., 2016; Marescaux et al., 1992; 

Marks et al., 2016b; Polack et al., 2007; Powell et al., 2014; Tringham et al., 2012). 

Compared to lower frequency SWDs observed in humans (3-5 Hz), SWDs in GAERS oscillate 

faster (7-9 Hz) with a higher frequency at the start of an event and lower frequency as it continues 

(Depaulis et al., 2016; Marks et al., 2016b; Polack et al., 2007; Powell et al., 2009). Furthermore, 

in contrast to the more distributed CIN observed in humans, the focal origin of seizures in GAERS 

appears more localized. Over 90% of SWDs originate in the primary somatosensory cortex (S1; 

localized mostly to the facial/barrel field cortex), with fewer than 10% of events starting 

simultaneously across cortical sites (Depaulis et al., 2016; Polack et al., 2007). Approximately ~1 

s after initiation, SWDs begin to propagate and are detectable first in motor cortex, followed 

shortly by the thalamus (Polack et al., 2007). Although initiation appears highly localized, 

recruitment and involvement of corticothalamic networks is critical for propagation of SWDs in 

GAERS (Cain et al., 2018; Crunelli et al., 2020; Depaulis et al., 2016; Polack et al., 2007; Polack 

et al., 2009). In particular, glutamatergic cortical neurons and GABAergic reticular thalamic 

neurons (RTN) display synchronized bursting during paroxysmal activity (Crunelli et al., 2020; 

Depaulis et al., 2016). 

 The cellular basis of spontaneous SWDs in S1 has received specific attention. Surface level 

EEG and local field potential (LFP) recordings correlate to corresponding deep-layer 5/6 

pyramidal neurons in S1 (Depaulis et al., 2016; Polack et al., 2007). In ictogenic neurons, the 

overall mean firing rate does not increase during SWDs in comparison to the pre-ictal period 

(Depaulis et al., 2016; Polack et al., 2007; Polack et al., 2009). The spike (S) component of SWDs 

corresponds to synchronous depolarization of glutamatergic pyramidal neurons (Chipaux et al., 

2011; Depaulis et al., 2016; Polack et al., 2007). This large excitation is rapidly followed by bursts 

of GABAA mediated inhibitory events arising from recurrent activation of local GABAergic 

interneurons thus limiting pyramidal neuron activity (Chipaux et al., 2011; Depaulis et al., 2016). 

The subsequent wave (W) component of SWDs is associated with the resultant membrane 

hyperpolarization and neuronal silence (Chipaux et al., 2011; Depaulis et al., 2016). 

 As discussed above, SWDs in GAERS are linked to a CACNA1H SNP and T-type Ca2+ channel 

dysfunction (Cain & Snutch, 2013a; Crunelli et al., 2020; Depaulis et al., 2016; Singh et al., 
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2007a). Low-voltage activated T-type Ca2+ channels are so named because they open at a more 

hyperpolarized potential compared to high-voltage activated (HVA) Ca2+ channels (Cain & 

Snutch, 2013a; Catterall et al., 2005). T-type channels respond to small depolarizations and their 

opening permits Ca2+ entry, further depolarizing the cell and enabling subsequent HVA Ca2+ and 

Na+ channel activity (Cain & Snutch, 2010; Cain & Snutch, 2013b). T-type channels inactivate 

quickly, producing transient Ca2+ surges and burst firing in neurons (Cain & Snutch, 2013b). In 

GAERS, a gain-of-function mutation of the CaV3.2 T-type channel increases the rate of recovery 

from inactivation (Powell et al., 2009). This mutation is linked to aberrant burst firing in 

corticothalamic neurons which are critical for GAERS seizure phenotype and SWD propagation 

(Cain et al., 2018; Crunelli et al., 2020; Depaulis et al., 2016; Powell et al., 2009; Powell et al., 

2014). The presence of an analogous Ca2+ channel mutation and similar SWDs support GAERS 

as a suitable model of human AE. 

However, although the seizure profile of GAERS resembles many aspects of AE in humans, 

there are fundamental differences that must be considered: the age of onset of SWDs and 

progression of these events. In humans, SWDs begin to appear in children younger than 4, and 

remission is often observed by late adolescence (Hughes, 2009). In contrast, although abnormal 

cortical oscillations can be observed in GAERS around postnatal day 14 (PND14), SWDs are not 

generally detected until PND30-40 (Depaulis et al., 2016; Vergnes et al., 1986). From first 

detection, SWDs also increase in severity until a plateau around 3-4 months which persists until 

death (Depaulis et al., 2016; Vergnes et al., 1986). Thus, in comparison to human AE, SWDs in 

GAERS appear later in adolescence and spontaneous remission does not occur in adulthood. These 

distinctions suggest neurobiological differences in epileptogenesis that must be considered. 

However, although these differences partially diminish the ethological validity of GAERS as a 

holistic model of pediatric AE, their similarities in seizures, behaviour, and response to AEDs, 

support their continued use for research in this area. 

 

1.3.1.2 Behaviour 

 

In patients affected by AE, psychiatric comorbidities and interictal neuropsychological 

impairments have been identified even after seizure remission (Caplan et al., 2009; Fonseca Wald 

et al., 2019; Lin et al., 2012; MacEachern et al., 2017; Verrotti et al., 2015). In addition to the 

presence of SWDs, GAERS also display behavioural comorbidities resembling those observed 
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clinically. Although overlap exists, these deficits can be broadly grouped into domains that model 

human AE: Increased anxiety; impaired social behaviour; and learning, memory, and cognitive 

impairments. 

The first extensive report of behavioural abnormalities is GAERS was the observation of 

elevated anxiety-like behaviour in GAERS compared to NEC (Jones et al., 2008). Since then, 

several studies across different colonies have identified increased anxiety-like and depressive-like 

behavior (Bouilleret et al., 2009; Marks et al., 2016b; Marques-Carneiro et al., 2014; Marques-

Carneiro et al., 2016; Powell et al., 2014).  In addition to direct measures of anxiety-like behaviour, 

GAERS also exhibit a heightened startle response, exaggerated contextual and cued fear 

conditioning, and impaired extinction learning (Marks et al., 2016b; Marks et al., 2016c; Marks et 

al., 2019b). The presence of elevated anxiety-like behaviour in GAERS is reminiscent of 

comorbidities present in AE patients, providing an arena in which the potential anxiety-modulating 

effects of current and putative AEDs can be tested. 

Although not completely dissociable from elevated anxiety-like behaviour, social impairments 

have also been observed in GAERS. In an initial assessment of GAERS behaviour, social 

interaction and mouse killing behaviour did not differ between GAERS and controls (Vergnes et 

al., 1991). Notably, this study did not identify any other significant behavioural differences (e.g., 

increased anxiety-like behaviour) commonly observed in later studies and may indicate the 

behavioural phenotype has worsened with time. More recently, compared to NEC, GAERS spend 

less time interacting with a conspecific stranger rat during a three-chamber sociability task (Henbid 

et al., 2017). Notably, sociability deficits were observed only in female GAERS (Henbid et al., 

2017). In a somewhat richer behavioural paradigm, the open field social interaction test, decreased 

social activity was observed in both female and male GAERS relative to NEC (Marks et al., 

2019a). As social deficits are observed in AE patients of all sexes, the observation of social deficits 

in female and male GAERS supports there use a model of this comorbidity. However, the paucity 

of studies assessing social behaviour in GAERS from different colonies supports further 

preclinical research in this area. 

Alongside elevated anxiety-like behaviour and social abnormalities, there is some evidence 

that GAERS also have learning, memory, and cognitive deficits. In addition to the alterations in 

fear learning and extinction described above, GAERS also have deficits in visual attention and 

crossmodal recognition memory (Marks et al., 2016b; Marks et al., 2016a; Marques-Carneiro et 
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al., 2016). GAERS also have delayed acquisition and impaired working memory performance in 

the Morris water maze, though working memory performance was unaffected in the 8-arm radial 

maze and the T-maze (Marques-Carneiro et al., 2016). Together the few available studies suggest 

a degree of cognitive impairment, but whether these impairments extend to other aspects of 

cognition disrupted in AE, such as behavioral flexibility, has not been assessed directly. The 

presence of cognitive impairments in AE patients is particularly concerning as the cognitive side-

effects of current frontline AEDs (e.g., Valproate and ETX) may compound this impairment 

(Aldenkamp et al., 2016; Hughes, 2009; IJff et al., 2016). Continued research may yield AEDs 

that mitigate, or at the very least do not further exacerbate, neurocognitive deficits in AE.  

 

1.3.1.3 Response to AEDs 

 

In addition to their epileptic and behavioural profile, GAERS have demonstrable 

pharmacological predictivity for AEDs, supporting their use as a model of AE. Many AEDs that 

reduce seizures in humans (e.g., ETX, valproate) also reduce SWDs in GAERS (Crunelli et al., 

2020; Depaulis et al., 2016; Dezsi et al., 2013; Marescaux & Vergnes, 1995). Importantly, early 

treatment with ETX may hinder epileptogenesis in humans and GAERS (Berg et al., 2014; Dezsi 

et al., 2013). Furthermore, treatments that exacerbate absence seizures in humans (e.g., 

Gabapentin) likewise increase SWDs in GAERS (Crunelli et al., 2020; Depaulis et al., 2016; 

Marescaux & Vergnes, 1995). Notably, SWDs are increased in GAERS following administration 

of compounds that potentiate GABAergic transmission either through receptor agonism (e.g., 

muscimol or baclofen) or through GABA reuptake inhibition (e.g., tiagabine) (Depaulis et al., 

2016; Marescaux et al., 1992; Marescaux & Vergnes, 1995). Increased seizures following 

potentiation of GABAergic signalling is also observed in humans, contrasting with therapeutic 

effects observed in other forms of epilepsy (Crunelli et al., 2020; Depaulis et al., 2016; Parker et 

al., 1998).  

Preclinical development of AEDs in GAERS has generated promising candidates for future 

clinical research in AE. Studies in GAERS and other models have demonstrated the therapeutic 

potential of selective T-type Ca2+ antagonists for epilepsy and other conditions (Bourinet et al., 

2015; Crunelli et al., 2020; Depaulis et al., 2016; Henbid et al., 2017; Marks et al., 2016a; Marks 

et al., 2019a; Roebuck et al., 2018b; Tringham et al., 2012). Of these T-type antagonists, two 

candidates, CX-8998 and Z944 (now called PRAX-944), are now in phase 2 of clinical trials in 
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adolescents and adults with epilepsy and intractable absence seizures (#NCT03406702; 

ANZCTR). Anti-seizure properties of a GABAA positive allosteric modulator (PAM) were also 

recently published by Pfizer scientists, suggesting potential of GABAergic modulation in AE 

(Duveau et al., 2019). Additional research is also evaluating different treatments including 

pharmacotherapies, optogenetics, diet, and electrical stimulation (Crunelli et al., 2020; Depaulis et 

al., 2016). 

In addition to decreasing the presence of SWDs in GAERS, some AEDs also appear to partially 

ameliorate behavioural comorbidities. Following treatment with ETX, GAERS exhibited 

decreased anxiety-like behaviour (Crunelli et al., 2020; Dezsi et al., 2013). Other therapeutic 

effects have been observed with Z944 increasing sociability, reducing conditioned fear, and 

rescuing impairment in crossmodal and visual memory (Crunelli et al., 2020; Henbid et al., 2017; 

Marks et al., 2016a; Marks et al., 2019a; Marks et al., 2019b). However, the effect of putative 

treatments on behaviour have not been entirely positive and continued preclinical screens are 

necessary, especially considering side-effects observed in human patients (Marks et al., 2016c; 

Marks et al., 2019a). Although current AEDs have limited efficacy on comorbidities in humans, 

the same can be said for their seizure mitigation. GAERS provide a model system to assess the 

potential of new AEDs to improve treatment and QOL for AE patients. 

 

1.3.2 Other Genetic Models of Absence Epilepsy 

 

1.3.2.1 Monogenic Mouse Models: The Stargazer Mouse  

 

The Stargazer mouse is one of many monogenic mouse models of AE (Maheshwari & Noebels, 

2014). First identified in the 1980s because of its atypical gait, Stargazer mice are a popular model 

of AE due to the presence of SWDs resembling those observed in human absence seizures (Letts, 

2005; Maheshwari & Noebels, 2014; Noebels et al., 1990). Subsequent analysis led to the 

identification of a mutation in the CACNG2 gene coding for the γ2-subunit protein stargazin of 

neuronal VGCCs (Letts et al., 1998; Letts, 2005). Stargazer mice show altered AMPAR 

trafficking, increased VGCC activity, and increased LVA T-type channel (CaV3.1) activity in 

corticothalamic neurons that contribute to the presence of SWDs (Letts, 2005; Maheshwari & 

Noebels, 2014; Zhang et al., 2002). SWDs in Stargazer mice are synchronous bilateral events 

that oscillate slightly faster than in humans (5-7 Hz). These events are accompanied by behavioural 

arrest and dyskinesia, but persistent ataxia is also observed (Letts, 2005; Maheshwari & Noebels, 
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2014). Although not an appropriate model for complex behavioural analysis, like GAERS SWDs 

in Stargazer mice respond to treatment with some AEDs (Aizawa et al., 1997; Maheshwari & 

Noebels, 2014). GAERS and Stargazers share some abnormalities including increased 

corticothalamic expression of the stargazin protein and decreased function of the astrocytic GABA 

transporter GAT-1 (Crunelli et al., 2020; Pirttimaki et al., 2013; Powell et al., 2008). There are 

advantages of monogenic mouse models including early development of SWDs (comparable to 

that observed in humans) and greater diversity of mutants (Maheshwari & Noebels, 2014). 

Although largely beyond the scope of this thesis, monogenic mouse models such as Stargazer have 

provided valuable insight into the mechanisms and etiology of SWDs in AE.  

 

1.3.2.2 Wistar Albino Glaxo from Rijswijk (WAG/Rij) 

 

Like GAERS, WAG/Rij are an inbred strain of Wistar derived rats used as model of AE. In 

comparison to other genetic models, WAG/Rij share the greatest similarity with GAERS across 

epileptogenesis, ictogenesis, and behaviour (Crunelli et al., 2020; Depaulis et al., 2016). WAG/Rij 

are most readily compared to another inbred strain, the Agouti Copenhague Irish (ACI), or Wistar 

controls (Inoue et al., 1990; van Luijtelaar, 2011). Of paramount importance for genetic models of 

AE, WAG/Rij spontaneously produce bilateral SWDs cooccurring with behavioural arrest and 

decreased reaction to external stimuli (Crunelli et al., 2020; Drinkenburg et al., 2003; van 

Luijtelaar, 2011). Supporting their use as a preclinical model of AE, SWDs are suppressed by 

AEDs such as ETX or valproate (Crunelli et al., 2020; Russo et al., 2011). However, it is notable 

that some compounds that exacerbate seizures in human AE and GAERS (e.g., Carbemazepine 

and vigabatrin,) do not do so in WAG/Rij, suggesting differences in their neurobiology (Crunelli 

et al., 2020; Kwon & Son, 2012; Russo et al., 2016).  

The mechanisms underlying WAG/Rij epileptogenesis are not fully understood and may 

include polygenic mutations resulting in alteration of several different Na+ channels, and down 

regulation of hyperpolarization-activated, cyclic nucleotide–gated (HCN) channels (Crunelli et al., 

2020; Russo et al., 2016; Serikawa et al., 2015). Similar to GAERS, SWDs in WAG/Rij rats appear 

to predominantly originate in facial somatosensory cortex, and propagation relies on synchrony 

between corticothalamic circuits and aberrant burst firing of both cortical and RTNs (Crunelli et 

al., 2020; van Luijtelaar & Sitnikova, 2006). However, although many similarities exist between 

these models, compared to the GAERS, WAG/Rij have a lower number of SWDs, lower total and 
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mean duration of events, and higher discharge frequency (Depaulis et al., 2016; Simonato et al., 

2014; van Luijtelaar, 2011). In addition, WAG/Rij also have a later age of onset for seizure events 

compared to GAERS or humans (Crunelli et al., 2020; Russo et al., 2016). 

Behaviourally, WAG/Rij also display abnormalities that resemble comorbidities observed in 

human AE. However, in contrast to the anxiety-like phenotype observed in GAERS, WAG/Rij 

show more depressive-like behaviour (Crunelli et al., 2020; Russo et al., 2016; van Luijtelaar, 

2011). As mood disorders of both types are often observed in AE patients, aberrant behaviours in 

GAERS and WAG/Rij provide parallel models to assess putative treatments. Similar to GAERS, 

treatment with ETX reduces SWDs and ameliorates depressive-like behaviour in WAG/Rij rats 

(Blumenfeld et al., 2008; Russo et al., 2011; Sarkisova et al., 2010). Interestingly, some AEDs 

reduce SWDs but not comorbidities, suggesting that blocking seizures alone is not sufficient to 

produce alterations in depressive-like behaviour (Russo et al., 2011; Russo et al., 2016). This 

indicates that AEDs can effectively manage both seizures and comorbidities and that continued 

research should seek to identify compounds that are effective in both domains. 

 

1.4 Cannabis, Cannabinoids, and the Endocannabinoid System: Potential Treatments 

for AE?  

 

The isolation of Δ9-Tetrahydrocannabinol (THC) and CBD from cannabis led to the initial 

identification of the human ECS (Pertwee, 2006). This section first explores the basics of the 

ECS including the principle receptors, ligands, and enzymes that are active in this diverse 

system. Following review of the ECS, I discuss how cannabis, synthetic CBs, and the ECS may 

be involved in epileptic disorders. Starting with a brief historical review, this section examines 

recent evidence from humans and rodent epilepsy models. Lastly, new synthetic cannabinoids 

that may also be suitable for treatment of AE are reviwed. 

 

1.4.1 The Endocannabinoid System 

1.4.1.1 Core Components of the Endocannabinoid System 

Cannabinoid receptors are some of the most abundant G protein-coupled receptors (GPCRs) 

found in the human body (Zou & Kumar, 2018). Present in many peripheral tissues including 

muscle, adipose, liver, gastrointestinal epithelium, endothelial cells, and bone, high concentrations 

of CB receptors are found in both the central and peripheral nervous systems (CNS and PNS 

respectively) (Zou & Kumar, 2018). The two most well characterized CB receptors are the Type 
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1 and Type 2 cannabinoid receptors (CB1R and CB2R). Both receptors are found in the CNS, 

though their prevalence and distribution differ significantly. CB1R is highly expressed in neurons, 

as well as in astrocytes and other glial cells, albeit to a lesser extent (Zou & Kumar, 2018). In 

contrast, CB2R, although found in some neurons, is more highly expressed in microglia and 

immune cells (Zou & Kumar, 2018). In addition to CB1R/2R, the ECS also includes several orphan 

receptors including GPR18, GPR55, GPR119, and members of the transient receptor potential 

cation subfamily V member 1 (TRPV1) (Pertwee, 2008; Smolyakova et al., 2020; Zou & Kumar, 

2018). 

The two primary endocannabinoids (ECBs) are N-arachidonoylethanolamine (anandamide or 

AEA) and 2-arachidonyl glycerol (2-AG), however several others have been identified (Fezza et 

al., 2014; Zou & Kumar, 2018). AEA is a high-affinity partial agonist of CB1R with little affinity 

for CB2R (Pertwee et al., 2010; Zou & Kumar, 2018). In contrast, 2-AG has lower affinity but acts 

as a full agonist at both CB1R and CB2R (Pertwee et al., 2010; Zou & Kumar, 2018). Basal 

expression levels of 2-AG can be hundreds of times greater than those of AEA (Zou & Kumar, 

2018). Importantly, although both AEA and 2-AG are associated primarily with the ECS, they 

have activity at other receptors including orphan receptors (e.g. GPR55), TRPV1, and peroxisome 

proliferator-activated receptors (PPARs) (Fezza et al., 2014; Pertwee et al., 2010; Sharir et al., 

2012). 

The enzymes that synthesize and degrade ECBs are integral components of ECS function, and 

commonly targets of experimental manipulations. Both AEA and 2-AG are largely synthesized on 

demand in response to increases in intracellular Ca2+ (Kano et al., 2009; Pertwee et al., 2010; Zou 

& Kumar, 2018). AEA is primarily synthesized from N-arachidonoyl phosphatidylethanolamine 

(NAPE) by the enzyme NAPE-phospholipase D (NAPE-PLD) (Cadas et al., 1997; Zou & Kumar, 

2018). 2-AG is primarily synthesized from arachidonic acid containing diacylglycerol (DAG) by 

the enzymes DAG lipase (DAGL) α and β, with DAGLα the predominant source for synaptic 

transmission (Murataeva et al., 2014; Zou & Kumar, 2018). The Ca2+-dependent rate limiting step 

in the synthesis of AEA and 2-AG is formation of NAPE and DAG by N-acyltransferase and 

phospholipase C respectively (Zou & Kumar, 2018). In contrast to most neurotransmitters which 

are water soluble, ECBs are hydrophobic lipids that require transport. The precise mechanisms of 

ECB transport are not well understood but are thought to involve heat shock proteins and a family 

of fatty acid binding proteins (Kaczocha et al., 2009; Zou & Kumar, 2018). Following synthesis 
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and transport, both AEA and 2-AG are rapidly degraded by the enzymes fatty acid amide hydrolase 

(FAAH) and monoacylglycerol lipase (MAGL) respectively, although other degradative enzymes 

are involved (Pertwee et al., 2010; Zou & Kumar, 2018).  

 

1.4.1.2 Distribution of Cannabinoid Receptors in the CNS 

Pronounced differences in CB receptor expression are observed throughout the brain and 

periphery. High CB1R expression is observed in the hippocampus (HPC), basal ganglia, 

cerebellum, and olfactory bulb (Mackie, 2005; Zou & Kumar, 2018). Moderate CB1R expression 

is observed across the cortex, and amygdala (AMY), brainstem, hypothalamus and the dorsal 

spinal cord, with low expression in the thalamus and ventral spinal cord (Mackie, 2005; Zou & 

Kumar, 2018). Although largely beyond the scope of this thesis, expression of CB1R outside of 

the brain is involved in functions such as nociception, digestion, and immune response (Zou & 

Kumar, 2018). CB1Rs are predominantly located pre-synaptically on neurons, though post-

synaptic expression does occur (Marinelli et al., 2008; Zou & Kumar, 2018). Although expressed 

at lower levels compared to neurons, CB1R in astrocytes and glia can modulate synaptic activity 

(Stella, 2009; Zou & Kumar, 2018). In contrast to CB1R, expression of CB2R in the brain is 

comparatively low, and mostly limited to microglia and immune cells (Zou & Kumar, 2018). 

However, CB2R is expressed on pyramidal neurons in cortical regions such as prefrontal cortex 

where in may affect synaptic transmission (Boon et al., 2012; Gong et al., 2006; Zou & Kumar, 

2018). 

1.4.1.3 CB1R Modulates Neuronal Excitability in the CNS 

In neurons, ECBs are produced post-synaptically in response to cell depolarization and Ca2+ 

influx (Pertwee, 2008; Pertwee et al., 2010; Zou & Kumar, 2018). Following synthesis, ECBs 

travel retrograde across the synapse where they activate CB1Rs on pre-synaptic terminals. 

Canonically, output of the ECS is inhibitory, and CB1R is most often Gαi/o-coupled, although this 

is not always the case and it may interact with different Gα subunits (e.g., Gq/11) (Eldeeb et al., 

2016; Zou & Kumar, 2018). Activation of Gαi/o-coupled CB1Rs by ECBs, or exogenous molecules 

like THC, inhibits cyclic adenosine monophosphate (cAMP) production, decreases VGCC 

activity, and leads to opening of inwardly rectifying K+ channels (Castillo et al., 2012; Kano et al., 

2009). The net effect of Gαi/o-coupled CB1R activation is decreased neurotransmitter release from 

the presynaptic neuron (Castillo et al., 2012; Zou & Kumar, 2018).  



                                                  
 

19 
 

However, in the CNS, CB1R is expressed pre-synaptically on both glutamatergic and 

GABAergic neurons (Reddy & Golub, 2016; Zou & Kumar, 2018). Therefore, the net output of 

CB1R activation also depends on the specific type of cell on which the receptor is expressed (i.e., 

excitatory or inhibitory) producing depolarization-induced suppression of excitation (DSE) or 

inhibition (DSI) (Castillo et al., 2012; Ohno-Shosaku & Kano, 2014; Zou & Kumar, 2018). 

Through DSE and DSI, the ECS plays a key role in regulating neuronal firing, synaptic 

transmission, and network activity. As the pathophysiology of AE is characterized by a 

dysregulation of the normal excitatory and inhibitory mechanisms governing neuronal excitability, 

the ECS represents a compelling target for research. 

 

1.4.2 Cannabis and Phytocannabinoids 

 

A brief discussion of the cannabis plant and its main constituents is required before exploring 

how cannabinoids may be involved in the etiology and treatment of epilepsies. There are three 

main species of flowering plant in the genus Cannabis: Cannabis indica, Cannabis sativa, and 

Cannabis ruderalis. From these plants, over 500 bioactive chemicals have been identified, 

including CBs, terpenoids, and other compounds (Russo et al., 2011; Russo et al., 2008; Sawler et 

al., 2015).  

The most famous and well characterized cannabinoids are THC and CBD, and cannabis strains 

are often classified based on the concentrations of these phytocannabinoids. However, there is 

substantial variability in THC and CBD concentrations in cannabis strains, generally varying 

between <1% to >20% for THC and <1% to >12% for CBD (Jikomes & Zoorob, 2018; Russo et 

al., 2008; Sawler et al., 2015). As many cannabinoids and terpenoids have dose-dependent effects, 

this variability further complicates our understanding of already complex pharmacology (Gaston 

& Friedman, 2017; Rosenberg et al., 2017). Compounding this issue, many preclinical and clinical 

studies do not characterize the cannabis ingested, or otherwise use individual phytocannabinoids 

in lieu of whole product, missing potentially relevant interactions in both cases (Perucca, 2017; 

Rosenberg et al., 2017).  

As alluded to above, the mechanisms and interactions of phytocannabinoids are complex, dose-

dependent, and not fully understood. THC acts as a partial agonist of CB1R/2R and through CB1R 

is considered the main psychoactive constituent in cannabis (Zou & Kumar, 2018). However, THC 

also interacts with several other targets such as TRP channels and T-type Ca2+ channels (Muller et 
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al., 2019; Ross et al., 2008). In contrast, CBD has very weak affinity for CB receptors, but interacts 

with many diverse targets through complex and not fully understood mechanisms. With relevance 

to epilepsy, CBD acts as an agonist of several TRPV channels, inhibits Na+ currents, and may also 

inhibit T-type Ca2+ channels (Hill et al., 2014; Perucca, 2017; Ross et al., 2008). Additionally, 

CBD has been shown to have antiepileptic potential as an antagonist of GPR55 (Kaplan et al., 

2017).   

The known interactions of THC and CBD have demonstrable effects on seizure activity in 

humans and animal models (discussed further below). However, the potential effects and 

interactions of other cannabinoids and terpenoids present in cannabis (e.g. β-caryophyllene) 

suggests there is much more to learn about cannabis and epilepsy (Oliveira et al., 2016).  

 

1.4.3 Cannabinoids as a Treatment for Epilepsy: from BCE to CNN 

 

 Cultivation of cannabis for apparent therapeutic use extends back thousands of years 

(Friedman & Sirven, 2017; Perucca, 2017; Russo et al., 2008). Sumerian tablets suggest cannabis 

was used for nocturnal convulsions as early as 1,800 BCE (Friedman & Sirven, 2017; Perucca, 

2017; Russo et al., 2008). More recently, records from the Islamic Golden Age explicitly mention 

use of cannabis for seizure disorders from 1,100 – 1,400 CE (Perucca, 2017; Russo et al., 2008). 

Supporting the evidence from antiquity, the earliest detailed reports of cannabis as a treatment for 

epilepsy (as well as pain, emesis, and other conditions) in western medicine were made by William 

O’Shaughnessy in 1843 while on duty in Calcutta (O’Shaughnessy, 1843). Based on his 

observations, O’Shaughnessy believed that “in hemp the profession has gained an anti-convulsive 

remedy of the greatest value.” (1843). Although research and clinical use of cannabis continued 

through the late 1800s, changing political pressures led to prohibition across the western world in 

the early 1900s.  

 The modern era of cannabis research is rooted in the isolation and synthesis of CBD and THC 

from the cannabis plant during the 1940s-1960s (Friedman & Sirven, 2017; Gaoni & Mechoulam, 

1964). Work by Raphael Mechoulam and colleagues led to the subsequent identification of many 

cannabinoids, and ultimately the ECS, reinvigorating scientific and medical interest in cannabis. 

Initially a small field of dedicated researchers, increased recreational use and softening social and 

political opinions have led to a rapid growth in cannabis research over the past few decades. At 

the forefront of this societal change have been stories like Charlotte Figi’s, where cannabis proved 
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effective in managing her severe intractable epilepsy (Maa & Figi, 2014). The recent legalization 

of recreational cannabis in Canada, combined with growing support in the USA, Europe, Australia, 

and across the globe, exemplifies the need for more research in this area. Not all reports have been 

favorable, and cannabinoids can exacerbate seizures in some epileptic conditions (Perucca, 2017; 

Rosenberg et al., 2017). Researchers and clinicians must carefully examine the potential risks, 

benefits, and complications associated with increased cannabis use and determine when, how, and 

in what doses, cannabinoids may be effective AEDs.  

 

1.4.3.1 Cannabinoids and Epilepsy 

 

Building on historical evidence and promising case studies, preclinical and clinical research is 

assessing the potential of CBs, most often CBD, for treatment of several epileptic disorders. Small 

scale studies and clinical cases have identified therapeutic effects from cannabis and cannabis 

extracts in epilepsy patients (Gross et al., 2004; Massot-Tarrús & McLachlan, 2016; Mortati et al., 

2007). However, seizure aggravation after smoking cannabis has also been reported (Hamerle et 

al., 2014; Keeler & Reifler, 1967). A recent chart review in the United States (n = 272) reported 

that 86% of patients with refractory epilepsy experienced some benefit from cannabis preparations, 

whereas seizures were increased in just 4% of cases (Sulak et al., 2017). Although promising, 

several issues with this report limit generalizability of these data: there was no consistency in 

cannabis preparations, a lack of blinding, absence of placebo and control groups, and inclusion of 

diverse epileptic conditions with different aetiologies. Similar issues are present in many other 

cannabinoid studies, severely limiting interpretation of current clinical reports that have identified 

therapeutic effects (Perucca, 2017; Rosenberg et al., 2017).  

Recent trials have sought to address many of these issues and higher quality clinical data is 

becoming available. In well-controlled randomized trials, oral formulations of CBD have produced 

significant decreases in seizure incidence and severity in patients with LGS and DS (Devinsky et 

al., 2017; Devinsky et al., 2019; Huntsman et al., 2019; Perucca, 2017; Thiele et al., 2018). 

Although not effective in all patients, median seizure reductions may exceed 50% with some 

patients experiencing complete seizure freedom. Adverse events are observed in most patients but 

are relatively mild compared to current AEDs. Most frequently these events include somnolence, 

diarrhea, fatigue, and decreased appetite, some of which may be linked to vehicle formulation 

(Devinsky et al., 2017; Huntsman et al., 2019; Perucca, 2017; Thiele et al., 2018). Notably, many 
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patients also experience increases in QOL that not observed with other AEDs, including 

behavioural improvements (Devinsky et al., 2017; Devinsky et al., 2019; Huntsman et al., 2019; 

Perucca, 2017; Thiele et al., 2018). These promising data from well-controlled studies clearly 

demonstrate the therapeutic potential of cannabinoids for some epileptic conditions. However, 

epilepsy is not a single homogenous disorder and such effects may not generalize. High-quality 

studies are needed, and in some cases underway, to assess cannabinoids broadly in different 

epilepsies.   

There is no direct clinical evidence assessing cannabinoids in AE (Crunelli et al., 2020). 

Currently, two phase 2 clinical trials are evaluating the therapeutic potential of Epidiolex 

(pharmaceutical grade CBD) in children with intractable absence seizures (ClinicalTrials.gov 

#NCT03336242; #NCT03355300). Although they have not been published, both studies were 

expected to end in 2019 and this data may be available soon. Clinical evidence from other studies 

suggests that CBD may not ameliorate absence seizures (Devinsky et al., 2019; Thiele et al., 2018). 

In patients with intractable LGS or DS, convulsive seizures were decreased but non-motor absence 

seizures were unaffected by treatment (Devinsky et al., 2019; Thiele et al., 2018). It is important 

to note that absence seizures are not the predominant seizure type in either LGS or Dravet 

syndrome, and these disorders have significant etiological differences compared to AE. However, 

in the absence of other evidence, these data raise concerns for the potential of CBD in treatment 

of AE that will not be resolved until additional data is available. 

 

1.4.3.2 Cannabinoids in Rodent Models of Absence Epilepsy 

Until data regarding CB use in human AE is available, researchers and clinicians must rely of 

preclinical studies. However, few studies have directly assessed the effects of CBs in rodent 

models of AE, thus evidence from other epilepsy models should also be considered. A recent 

review aggregated evidence of CB effects in animal models of seizures and epilepsy (Rosenberg 

et al., 2017). Analyzing data from 181 acute and chronic epilepsy models, interventions were 

categorized as either: ECS modulation (e.g., FAAH inhibition); synthetic CB1R/2R agonism (e.g., 

WIN55); synthetic CB1R/2R antagonism (e.g., SR141716A); THC/THCV; or CBD/CBDV. 

Outcomes were then classified as having either anti-convulsive effects, pro-convulsive effects, a 

mixed-effect, or no significant effect (summarized in Tables 1.1 and 1.2). For studies in acute 

models, a trend emerges were anti-convulsant effects are most often observed following treatment 
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with CBD (83.9%), synthetic agonists (78.1%), and ECS modulation (58.3%). In studies with 

chronic models, anti-convulsant effects were most often observed after ECS modulation (87.5%), 

CBD (81.8%), and synthetic agonists (78.9%). Comparing across models, anti-convulsant effects 

were found in greater proportion in chronic models with the notable exception of increased pro-

convulsive effects after CB1R/2R antagonists (58.8%). Together, these studies suggest a general 

trend where ECS modulation, CBD, and CB1R agonists (e.g., THC) have good potential to reduce 

seizures in chronic epilepsy models like GAERS and WAG/Rij.  

There is some variability in the effectiveness of cannabinoids to reduce epileptic seizures. In 

several, but not all, animal seizure models, CBD was effective in reducing seizures between doses 

of approximately 80 to 150 mg/kg (i.p) (Klein et al., 2017; Patra et al., 2018). Furthermore, the 

therapeutic efficacy of CBD may be affected by co-administration of either THC or presence of 

traditional AEDs (Anderson et al., 2019; Anderson et al., 2020). Such variability necessitates 

further investigation as to when and at what doses specific cannabinoids may be effect in any given 

model.  

Few studies have assessed the effects of CBs in genetic models of AE and these studies have 

all been conducted in WAG/Rij rats. The first study assessing the ECS in the WAG/Rij identified 

down regulation of CB1R in the RTN and ventral basal thalamic nuclei when compared to age-

matched controls (van Rijn et al., 2010). Considering the important role of the RTN in propagation 

of SWDs in this model, they administered the potent CB1R agonist Win55,212-2 (WIN55) which 

produced a dose- and CB1R-dependent decrease in seizure events (van Rijn et al., 2010). The 

initial decrease persisted for several hours and was followed by a late rebound in SWDs. A follow 

up study also observed an antiepileptic effect of WIN55 when it was focally applied to either 

somatosensory cortex or thalamic nuclei (Citraro et al., 2013a). However, these effects are not 

entirely consistent as a recent study failed to reproduce the anticonvulsive effect of WIN55, but 

did find a late rebound (Perescis et al., 2020). In a model of LGS, repeated treatment with WIN55 

reduced the presence of atypical absence like seizures (Qu et al., 2020). 

Following the initial identification of ECS abnormalities in WAG/Rij rats, subsequent studies 

have evaluated the effects of several different CBs. Dose-dependent anticonvulsive effects were 

observed following administration of the ECBs AEA and N-palmitoylethanolamine which were 

CB1R and PPAR-α dependent respectively (Citraro et al., 2013b). Conversely, in several studies, 

SWDs were increased after administration of CB1R antagonists (Citraro et al., 2013b; Citraro et 
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al., 2013a; van Rijn et al., 2010). Although these few studies demonstrate the seizure modulating 

potential of CBs in AE models, they have largely used synthetic compounds with very different 

properties compared to phytocannabinoids and cannabis which are used by humans. The limited 

clinical evidence, small number of preclinical studies, and lack of data evaluating the effects of 

phytocannabinoids in AE identify several areas where future research is needed.   
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 Modulation 

of the ECS 

Synthetic 

CB1R/2R 

agonists 

Synthetic 

CB1R/2R 

antagonists 

THC/THCV CBD/CBDV 

Anti-convulsant 

Effect 

 

9 (56.3%) 25 (78.1%) 3 (25%) 10 (50.0%) 26 (83.9%) 

Pro-convulsant 

Effect 

 

0 (0%) 3 (9.4%) 3 (25%) 2 (10.0%) 0 (0%) 

Mixed Effect 

 

2 (12.5%) 4 (12.5%) 0 (0%) 1 (5.0%) 0 (0%) 

No Significant 

Effect 

 

5 (31.3%) 0 (0%) 6 (50.0%) 7 (35.0%) 5 (16.1%) 

Total # of 

conditions/models 

16 32 12 20 31 

 

Table 1.1: A summary of cannabinoid effects in acute models of epilepsy. Values represent 

responses in 14 different animal species across 111 different acute models/conditions. Adapted 

from Rosenburg et al., (2017). 

 

 Modulation 

of the ECS 

Synthetic 

CB1R/2R 

agonists 

Synthetic 

CB1R/2R 

antagonists 

THC/THCV CBD/CBDV 

Anti-convulsant 

Effect 

 

7 (87.5%) 15 (78.9%) 4 (23.5%) 10 (66.7%) 9 (81.8%) 

Pro-convulsant 

Effect 

 

1 (12.5%) 1 (5.3%) 10 (58.8%) 1 (6.7%) 0 (0%) 

Mixed Effect 

 

0 (0%) 2 (10.5%) 0 (0%) 0 (0%) 0 (0%) 

No Significant 

Effect 

 

0 (0%) 1 (5.3%) 3 (17.6%) 4 (26.7%) 2 (18.2%) 

Total # of 

conditions/models 

8 19 17 15 11 

 

Table 1.2: A summary of cannabinoid effects in chronic models of epilepsy. Values represent 

responses in 12 different animal species across 70 different chronic models/conditions. Adapted 

from Rosenburg et al., (2017).  
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In addition to their seizure modulating effects, CBs may also prove useful for treating 

comorbidities associated with AE. To date, no studies have examined the behavioural effects of 

CBs in AE patients or model systems. As discussed above, the most common neurocognitive and 

psychiatric comorbidities present in AE are mood disorders (i.e., anxiety and depression), social 

impairments, and mild cognitive impairments. Leaning on evidence from other rat models, 

cannabinoids may be involved in aspects of these behaviours. The ECS plays a key role in 

regulating anxiety-like behaviour and stress reactivity and may be suitable target for development 

of anxiolytic drugs (Hill et al., 2018; Lutz et al., 2015; Morena et al., 2016; Patel et al., 2017). 

Furthermore, ECS modulation can alter social and cognitive behaviours (Lutz et al., 2015; 

Manduca et al., 2015; Morena et al., 2015; Zanettini, 2011). However, although these potential 

avenues exist, and co-treatment of seizures and comorbidities has been observed (e.g., by ETX or 

Z944), further research is required to determine the feasibility of this approach in AE models.  

 

1.4.4 Next Generation Cannabinoids for Epilepsy Research  

 

The cannabis plant contains hundreds of bioactive compounds, many of which have 

physiologically relevant effects in human patients and animal models of disease. To achieve 

greater specificity, reduce adverse effects, and improve therapeutic potential, many synthetic 

cannabinoids have been developed. This section briefly discusses some of these compounds that 

are relevant to AE and epilepsy models, including synthetic CB1R agonists and antagonists (e.g., 

WIN55 and SR141716A), ECS modulators (e.g., URB597), and CB1R positive allosteric 

modulators (PAMs; e.g., GAT211). 

As discussed previously, several synthetic CB1R agonists and antagonists can modulate 

seizure activity in models of epilepsy, including WAG/Rij (Citraro et al., 2013a; Smolyakova et 

al., 2020). However, although WIN55 dose-dependently decreases SWDs, it produces a rebound 

effect. Furthermore, orthosteric agonists of CB1R can overstimulate the ECS, increase 

desensitization and tolerance, trigger receptor downregulation, and produce adverse psychotropic 

effects that limit clinical utility (Alaverdashvili & Laprairie, 2018; Ligresti et al., 2016; 

Smolyakova et al., 2020). Conversely, selective CB1R antagonists such as SR141716A and 

AM251, although essential research compounds, appear to predominately increase seizures in 

epilepsy models (Rosenberg et al., 2017; Smolyakova et al., 2020). The concerning psychotropic 
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effects and potential for seizure exacerbation suggests that use of direct agonists or antagonists 

may not be effective for AE research. 

The dose-dependent effects of many CBs suggest that fine tuning ECS signalling is essential 

to optimize therapeutic potential. In this regard, the metabolic pathways associated with ECB 

synthesis and degradation should be considered as potential targets for future AE research. 

Endocannabinoid disruptions have been observed in WAG/Rij rats, and AEA reduces SWDs and 

blocks T-type Ca2+ channels (Chemin et al., 2001; Citraro et al., 2013b; Citraro et al., 2013a). 

However, systemic administration of AEA may not be effective as it is rapidly degraded (Zou & 

Kumar, 2018). Instead, preclinical studies have used FAAH inhibitors (e.g., URB597) to limit the 

breakdown of AEA thus potentiating ECB signalling (Colangeli et al., 2017; Ligresti et al., 2016; 

Manduca et al., 2015; Patel & Hillard, 2006; Smolyakova et al., 2020). Seizure reducing effects of 

URB597 have been observed in models of TLE, but this effect has not been replicated in AE 

models (Colangeli et al., 2017; Smolyakova et al., 2020). 

 In addition to its orthosteric binding site, the presence of an allosteric site on CB1R presents 

an alternative approach to tune ECS activity through allosteric modulation (Alaverdashvili & 

Laprairie, 2018; Laprairie et al., 2017; Laprairie et al., 2019; Slivicki et al., 2018; Smolyakova et 

al., 2020). Both positive and negative allosteric modulators (PAMs and NAMs respectively) for 

CB1R have been developed (Alaverdashvili & Laprairie, 2018). However, considering the general 

trend toward anticonvulsive effects of CB1R agonism and proconvulsive effects of CB1R 

antagonism, PAMs may be more suitable for epilepsy research. PAMs potentiate ECS signalling 

by enhancing agonist binding (e.g., AEA or THC) at the orthosteric site (Alaverdashvili & 

Laprairie, 2018). True PAMs lack intrinsic activity; therefore, the required presence of ECBs 

contributes to an innate effect ceiling limiting the potential for overstimulation. Because of these 

properties, PAMs show promise over orthosteric agonists, offering greater selectivity, less intrinsic 

activity, and potentially enhanced safety and tolerability (Alaverdashvili & Laprairie, 2018; 

Laprairie et al., 2019; Slivicki et al., 2018).  

Expanding on in vitro studies, recent experiments with the CB1R PAM GAT211 have 

demonstrated promising in vivo efficacy, tolerability, and safety that make it a suitable candidate 

for testing in GAERS (Laprairie et al., 2017; Laprairie et al., 2019; Slivicki et al., 2018). GAT211 

is a CB1R-selective allosteric agonist/PAM (ago-PAM) and racemic mixture of GAT228 (R-

enantiomer and allosteric agonist) and GAT229 (S-enantiomer and pure PAM) (Laprairie et al., 
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2017, 2019). Because of these properties, GAT211 and GAT229 may be able to alter ECS activity 

relevant to SWDs. 

 

1.5 Research Aims and General Hypothesis 

 

To continue characterizing the cognitive impairments in GAERS and assess the therapeutic 

potential of cannabinoids in this model, this thesis presents experiments designed to address 5 

research aims: 

Aim 1 assessed whether cognition was impaired in GAERS (Chapter 2). Although previous 

research from our lab and others has identified deficits and comorbidities in GAERS resembling 

those observed in AE, aspects of cognition and behavioural flexibility have not been directly 

assessed. Using touchscreen-based visual discrimination and reversal learning (VD/RL) the 

behaviour of female and male GAERS and NEC was measured. The hypothesis for Aim 1 was 

that if GAERS had cognitive impairments reminiscent of human AE, then they would have deficits 

in visual learning and behavioural flexibility. 

Aim 2 assessed the effect of THC and CBD on SWDs in GAERS (Chapter 3). No previous 

research has assessed the effect of phytocannabinoids in GAERS, however data generated in the 

WAG/Rij model suggests dissociable effects may be observed, with some cannabinoids increasing 

SWD severity and others ameliorating this effect. Therefore, we opted to test THC and CBD in 

GAERS. The hypothesis for Aim 2 was that if phytocannabinoids can modulate SWDs in GAERS, 

then THC would dose-dependently decrease and increase SWDs, and that CBD would decrease 

events.  

Aim 3 assessed whether the ECS was disrupted in GAERS (Chapter 4). Previous research in 

the WAG/Rij model identified regional alteration in the ECS that correspond to brain areas 

relevant to seizure propagation. As no studies have characterized the ECS in GAERS, we 

quantified CB1R and the ECBs AEA and 2-AG in cortex, thalamus, HPC, and cerebellum. The 

hypothesis for Aim 3 was that if the ECS was associated with SWDs in GAERS, then differences 

in this system would be observed in GAERS compared to NEC. 

Aim 4 assessed whether CB1R PAMs may exhibit seizure modulating effects in GAERS 

(Chapter 4). CB1R agonists have shown efficacy in the WAG/Rij model of AE. However, at high 

doses, agonists may increase SWDs. The psychoactive properties and dose-dependent effects of 

CB1R agonists are problematic. As CB1R PAMs may limit such deleterious effects, the potential 
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seizure modulating effects of GAT211 and GAT229 were assessed. The hypothesis for Aim 4 was 

that if the observed ECS disruptions are involved in SWDs in GAERS, then both CB1R PAMs 

may reduce SWD incidence. 

Lastly, Aim 5 assessed whether CB1R PAMs could also be used to ameliorate comorbidities 

in GAERS (Chapter 5). As discussed above, GAERS exhibit comorbidities that are not managed 

by current AEDs. The effect of acute GAT211 was assessed on a battery of behavioural tasks 

relevant to the anxiety-like phenotype and social impairment commonly observed in GAERS. The 

hypothesis for Aim 5 was that if GAT211 could ameliorate SWDs in GAERS then it may also 

improve comorbidities relevant to AE. 
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2. EXPERIMENT 1: Cognitive impairments in touchscreen-based visual 

discrimination and reversal learning in Genetic Absence Epilepsy Rats from 

Strasbourg 

 

Roebuck, A. J., An, L., Marks, W. N., Sun, N., Snutch, T. P., & Howland, J. G. (2020). Cognitive 

Impairments in Touchscreen-based Visual Discrimination and Reversal Learning in Genetic 

Absence Epilepsy Rats from Strasbourg. Neuroscience, 430, 105-112. 

 

Roebuck and An were co-first authors who contributed equally to this manuscript; Roebuck 

analyzed the data, made the figures, and co-wrote the manuscript; An designed the experiment and 

collected data; Marks assisted with experiment design and edited the manuscript; Sun collected 

data; Snutch provided the original animals and edited the manuscript; Howland designed and 

supervised the experiments and co-wrote the manuscript. This manuscript is peer-reviewed and 

published. 
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2.1 Abstract 

 

Absence epilepsy (AE) is associated with recurrent losses of awareness and synchronous bilateral 

spike-wave discharges (SWDs). While seizures do not generally continue into adulthood, cognitive 

and behavioral comorbidities persist. One preclinical model used to investigate AE is the Genetic 

Absence Epilepsy Rats from Strasbourg (GAERS) which consistently have bilateral SWDs and 

similar behavioral profiles. In this experiment, we characterized discrimination learning and 

behavioral flexibility in female and male GAERS (n = 7 per sex) and Non-Epileptic Controls 

(NEC; n = 8 per sex) in a touchscreen-based version of visual discrimination (VD) and reversal 

learning (RL). We found that, on average, female GAERS required more sessions (12.3) to 

complete pretraining compared to female and male NEC (8.2 and 7.3, respectively) and male 

GAERS (9.4). In contrast, there was a sex-specific impairment during VD with male GAERS 

requiring more sessions on average (12.3) than male and female NEC (both 7.5) and female 

GAERS (8.3). Additionally, male GAERS completed >30% more selection and correction trials 

during VD and made >30% more errors. Both female and male GAERS required more sessions 

on average (9.1 and 10.7, respectively) of RL compared to female and male NEC (6.4 and 6.0 

sessions, respectively). Accordingly, GAERS performed ~30% more selection trials and correction 

trials compared to NEC, although only male GAERS made significantly more errors (>40%). 

Deficits in VD and RL were not associated with differences in correct or incorrect response 

latency, or reward collection latency, suggesting impairments are not due to alterations in 

locomotor activity or motivation. Together, these data suggest that GAERS have impaired 

behavioral flexibility and identify some sex-dependent differences. Thus, GAERS may be suitable 

for assessing the potential benefit of antiepileptic drugs on comorbid behavioral and cognitive 

deficits. 
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2.2 Introduction 

 

Absence Epilepsy (AE) accounts for ~8% of epilepsies in school-aged children (Brigo et al., 2018; 

Pavone et al., 2001) and is characterized by recurrent and sudden absence seizures. Absence 

seizures are typified by a sudden loss of awareness accompanied by the presence of synchronous, 

bi-hemispheric spike-wave discharges (SWDs) on electroencephalograms (EEG). Absence 

seizures are linked to T-type Ca2+ channel dysfunction and alterations in thalamocortical firing 

(Cain & Snutch, 2013a; Singh et al., 2007b). AE has previously been considered benign as patients 

often ‘outgrow’ this condition; however, interictal co-morbid impairments in language, social 

behavior, and aspects of cognition have been identified (Caplan et al., 2009; Fonseca Wald et al., 

2019; Lin et al., 2012; MacEachern et al., 2017; Verrotti et al., 2015). In humans, both impaired 

memory function and behavioral flexibility are described in several epilepsies (Aldenkamp et al., 

2016; Verrotti et al., 2015). Furthermore, although current treatments are effective in managing 

seizures in 2/3 of patients, treatment with anti-epileptic drugs (AEDs) may not prevent 

neuropsychological impairment (Aldenkamp et al., 2016; Glauser et al., 2010; Lin et al., 2012). 

The Genetic Absence Epilepsy Rats from Strasbourg (GAERS) is a Wistar-derived strain that 

models aspects of AE including spontaneous bilateral synchronous SWDs and behavioral 

alterations (Depaulis et al., 2016; Marescaux et al., 1992). Seizure generation is linked to 

inheritance of a gain of function mutation in the CaV3.2 T-type Ca2+ channel that is absent in Non-

Epileptic Controls (NEC)(Powell et al., 2009). The GAERS model has predictive validity for the 

effect of AEDs (Depaulis et al., 2016) and selective blockade of T-type channel activity attenuates 

SWDs (Tringham et al., 2012). In addition to the presence of SWDs and response to AEDs, 

GAERS have behavioral abnormalities compared to NEC that resemble aspects of clinical AE. 

GAERS demonstrate increased anxiety-like behavior (Bouilleret et al., 2009; Jones et al., 2008; 

Marks et al., 2016b; Marques-Carneiro et al., 2014; Powell et al., 2014) and altered social 

interactions (Henbid et al., 2017; Marks et al., 2019b). They also demonstrate exaggerated 

contextual and cued fear conditioning with impaired extinction learning (Marks et al., 2016b; 

Marks et al., 2019b), and have deficits in visual attention and crossmodal recognition memory 

(Marks et al., 2016a; Marques-Carneiro et al., 2016). While the increased anxiety-like behavior 

and deficits in sociability and memory found in GAERS resemble aspects of AE, whether these 

impairments extend to other aspects of cognition, such a behavioral flexibility, has not been 

assessed directly. 
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Touchscreen-based visual discrimination (VD) and reversal learning (RL) are operant 

conditioning tasks used to assess impairments in rule learning, memory, and behavioral flexibility 

(Bryce & Howland, 2015; Bussey et al., 2012; Carron et al., 2019; Horner et al., 2013; Lins et al., 

2018). During VD, a pair of distinct images is presented, and animals learn to respond to a specific 

stimulus for a food reward. Animals must remember the correct visual stimulus across multiple 

trials and days. After the rule is learned and performance has plateaued, a reversal phase begins 

wherein the correct and incorrect stimuli are reversed. During the RL phase, success relies on the 

ability to inhibit the previously learned behavioral response and adopt the new strategy. Use of 

touchscreen-based methods for preclinical testing offers several advantages such as automation 

and the potential for translational research in clinical populations. 

Recently, deficits in touchscreen VD and RL were identified in the kainic acid model of 

temporal lobe epilepsy (TLE) conducted in Wistar rats (Carron et al., 2019). In that study, 60% of 

epileptic animals were unable to complete VD and the remainder were impaired on RL (Carron et 

al., 2019). Considering the clinical relevance and recent evidence from other models, we assessed 

male and female GAERS and NEC in touchscreen-based VD and RL. In addition to further 

characterizing GAERS, these experiments employing touchscreen systems provide a framework 

to test across species, which may improve translational research and support opportunities for 

future clinical testing in patients with AE. 

 

2.3 Materials and Methods 

 

2.3.1 Subjects 

  

Behavioral testing was conducted with male and female adult NEC (n = 8 per sex) and GAERS (n 

= 7 per sex; University of Saskatchewan Lab Animal Services Unit, Saskatoon, Canada). The 

colony was established using breeding pairs provided by Dr. Terrance Snutch at the University of 

British Columbia, Canada, that originated from the Melbourne colony (see Marks et al., 2016a for 

details). For this study, one littermate of each sex from separate NEC and GAERS litters were 

used. Animals were between 3-4 months old at the onset of training. Females and males were 

trained in separate cohorts and chambers were cleaned thoroughly between animals. Animals were 

housed in ventilated polypropylene cages in a temperature (21° C) and humidity-controlled (50-

55%) vivarium with food (Purina Rat Chow) and water available ad libitum except during testing. 

A 12:12-h lighting cycle was used with lights on at 7:00am. Animals were given environmental 
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enrichment in their home cage in the form of a plastic tube throughout the experiment. Animals 

were group housed (2-3 per cage) until food restriction at which point, they were single housed to 

ensure the appropriate amount of food was consumed by each rat in the home cage after behavioral 

testing. Three days before habituation to the operant conditioning chambers, animals were food 

restricted and maintained at 85% of free feeding weight for the remainder of the study. All 

experiments were conducted in accordance with the standards of the Canadian Council on Animal 

Care and the University of Saskatchewan Animal Research Ethics Board. 

 

2.3.2 Training apparatus 

  

Eight touchscreen-equipped operant conditioning chambers (Lafayette Instruments, Lafayette, IN, 

USA) were used for VD and RL (Figure 2.1). Each chamber was contained within a sound-

attenuating box with a fan to provide background noise and air circulation. A live video feed of 

animal activity was maintained through a camera mounted within the box above the chamber. The 

chamber dimensions and layout were identical to those used previously (Bryce & Howland, 2015; 

Roebuck et al., 2018a). A removable mask, interchangeable for different behavioral tasks, rested 

on the touchscreen and obscured the screen entirely except for areas where stimuli were presented, 

and response selection occurred. In VD and RL, the mask had two equally sized rectangular 

response windows, arranged evenly across the mask. The windows were located above a spring-

loaded response shelf that animals were required to press down to access the screen and make a 

selection. 
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2.3.2.1 Figure 2.1: Touchscreen Equipment.  

 

A. The touchscreen equipped operant conditioning chambers are housed in sound-attenuating 

boxes. In addition to the touchscreen, each box has a direct camera feed, and contains an 

independent pellet dispenser, light, and air circulation fan. B. The drawing represents a cross-

sectional view of the touchscreen chamber. On the left side, the 2-windowed mask used for VD 

and RL obscures all the touchscreen except the active areas. A response shelf ensures the rat 

must stand and actively make a choice during each pairing. The rat is depicted making a correct 

decision by selecting the dot array in the given pairing (see Figure 2.2), which would be followed 

by delivery of a food pellet in the food port on the right. C The images used for VD and RL. 
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2.3.3 Touchscreen habituation and pretraining 

  

Habituation, pretraining, and training were conducted according to instructions and protocols 

established by Lafayette, and previous experiments conducted in our lab (Bryce & Howland, 2015; 

Lins et al., 2018; Roebuck et al., 2018a). Animals advanced through training stages based on their 

individual performance and ability to meet intermediate criteria. This decision was made to prevent 

higher performing animals from being over trained on a particular stage. Pretraining and training 

sessions occurred once daily, 5 days a week. Training occurred between 9 and 11 am daily. During 

all stages, sessions were limited to a maximum of 100 selection trials. 

Animals were handled for 4 days before touchscreen habituation began. On the 5th day of 

habituation rats were brought from the vivarium to the touchscreen room and left undisturbed in 

the operant conditioning chambers for 1 h. They were given 5 reward pellets (Dustless Precision 

Pellets, 45 mg, Rodent Purified Diet; BioServ, NJ, USA) in the food port. During this period, all 

equipment was powered on and lights were dimmed to replicate the conditions used when training 

and testing. 

Pretraining consisted of four intermediate and progressive stages: initial touch, must touch, 

must initiate, and punish incorrect. Each step was designed to encourage rats to nose-poke and 

approach the display. A reward pellet was provided to train the animal to nose poke and initiate a 

trial. Rats began with initial touch training in which one of the response windows was illuminated 

pseudorandomly with a white box. The window was illuminated for 30 s, or until touched. Three 

reward pellets were delivered if the rat correctly touched the illuminated window during this period 

and one pellet was delivered if the illuminated window was not touched. Food reward delivery 

coincided with illumination of the food port and an auditory tone. After receiving a reward, a 10 s 

intertrial period followed each trial. Animals moved forward after reaching a criterion of 100 

selection trials in 1 h. Must touch training was administered similarly, with animals receiving 1 

reward pellet for correct touches only. The criterion for must touch training was 100 selection trials 

in 1 h. Must initiate training required the rat to nose-poke in the food port to initiate a trial before 

commencing as in previous stages. Criterion for the must initiate phase was 100 selection trials in 

1 h. The final stage of pretraining was the punish incorrect stage where rats were required to initiate 

each trial by nose-poking the food port, followed by selection of the pseudorandomly illuminated 

window. Correct touches to the illuminated window were rewarded with 1 food pellet, while 

incorrect touches were punished with illumination of the house lights and 5 s time out followed by 
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a correction trial. During correction trials, the stimuli were repeatedly presented until a correct 

touch was made, triggering a food reward. No limit existed for correction trials. A correct touch 

on a correction trial was recorded as a completed selection trial and followed by initiation of a new 

trial. The criterion for punish¬ incorrect was 100 trials in 1 h, with greater than 80% correct for 

two consecutive sessions. Errors, the number of mistakes made, and accuracy (% correct / 

completed selection trials) were calculated for the initial presentation of a trial only and subsequent 

correction trials do not affect errors or accuracy. 

 

2.3.4 Visual discrimination and reversal learning 

Following pre-training, rats were trained to discriminate between two novel stimuli, a dot array, 

and a star (Figure 2.2). Animals were counterbalanced for which stimuli was correct during VD. 

Criterion for the VD stage was 100 selection trials in 1 h, with greater than 80% correct for two 

consecutive sessions. Following criterion in VD, RL began in the next session. Reversal learning 

was identical to VD, except that the two stimuli were reversed such that the other image was now 

correct, regardless of position. Reversal learning continued until the animal completed 100 

selection trials in 1 h, with greater than 80% accuracy for two consecutive sessions. 

As a measure of activity, response latencies and reward collection latencies were measured. 

Correct response latency was the time from stimulus presentation to a correct touch. Incorrect 

response latency was the time from stimulus presentation to an incorrect touch. Reward collection 

was the time from correct touch to reward pellet retrieval. For both VD and RL, the average 

latencies from the final two sessions are reported. 
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2.3.4.1 Figure 2.2: VD Full Task Schematic and Experimental Timeline.  

A schematic representation of trials in VD. The first trial begins with illumination of the food 

port and free delivery of a sucrose pellet, prompting the rat to nose poke. A nose poke initiates 

the trial and two different stimuli are displayed in the response windows. In this example of VD 

the dot array is correct while during RL the star would be correct. The system then waits for the 

animal to decide between the two stimuli. A correct screen touch, the dot array for VD or star for 

RL, is recorded as a completed selection trial and will result in a food reward followed by a 10 s 

intertrial period, at the end of which the food port will illuminate and the animal can nose poke 

to begin a new trial. An incorrect screen touch will not yield a food reward, will cause the house 

lights to illuminate for 5 s, and will also begin a correction trial. The correction trial consists of 

the same stimulus and location pairing and is repeated until the correct selection is made, which 

will yield a food reward and be counted as a selection trial. Errors, the number of mistakes made, 

and accuracy (% correct / completed selection trials) are calculated for the initial presentation of 

a trial only and subsequent correction trials do not affect errors or accuracy.  
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2.3.5 Data analysis 

This experiment used a within-subjects 2x2 design with Factors of Strain (NEC, GAERS) and Sex 

(Male, Female). Analysis was conducted using 2-way ANOVA. Multiple comparisons were made 

using Tukey’s multiple comparisons test where necessary. All data were automatically collected 

to prevent experimenter bias and are presented as group means ± SEM. Data points corresponding 

to individual animals are also included. Figures and analysis used GraphPad Prism version 8.1.2. 

(GraphPad Software, San Diego, USA). Comparisons were considered statistically significant at 

α < 0.05. 

2.4 Results 

 

2.4.1 Strain and sex-specific differences in sessions required to complete training 

  

GAERS and NEC of both sexes completed all stages of VD and RL. However, there were strain 

and sex-specific differences in the number of sessions required to complete the different stages of 

training. Analysis of the number of pre-training sessions required identified significant main 

effects of Strain (F(1,26) = 12.59, p = 0.002) and Sex (F(1,26) = 4.36, p = 0.047; Figure 2.3). Post 

hoc testing determined that female GAERS required more pre-training sessions than female NEC 

(p = 0.003) and male NEC (p = 0.014). This suggests females are slower to acclimate to the task 

during early stages when novelty preference and exploratory behavior are required for success. 

For VD (Figure 2.3), a significant interaction between Strain and Sex (F(1,26) = 4.34, p = 0.047) 

was found, with male GAERS requiring more sessions than male NEC (p = 0.008), female NEC 

(p = 0.008), and female GAERS (p = 0.039). The specific impairment of male GAERS alone 

indicates slower rule acquisition. For RL (Figure 2.3), there was a significant main effect of strain 

(F(1,26) = 27.70, p < 0.001). GAERS required more sessions to complete RL than NEC regardless 

of sex.   
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2.4.1.1 Figure 2.3: Strain and sex specific differences in pre-training, visual discrimination, 

and reversal learning.  

Animals trained one session per day, 5 days a week. Female GAERS required more sessions to 

complete pre-training (PRE) compared to male and female NEC. Male GAERS required more 

sessions to complete visual discrimination (VD) compared to all other groups. GAERS of both 

sexes required more sessions to complete reversal learning (RL) compared to NEC. * indicates 

comparison significant at p < 0.05.   
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2.4.2 Visual discrimination impaired in male, but not female, GAERS 

In agreement with the increased number of daily sessions required to complete training, male 

GAERS were also impaired on other aspects of VD. There was a significant interaction between 

Strain and Sex on the number of selection trials required to complete VD (F(1,26) = 4.61, p = 

0.041; Figure 2.4A). Post hoc testing determined that male GAERS required more trials of VD to 

complete training compared to male and female NEC and female GAERS (all p < 0.05). Similarly, 

there were significant interactions for the number of errors made (F(1,26) = 5.31, p = 0.030), and 

the number of correction trials required (F(1,26) = 4.88, p = 0.036). Post hoc testing determined 

that male GAERS made more errors and required more correction trials (all p < 0.05). This 

impairment was not likely attributable to locomotor impairment or motivation as there were no 

significant differences in response latencies or reward collection latency between groups (statistics 

not shown; Figure 2.4B).   
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2.4.2.1 Figure 2.4: Visual discrimination in male, but not female, GAERS rats  

A. Male GAERS required more selection trials to complete visual discrimination compared to 

male and female NEC and female GAERS. Male GAERS made more errors and required more 

correction trials than all other groups. B. During the final two sessions of visual discrimination 

there were no differences between groups in either response latency or reward collection latency. 

* indicates comparison significant at p < 0.05.   
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2.4.3 Reversal learning impaired in both male and female GAERS 

In contrast to VD, GAERS of both sexes were impaired on RL. There was a significant main effect 

of Strain on the number of selection trials required to complete RL (F(1,26) = 13.79, p < 0.001; 

Figure 2.5A). Male and female GAERS required more trials to complete RL compared to NEC 

(all p < 0.05). There was an interaction between Strain and Sex in the number of errors made 

(F(1,26) = 19.24, p = 0.001), with male GAERS making more errors (all p < 0.05). There was also 

a strain effect in the number of corrections required (F(1,26) = 23.34, p < 0.001), with GAERS 

requiring more corrections regardless of sex (all p < 0.05). Again, there were no significant 

differences in response latencies or reward collection latency between groups (statistics not shown; 

Figure 2.5B).  
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2.4.3.1 Figure 2.5: Reversal learning impairments in both male and female GAERS rats  

A. Both male and female GAERS required more selection trials to complete reversal learning. 

Male GAERS made significantly more errors than all other groups. However, both male and 

female GAERS required more corrections compared to NEC. B. During the final two sessions of 

reversal learning there were no differences between groups in either response latency or reward 

collection latency. * indicates comparison significant at p < 0.05.   
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2.5 Discussion 

 

In addition to its absence seizure-related phenotype, GAERS exhibit abnormal behaviors that may 

make them suitable for studying AE-related comorbidities. However, many aspects of cognition 

have not been assessed in the strain. Here, we characterized differences between GAERS and NEC 

on touchscreen-based VD and RL to assess rule acquisition and behavioral flexibility. We 

identified impairments in pre-training (female GAERS), acquisition of VD (male GAERS), and 

RL (both sexes of GAERS) compared to NEC. These impairments did not preclude the eventual 

acquisition of VD or RL but GAERS required more sessions, selection trials, and correction trials 

to complete each training stage.  

In contrast to males, female GAERS required significantly more pretraining sessions compared 

to all other groups. One possible explanation for the female-specific impairment in pretraining 

may relate to slower acclimation to the task environment and demands. A previous study found 

that female GAERS have reduced social approach (Henbid et al., 2017) and GAERS have 

increased anxiety-like behavior compared to NEC (Bouilleret et al., 2009; Jones et al., 2008; Marks 

et al., 2016b). However, a sex-specific increase in female anxiety-like behavior is not consistently 

reported with studies showing similar anxiety-like behavior in GAERS regardless of sex (Jones et 

al., 2008; Marks et al., 2016b), a female-specific increase in GAERS (Marks et al., 2019b), and 

increased anxiety-like behavior in female GAERS compared to female NEC; however, males were 

not evaluated in these experiments (Bouilleret et al., 2009; Powell et al., 2014). The inconsistency 

of this effect and limited data available make conclusions regarding the specific nature of pre-

training impairment difficult to draw. 

Visual discrimination and RL are commonly used to assess behavioral flexibility in humans 

(Barnett et al., 2010; Leeson et al., 2009; Murray et al., 2008) and animal models of neurological 

and psychiatric illness (Bussey et al., 2012; Carron et al., 2019; Lins et al., 2018). During VD, 

success depends on the animal’s ability to associate a stimulus with a food reward and recall this 

across multiple trials and days whereas success in RL requires inhibition of the previous response 

and acquisition of a new stimulus-reward pairing. Male GAERS were impaired during both VD 

and RL suggesting deficits in rule learning and flexibility. These deficits are unlikely to be the 

result of a visual or motor impairment as male GAERS were successful in pretraining and showed 

normal response latencies on all measures. Increased correction trials (a measure of perseveration) 
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during RL suggests that recall of the learned VD association may not be impaired as severely as 

the new rule learning required for RL (Chudasama & Robbins, 2003; Mar et al., 2013). Together, 

these data suggest male GAERS have delayed acquisition and deficits in flexibility. Although 

female GAERS were impaired in RL, the impairment was comparatively mild relative to the males, 

and not present during VD. Behavioral differences between sexes are particularly interesting as 

AE is more prevalent in females than males (Janz, 1997) and several studies have identified sex-

specific differences in GAERS (Bouilleret et al., 2009; Henbid et al., 2017; Marks et al., 2016b; 

Marks et al., 2019b; Powell et al., 2014). In human patients, factors including sex, age of onset, 

and seizure frequency contribute to development of more severe cognitive and behavioral deficits 

(Caplan et al., 2009; Verrotti et al., 2015). The present study supports the assertion of a more 

severe behavioral phenotype in male GAERS compared to females. However, as several relevant 

factors such as age of SWD onset and frequency were not recorded from rats in this cohort, they 

cannot be excluded as contributing to this apparent sex difference. 

Taken together, these data suggest a general cognitive impairment in GAERS when compared 

to NEC, although male GAERS may be more impaired than females. These effects are largely in 

agreement with previous studies that have identified cognitive and memory impairments in 

GAERS (Marks et al., 2016a; Marques-Carneiro et al., 2014; Marques-Carneiro et al., 2016; 

Powell et al., 2014). Recently, Carron and colleagues (2019) examined the behavior of Wistar rats 

subjected to kainic acid induced TLE in VD and RL. Rats subjected to kainic acid in their study 

were more severely affected than GAERS, with many of them unable to reach criterion on the 

tasks. Chemical induction of TLE and the resultant phenotype may more severely disturb the brain 

structures necessary for VD and RL than in the GAERS. Visual discrimination and RL rely on 

frontal-striatal circuits and temporal lobe structures including the perirhinal cortex (Bussey et al., 

2003; Ghods-Sharifi et al., 2008; Graybeal et al., 2014; Winters et al., 2010). SWDs in GAERS 

originate in somatosensory cortex (Depaulis et al., 2016) and do not produce significant seizure 

activity or hypoxia in medial temporal lobe structures such as the hippocampus (Farrell et al., 

2018). Thus, the VD and RL impairments in GAERS may be caused by disruptions in cortical 

structures where SWDs are more frequent. 

Previous research has demonstrated that treatment of seizures with AEDs ameliorate some of 

the comorbid behavioral symptoms of GAERS (Depaulis et al., 2016; Dezsi et al., 2013; Henbid 

et al., 2017; Marks et al., 2019b). However, whether this effect extends to VD and RL is currently 
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untested. Chronic treatment with an AED before or during VD and RL may be effective in reducing 

the observed deficit, but such experiments pose several challenges with the current study design. 

In clinical populations, AEDs, such as ETX, are not effective in managing SWDs in all patients 

and prolonged use is associated with several side-effects (e.g., deficits in attention, fatigue) that 

may confound testing (IJff et al., 2016). Potential differences in responder rates and cognitive side 

effects are especially concerning as VD and RL requires >6 weeks of training. A related task with 

a shorter training period (e.g., water maze with reversal) could limit some of these confounds 

related to the procedural design. 

Although this study demonstrates a clear impairment of GAERS compared to NEC in VD and 

RL, there are limitations which may reduce generalizability of the findings. First, recent evidence 

demonstrates that although NECs do not have SWDs, behavioral abnormalities (such as altered 

anxiety and prepulse inhibition) do exist when this strain is compared to Wistar rats (Marks et al., 

2016c; Marques-Carneiro et al., 2016; Powell et al., 2009). Additionally, colony-specific 

differences in GAERS have been identified (Powell et al., 2014). As animals from a single colony 

were used and not compared to naïve Wistars, the extent of these differences and potential 

abnormalities in NEC performance cannot be directly assessed here. However, performance of the 

NEC rats in VD and RL was comparable to outbred rat strains tested in our laboratory (Bryce & 

Howland, 2015; Lins et al., 2018) and others (Carron et al., 2019; Horner et al., 2013). Another 

potential confound is that SWDs during training sessions may have impaired task performance. 

However, the lack of significant differences in response latencies suggests that animals were 

engaged in the task while in the operant conditioning chambers. Furthermore, previous studies 

have found that SWDs are suppressed during activity, suggesting behavioral deficits in GAERS 

are not the result of SWDs during testing (Marescaux et al., 1992; Marks et al., 2016b). Future 

experiments that include EEG recordings and/or AED administration during behavioral training 

would be valuable as they would enable the potential of a correlation between severity of the SWD 

phenotype and individual performance on the VD and RL tests to be tested directly. 

In conclusion, this study provides further evidence for cognitive impairment in GAERS and 

suggests these effects may be more severe in male animals. These results also underscore an 

opportunity for translational research. The availability of parallel touchscreen-based tasks in 

humans represents an avenue to assess potential cognitive co-morbidities that may exist in patient 
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with AE. Such studies could provide further translational validity for the GAERS and would 

establish better frameworks for the development of new treatments.  
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3. EXPERIMENT 2: Dissociable changes in spike and wave discharges following 

exposure to injected cannabinoids and smoked cannabis in Genetic Absence 

Epilepsy Rats from Strasbourg. 

 

 

Roebuck, AJ., Greba, Q., Onofrychuk, TJ., McElroy, DL., Sandini, TM., Cain, SM., Simone, J., 

Snutch, TP., Laprairie, RB., Howland, JG. Dissociable changes in spike and wave discharges 

following exposure to injected cannabinoids and smoked cannabis in Genetic Absence Epilepsy 

Rats from Strasbourg. European Journal of Neuroscience. Under Review. 

 

Roebuck organized and led the experiments, collected and analyzed data, and co-wrote the 

manuscript; Greba performed the surgeries and assisted with all data collection; Onofrychuk 

assisted with data analysis; McElroy and Sandini assisted with optimization of the smoke exposure 

protocol; Simone provided cannabis and edited the manuscript; Cain developed the seizure 

analysis software and provided training; Snutch provided  reagents, supervision, and edited the 

manuscript; Laprairie assisted with experimental design and provided cannabinoids; Howland 

supervised the experiments and co-wrote the manuscript. This manuscript is currently under 

review at the European Journal of Neuroscience. 
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3.1 Abstract 

 

There is significant interest in the use of cannabinoids for treatment of many epilepsies including 

absence epilepsy (AE). Genetic Absence Epilepsy Rats from Strasbourg (GAERS) model many 

aspects of AE including the presence of spike-and-wave discharges (SWDs) on 

electroencephalogram (EEG) and behavioural comorbidities, such as elevated anxiety. Compared 

to Non-Epileptic Control (NEC) rats, we have identified regional alterations in the 

endocannabinoid system in GAERS and shown that treatment with a type 1 cannabinoid receptor 

positive allosteric modulator reduces SWDs. However, the effects of cannabis plant-based 

phytocannabinoids have not been tested in GAERS. Therefore, we investigated how SWDs in 

GAERS are altered by the 2 most common phytocannabinoids, Δ9-tetrahydrocannabinol (THC) 

and cannabidiol (CBD), and exposure to smoke from 2 different strains of cannabis. Animals were 

implanted with bipolar electrodes in somatosensory cortex and EEGs recorded for 2 hours. Injected 

THC (1-10 mg/kg, i.p.) dose-dependently increased SWDs to over 200% of baseline. In contrast, 

CBD (30-100 mg/kg, i.p.) produced a ~50% reduction in SWDs. Exposure to smoke from a 

commercially available strain of high-THC cannabis (Mohawk, Aphria Inc.) increased SWDs in 

GAERS. This effect may be strain/dose-dependent as a low-THC/high-CBD strain of cannabis 

(Treasure Island, Aphria Inc.) did not significantly increase or decrease seizures. Lastly, pre-

treatment with a CB1R antagonist (SR141716A) did not prevent the high-THC cannabis smoke 

from increasing SWDs suggesting that the THC-mediated increase is not CB1R-dependent. 

Together these experiments provide initial evidence that acute phytocannabinoid administration 

exerts biphasic modulation of SWDs and may differentially impact patients with AE. 
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3.2 Introduction 

 

Absence epilepsy (AE) is a developmental epilepsy characterized by short (~10-20 sec) lapses in 

awareness occurring mainly in children 4-14 years of age. Absence seizures coincide with the 

lapses and present on cortical electroencephalogram (EEG) as a series of generalized 3-5 Hz spike-

and-slow wave discharges (SWDs). Absence seizures are linked to T-type calcium (Ca2+) channel 

dysfunction and alterations in thalamocortical circuits (Cain & Snutch, 2013b; Heron et al., 2007; 

Singh et al., 2007b). Two widely accepted treatments for AE are ethosuximide, which can produce 

drowsiness, insomnia, and confusion; and valproic acid, which is hepatotoxic (Brigo et al., 2018). 

In part, both medications affect T-type Ca2+ channels, albeit they are only efficacious in managing 

absence seizures in about 2/3 of patients (Glauser et al., 2010). Thus, novel treatments that both 

decrease serious side-effects and increase efficacy are needed to better manage AE.  

Characteristics of absence seizures in humans are present in Genetic Absence Epilepsy Rats 

from Strasbourg (GAERS), an animal model of spontaneously occurring SWDs. In GAERS, 

SWDs originate in somatosensory cortex (Polack et al., 2007) where the generation of seizures is 

linked to inheritance of a gain of function mutation in T-type Ca2+ channels (Cain & Snutch, 

2013b; Depaulis et al., 2016; Powell et al., 2009). GAERS also display comorbidities resembling 

aspects of AE including altered learning and memory, sociability impairments, and heightened 

anxiety (Dezsi et al., 2013; Henbid et al., 2017; Jones et al., 2008; Marks et al., 2016b; Marks et 

al., 2016a; Roebuck et al., 2020). Blockade of T-type Ca2+ channels with the selective high affinity 

antagonist Z944 decreases seizure generation and duration in GAERS (Tringham et al., 2012), and 

improves behavioural comorbidities (Henbid et al., 2017; Marks et al., 2016a; Marks et al., 2019b). 

There is considerable interest in the contribution of the endocannabinoid system (ECS) and 

use of cannabis and cannabinoids for treatment of epilepsy and associated comorbidities (Ligresti 

et al., 2016; Perucca, 2017; Rosenberg et al., 2017; Smolyakova et al., 2020). In the cortex, type 1 

cannabinoid receptors (CB1R) are the most-abundant GPCR and are predominantly localized to 

neuronal pre-synaptic terminals where they regulate neurotransmitter release and synaptic pruning 

(Ligresti et al., 2016). Recently, we have identified disruptions in the cortical ECS including 

reduced CB1 levels and elevated 2-AG levels that may contribute to ictogenesis in GAERS 

(Chapter 4). Furthermore, we determined that acute treatment with the CB1R positive allosteric 

modulators (PAMs) GAT211 and GAT229 reduce SWDs (Laprairie et al., 2017; Chapter 4). 
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Although CB1R PAMs appear effective under acute injection treatment paradigms, plant-

based phytocannabinoids, such as Δ9-tetrahydrocannabinol (THC) or cannabidiol (CBD) have not 

been tested in GAERS. THC is a thought to act primarily as a CB1R/CB2R partial agonist 

(Perucca, 2017). In contrast, CBD has low affinity for the cannabinoid receptors and has multiple 

targets in vivo (e.g., TRPV1) and mechanisms that are not well understood (Perucca, 2017). It is 

important to note that THC and CBD pharmacology is complex and both molecules bind receptors 

beyond the ECS (Perucca, 2017). In the WAG/Rij rat model of AE, disruption of the ECS has also 

been observed and administration of synthetic CB1R agonists has shown both pro- and anti-

epileptic effects (Citraro et al., 2013b; Citraro et al., 2013a; Perescis et al., 2020). Whether similar 

effects are observed in GAERS needs to be tested. 

Medicinal use of cannabis is increasing globally, although widespread approval remains 

limited (Bridgeman & Abazia, 2017; Huntsman et al., 2019). Most preclinical studies use isolates 

which do not reflect the complexity of the whole cannabis product that is smoked or ingested 

(Perucca, 2017; Rosenberg et al., 2017; Russo, 2011). Complicating our understanding, the 

cannabis plant contains >150 different cannabinoid/pharmacologically active compounds that vary 

in concentration in different strains (Ondřej Hanuš et al., 2016; Russo, 2011; Sawler et al., 2015). 

Cannabis strains are often classified based on the concentrations of the phytocannabinoids THC 

and CBD. However, there is substantial variability in THC and CBD concentrations in commercial 

products, generally varying between <1% to >20% for THC and <1% to >12% for CBD (Jikomes 

& Zoorob, 2018; Ondřej Hanuš et al., 2016; Sawler et al., 2015). As both THC and CBD are 

relevant to epilepsy given their actions on the ECS, differences in their concentrations may produce 

dramatically different results (Perucca, 2017; Rosenberg et al., 2017). 

Further research is required to understand how phytocannabinoids may be involved in the 

treatment or exacerbation of seizures in AE. Here, we sought to investigate the effects of the 

phytocannabinoids THC and CBD in modulating SWDs as measured in GAERS. We also 

developed a novel smoke protocol to test the effects of inhaled smoke from commercially available 

cannabis. In the present study, we determined that acute THC, regardless of route of 

administration, increased SWDs in GAERS, whereas CBD produced a moderate anti-epileptic 

effect only when injected. Together these experiments raise the possibility of adverse effects by 

high-THC cannabis in AE and demonstrate a protocol for testing smoked commercial cannabis 

dried flower products in rodent epilepsy models. 
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3.3 Materials and Methods 

3.3.1 Subjects 

Female and male GAERS (n=25 total, n=7 female) were bred and housed as previously described 

(Marks et al., 2016b; Roebuck et al., 2020). Age appropriate, litter-matched females were 

unavailable for the CBD and smoke exposure experiments. Animals were maintained on a 12 h 

light/dark cycle with lights on at 0700. Animals had access to food and water ad libitum except 

during testing. Behavioural experiments were conducted on adult rats unless otherwise stated. 

Experiments were conducted in accordance with the standards of the Canadian Council on Animal 

Care and the University of Saskatchewan Research Ethics Board. 

3.3.2 Surgery 

Construction and implantation of electrodes proceeded according to established protocols (Farrell 

et al., 2018; Chapter 4). Briefly, surgeries were performed under isoflurane anesthesia. Anafen (5 

mg/kg, s.c.) was administered immediately before surgery and once daily for three days after 

surgery for pain management. Bipolar electrodes were chronically implanted unilaterally in cortex 

(A/P 0.6 mm, M/L 4.5 mm, D/V -3.4 mm, relative to bregma). Implants were secured with 3.2 mm 

stainless ground screws (also serving as a ground) and dental cement.  Animals were allowed one 

week to recover before habituation and testing. 

3.3.3 Drug Preparation 

Purified cannabinoids (98.9% pure THC and CBD; Toronto Research Chemicals, Toronto, ON) 

were prepared for systemic intraperitoneal injection (i.p.)  in a solution of saline, ethanol, and 

Kolliphor (Sigma Aldrich) at a 6:1:1 ratio and injected at a volume of 8.0 mL/kg. The CB1 receptor 

antagonist SR141716A (SR; Tocris, Oakville, ON) was prepared in a solution of saline, ethanol, 

and Kolliphor at a 6:1:1 ratio and injected (i.p.) at a volume of 5.5 mL/kg. 

3.3.4 Cannabis Preparation and Smoke Exposure 

To test the effects of cannabis smoke on SWDs in GAERS, we used a validated 4-chamber 

inhalation system (Figure 3.1A-B,D; Nguyen et al., 2016;  Ljari; 

https://www.ljari.tech/products/four-chamber-inhalation-system) and commercially available 

cannabis (Aphria Inc.). We tested 2 different strains of cannabis which were similarly handled and 

prepared: Mohawk (Figure 3.1C left), a high-THC (19.51%) and low-CBD (< 0.07% CBD) strain 

(https://aphria.ca/product/mohawk/) and Treasure Island (Figure 3.1C right), a low-THC (0.67% 
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THC) and high-CBD (12.98% CBD) strain (https://aphria.ca/product/treasure-island/). All 

cannabis used in this study was sourced from the same Lots (Lot 6216 and Lot 6812 for Mohawk 

and Treasure Island, respectively). Cannabis was transported and stored at room temperature in 

dry airtight containers shielded from light.  

Cannabis was prepared fresh daily. From the sealed container, full flower cannabis was 

shredded in a standard coffee grinder (~5 s) and the full product was weighed into 300 mg 

increments. This quantity was chosen based on pilot experiments conducted in our lab and previous 

work in this area (Nguyen et al., 2016). Immediately before combustion, cannabis was packed into 

a ceramic coil which could be heated to combust the product (Figure 3.1B). The coil was sealed 

with a glass lid and rubber O-ring and the entire assembly could be connected to the atomizer and 

inhalation system.  

The inhalation system is composed of 4 identical chambers. Each chamber is airtight and 

constructed from clear Plexiglas measuring approximately 33 cm (h) x 30.5 cm (w) x 51 cm (l) 

with an internal volume of ~50 L. In each chamber animals were singly housed within a standard 

plastic cage with metal grate roof. Except during smoke exposure, room air is pumped through the 

chambers at a flow rate of 10-12 L/min. Air is filtered and exhausted into the facility ventilation 

system. Animals were habituated to the chambers for 2 days before treatment with the pumps 

active. Each session followed a set schedule beginning with a 5 min acclimatization period (Figure 

3.1E). Cannabis was then combusted over a period of 1 minute. To ensure complete combustion, 

ignition occurred over 5 seconds and was repeated three times with a delay of 15 seconds between 

each light. Through visual inspection, combustion was always >99% of the product with smoke 

levels consistent across trials (Figure 3.1D). Following combustion, the pumps were stopped for 1 

minute to allow for exposure. After exposure, the venting process continued for 13 min. It is 

important to note that venting was not immediate and significant exposure occurred over this time. 

After venting was completed, animals were immediately moved to a separate room where they 

were habituated, and EEG was recorded.  
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3.3.4.1 Figure 3.1: Smoke exposure equipment, cannabis, and protocol 

 

A. Smoke exposure chambers. Animals are held within individual animal cages within each of 

the four Plexiglas chambers. Smoke is pumped in through a computer-controlled system that 

consistently delivers smoke from freshly combusted cannabis. B. A commercial heating coil and 

bowl (HoneyStick) is packed with ground cannabis from either High-THC, Low-CBD Mohawk 

(C Left) or Low-THC, High-CBD Treasure Island (C Right). Air is drawn through the bottom of 

the coil/bowl and out of the top where it is enters the smoke chambers through attached tubing. 

D. 3 panels depicting a generic rat before and during cannabis exposure. The left panel is 

immediately before smoke exposure. The middle and right panels are 1 and 2 minutes after the 

start of exposure. Two minutes after exposure starts, fresh air is pumped in and the smoke is 

pumped out. The venting process takes ~13 minutes. E. A timeline depicting the major events for 

the smoke exposure protocol.  
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3.3.5 EEG Recording and Analysis 

Following recovery from surgery, rats were carefully handled for 3-4 days and hooked up to the 

EEG equipment at least once before any treatments were conducted. Local field potentials (LFP) 

were acquired by tethered EEG [Grass Technologies (Farrell et al., 2018; Chapter 4)]. LFP signals 

were amplified 5,000x and digitized at 100 Hz. Recordings occurred in two 32 cm x 32 cm clear 

Plexiglas boxes. EEG was recorded and analyzed for 2 h post-treatment with a minimum 5-day 

washout between treatments. For all EEG experiments, recording began approximately 20 min 

post treatment. Behaviour was monitored and animals were prevented from sleeping by a gentle 

rapping upon the chamber door, as necessary.  

SWDs were identified using a MATLAB script (MathWorks) developed by Dr. Stuart Cain 

and Jeff LeDue at the University of British Columbia (Download: 

https://ninc.centreforbrainhealth.ca/sites/default/files/eeg.zip). Briefly, a SWD was defined as a 

burst > 3x baseline amplitude with a frequency between 7-12 Hz, lasting > 0.5s (Powell et al., 

2009). Files were codified and analyzed blindly. SWDs were analyzed semi-automatically with 

the script and manually confirmed (Chapter 4).  

In the THC injection experiments, female (n = 7) and male (n = 4) GAERS baseline recordings 

were followed by treatments (vehicle, 0.3, 1.0, 3.0, and 10.0 mg/kg THC) in a randomized order 

with a minimum 5-day washout between treatments. For the CBD injection experiments, male 

GAERS (n = 8) baseline recordings were followed by treatments (vehicle, 10.0, 30.0, and 100.0 

mg/kg CBD) in a randomized order with a minimum 5-day washout between treatments. For the 

smoke exposure experiments, male GAERS (n = 6) baseline recordings were followed by 

treatments (Mohawk, Mohawk + SR, and Treasure Island) in a randomized order with a minimum 

5-day washout between treatments. SR was injected at concentration of 3 mg/kg 30 min before 

smoke exposure (Chapter 4). Two animals from the THC injection experiment were also used for 

the smoke experiment after a 2-week washout. At the end of each experiment, animals were 

perfused, and electrode placements were confirmed. 

 

3.3.6 Experimental Design and Statistical Analysis 

The systemic THC and CBD experiments used within-subjects designs and were analyzed using 

two-way repeated measures ANOVA with factors of Treatment (vehicle, 0.3, 1.0, 3.0, and 10.0 
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mg/kg for THC; vehicle, 10.0, 30.0, and 100.0 mg/kg for CBD) and Time (hour 1, hour 2). Post 

hoc testing used Dunnett’s test with comparisons made versus vehicle. For each of the injection 

experiments, data were normalized relative to pre-treatment baseline recordings. The smoke 

exposure experiment used a within-subjects design and was analyzed using two-way repeated 

measures ANOVA with factors of Treatment (baseline, Mohawk, Mohawk + SR, and Treasure 

Island) and Time (hour 1, hour 2). Post hoc testing used Dunnett’s test and comparisons were made 

versus baseline. The smoke experiment data were analyzed as raw values. Statistics were 

calculated with GraphPad Prism version 8.4.2 with statistical significance set at p < 0.05. All 

values are reported as mean ± S.E.M., unless otherwise stated. 

3.4 Results 

3.4.1 THC dose-dependently increased SWDs in female and male GAERS 

Following i.p. administration of THC, EEGs were recorded for 2 h in female and male GAERS. 

THC substantially increased the number and duration of SWDs as demonstrated by 

representative traces recorded from a single animal (Figure 3.2). There were no significant sex 

differences in SWD incidence (F(1,45) = 0.27; p = 0.60) or total SWD duration (F(1,45) = 1.87; 

p = 0.18) nor were there any significant interactions (all p > 0.05). There were treatment effects 

of THC for both SWD incidence and duration (F(4,45) = 4.15, p = 0.006 and  F(4,45) = 22.80, p 

< 0.001 respectively). As there were no significant sex differences, females and males were 

pooled for further analysis. 

For SWD incidence, analyses identified an effect of Treatment (F(4,40) = 6.53, p < 0.001), with 

no significant effect of Time (F(1,10) = 2.03, p = 0.18) or interaction (F(4,40) = 0.36, p = 0.84). 

Post hoc testing revealed a significant >50% increase in SWD incidence during the first hour for 

the 3 mg/kg treatment of THC, and during second hour for both the 3 and 10 mg/kg doses of THC 

(all p < 0.05; Figure 3.3A). A similar effect was observed for total SWD duration where there was 

an interaction between Treatment and Time (F(4,40) = 3.55, p = 0.014). Post hoc testing revealed 

a significant >100% increase in SWD duration after the 3 and 10 mg/kg doses for the first hour 

and after the 1, 3, and 10 mg/kg doses for the second hour (all p < 0.05; Figure 3.3B). For average 

SWD duration, there were effects of Treatment (F(4,40) = 11.83, p < 0.001) and Time (F(1,10) = 

5.71, p = 0.038), but the interaction was not significant (F(4,40) = 1.22, p = 0.32). Post hoc testing 

revealed a significant >100% increase in average SWD duration after the 10 mg/kg dose of THC 

for the first hour, and after the 3 and 10 mg/kg doses for the second hour (all p < 0.05; Figure 
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3.3C). THC also produced a significant interaction in average SWD frequency (F(4,40) = 7.76, p 

< 0.001). However, in contrast to the other measures, post hoc testing revealed significant 

decreases in average SWD frequency after the 1, 3, and 10 mg/kg doses of THC for both the first 

and second hour (all p < 0.05; Figure 3.3D). Together, these data show that THC produces a dose-

dependent increase in the incidence of SWDs, total and average SWD duration, and a decrease in 

SWD oscillatory frequency.  
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3.4.1.1 Figure 3.2: Representative traces demonstrating increases in SWDs following 

treatment with different doses of THC 

 

All panels contain 30 min of raw EEG activity from the same animal 1 h after treatment with 

different doses of THC.   
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3.4.1.2 Figure 3.3: THC dose-dependently increased SWDs in female and male GAERS 

 

THC dose-dependently increased the number of SWDs recorded in female and male GAERS (total 

n = 11, n = 7 female). A. Systemic injections of THC increased the number of SWDs recorded. B. 

The 1, 3, and 10 mg/kg doses of THC increased total SWD duration by as much as 300%. C. the 

3 and 10 mg/kg doses of THC increased average SWD duration. D. The 1,3, and 10 mg/kg doses 

of THC dose-dependently decreased average oscillatory frequency. Data are presented as mean ± 

S.E.M. † = p<0.05, # = p<0.05, ‡ = p<0.05 for the 1, 3, and 10 mg/kg doses of THC relative to 

vehicle.  
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3.4.2 CBD dose-dependently reduced SWDs in male GAERS 

Following i.p. treatment with CBD, EEGs were recorded for 2 h in male GAERS. CBD did not 

significantly alter SWD incidence and there were no significant effects of Treatment (F(3,21) = 

2.85, p = 0.062) or Time (F(1,7) = 3.83; p = 0.091), nor was there a significant interaction (F(3,21) 

= 0.89; p = 0.462; Figure 3.4A). However, total SWD duration was decreased and there were 

significant effects of Treatment (F(3,21) = 9.13, p < 0.001) and Time (F(1,7) = 14.12, p = 0.007) 

with no significant interaction (F(3,21) = 2.31, p = 0.11). Post hoc testing determined that the total 

SWD duration was reduced by 25-50% during the entire recording period after 30 mg/kg of CBD, 

and during the second hour after 100 mg/kg of CBD (all p < 0.05; Figure 3.4B). Similarly, CBD 

decreased average SWD duration producing significant effects on Treatment (F(3,21) = 5.33, p = 

0.007) and Time (F(1,7) = 14.30, p = 0.007), although the interaction was not significant (F(3,21) 

= 2.37, p = 0.10). Post hoc testing revealed significant decreases during the second hour following 

the 30 and 100 mg/kg doses of CBD (all p < 0.05; Figure 3.4C). In contrast to THC, CBD did not 

alter SWD frequency (all p > 0.05).   
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3.4.2.1 Figure 3.4: CBD dose-dependently reduced SWDs in male GAERS 

 

CBD dose-dependently decreased SWDs recorded in male GAERS (n=8). A. There was a subtle 

but albeit non-significant decrease in the number of SWDs recorded in GAERS. B. The 30 and 

100 mg/kg doses of CBD decreased total SWD duration. C. Average SWD duration was also 

decreased by the 30 and 100 mg/kg doses of CBD. D. CBD did not change average SWD 

frequency. Data are presented as mean ± S.E.M. # = p<0.05, ‡ = p<0.05 for the 30 and 100 mg/kg 

doses of CBD relative to vehicle.  
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3.4.3 High-THC cannabis smoke increases SWD duration through a CB1R independent 

mechanism 

Following exposure to cannabis smoke, EEGs were recorded for 2 h in male GAERS. For SWD 

incidence there were no significant effects of Treatment (F(3,15) = 1.19, p = 0.35) or Time (F(1,5) 

= 2.44, p = 0.18), nor was there a significant interaction (F(3,15) = 0.12, p = 0.95; Figure 3.5A). 

There was, however, a Treatment effect in the total SWD duration (F(3,15) = 14.50, p < 0.001) 

and post hoc testing revealed that both the Mohawk and Mohawk + SR treatments, but not Treasure 

Island treatment, significantly increased total SWD duration for the entire recording period (all p 

< 0.05; Figure 3.5B). Similarly, there was a significant Treatment effect in average SWD duration 

(F(3,15) = 3.61, p = 0.038) and post hoc testing revealed increases in the first hour following 

Mohawk, and for the entire recording for Mohawk + SR, but not Treasure Island (all p < 0.05; 

Figure 3.5C). For average SWD frequency there were no significant effects of Treatment (F(3,15) 

= 1.61, p = 0.23) or Time (F(1,5) = 0.17, p = 0.70), nor was there a significant interaction (F(3,15) 

= 1.51, p = 0.25; Figure 3.5D).  
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3.4.3.1 Figure 3.5: The effects of smoked cannabis on SWDs in male GAERS 

 

The effects of smoked cannabis on SWDs in male GAERS (n=6). A. Mohawk subtly increased the 

number of the SWDs however this effect was not statistically significant. B. In contrast, there was 

a significant and substantial increase in total SWD duration following both Mohawk and Mohawk 

+ SR. C. Mohawk alone increased average SWD duration during the first hour, whereas Mohawk 

+ SR increased average duration for 2 h. D. All treatments subtly decreased average SWD 

frequency, but these effects were not significant. Data are presented as mean ± S.E.M. *= p<0.05 

and &= p<0.05 for Mohawk and Mohawk + SR relative to baseline.   
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3.5 Discussion 

3.5.1 THC increases SWDs in GAERS 

CB1Rs are located on the presynaptic membranes of both glutamatergic and GABAergic neurons. 

In normal function, endocannabinoids (i.e., AEA and 2-AG) released postsynaptically travel 

retrogradely across the synaptic cleft where they act as receptor agonists (Felder et al., 1995). 

Canonically, CB1Rs are Gαi/o-coupled whereby activation inhibits cAMP production and voltage-

gated Ca2+ channel activity and open inwardly rectifying K+ channels resulting in decreased 

neurotransmitter release from the presynaptic neuron. In addition to endocannabinoids, many 

phytocannabinoids (such as THC, a CB1R partial agonist) and synthetic molecules (such as 

WIN55,212-2 a CB1R full agonist) activate the CB1Rs. In recent reviews of preclinical seizure 

models, many studies using CB1R agonists observe biphasic effects, with anti-epileptic effects 

observed at low doses and pro-epileptic effects at high doses (Perucca, 2017; Rosenberg et al., 

2017; Smolyakova et al., 2020). In the present study, injected THC (i.p.) increased the number and 

duration of SWDs recorded in GAERS in a dose-dependent manner. It is possible very low doses 

(< 0.3 mg/kg THC) may decrease SWDs; however, this was not tested.  

The mechanism by which THC increases SWDs in GAERS is not known. We have previously 

observed reduced cortical CB1R expression in GAERS (Chapter 4); thus, activation by THC may 

disrupt the balance of excitatory and inhibitory activity in the cortex. However, this interpretation 

is complicated by the promiscuous nature of many cannabinoids, including THC. Cannabinoids 

are well-known to interact with receptors beyond CB1R such as orphan receptors (e.g., GPR18 

and GPR55), transient receptor potential channels (e.g., TRPV1), and even calcium channels 

(Chemin et al., 2001; Pertwee, 2008; Rosenberg et al., 2017; Ross et al., 2008; Smolyakova et al., 

2020). In the present study, we provide support for a CB1R-independent effect of THC on SWDs. 

In the smoke exposure experiments, co-administration of the CB1R antagonist SR failed to block 

the Mohawk- (and THC)-dependent increase in SWDs, and SR also appeared to potentiate the 

effects of THC, possibly through inverse agonism of the CB1R (Bergman et al., 2008). The lack 

of effect of SR in the present study contrasts with our previous findings where the same dose of 

SR blocked the effect of the CB1R PAM GAT229 and did not increase SWDs in isolation (Chapter 

4). The failure of SR to block the effect of THC in this study suggests that THC, or a different 

constituent in cannabis, may be exerting its effect at a site distinct from CB1R. One interesting 

possibility considering the T-type Ca2+ channel gain of function mutation in GAERS is direct 
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activity at that channel. Indeed, THC interacts with this channel, potentially altering its activity in 

such a way as to increase SWDs (Ross et al., 2008). Both THC and CBD inhibit T-type channels, 

but only THC increases calcium influx, whereas CBD may act more as a traditional antagonist. 

However, as enticing as this explanation may be, we acknowledge that further research is needed 

before a more substantial conclusion can be drawn. In particular, use of different CB1R agonists 

and antagonists as well as T-type Ca2+ channel blockers would provide valuable evidence toward 

potential mechanisms. 

The THC-induced increase in SWDs supports previous studies conducted in the WAG/Rij 

model of AE. Using the full CB1R agonist WIN-55,212-2, researchers have reported moderate 

anti-epileptic effects but have also observed concerning rebounds and increases in seizure events 

(Citraro et al., 2013b; Citraro et al., 2013a; Perescis et al., 2020; Smolyakova et al., 2020; van Rijn 

et al., 2010). Although these studies were conducted in a different model using a more potent 

synthetic agonist, they appear consistent with our findings in GAERS. Together, these studies raise 

concerns about the suitability of cannabinoids, particularly CB1R agonists, in the treatment of AE. 

However, it should be noted that THC and other CB1R agonists still hold therapeutic potential as 

positive results have been observed using these models (Citraro et al., 2013b; Citraro et al., 2013a; 

van Rijn et al., 2010). 

3.5.2 CBD reduces SWDs in GAERS 

In contrast to the substantial increase in SWDs following THC injection, treatment with CBD 

produced a modest but significant decrease in SWDs. Interestingly, the CBD-induced decrease in 

total SWD duration does not appear to be driven by a single factor (e.g., reduction of SWD 

incidence or decrease in average SWD duration) but rather by a composite of the two. Unraveling 

these effects is complicated by the fact that the mechanisms through which CBD exerts its anti-

epileptic effects in other models are largely unknown (Perucca, 2017; Rosenberg et al., 2017). 

CBD has weak affinity for CB1R and CB2R and thus one explanation is that CBD may produce 

anti-epileptic effects through activity at other sites (e.g., TRPV1 or GPR55; see (Perucca, 2017; 

Rosenberg et al., 2017). Although other studies have identified anti-epileptic effects of CBD in 

models of epilepsy (Perucca, 2017; Rosenberg et al., 2017), it has not previously been tested in the 

GAERS or WAG/Rij models. While both GAERS and WAG/Rij display generalized seizures, 

these may be differently affected by CBD compared to focal seizure models. As a result, and 
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together with the fact that the current study observed only a moderate decrease in SWDs after high 

doses of injected CBD, further experiments are warranted. 

 

3.5.3 Comparing high-THC ‘Mohawk’ to high-CBD ‘Treasure Island’ cannabis in GAERS 

Experiments with injected cannabinoids provide valuable information to understand the 

mechanisms and biochemistry of the ECS as it relates to epilepsy. However, as cannabis is 

commonly consumed by smoking dried flowers, it is imperative that studies also explore the effects 

of different strains of cannabis applied via the inhalation of smoke. Studies using cannabis plants 

create several challenges for researchers as the relative quantities of the constituents may vary 

between batches and strains, and many potentially active phytocannabinoids remain unknown or 

poorly characterized (Ondřej Hanuš et al., 2016; Sawler et al., 2015). Furthermore, in many 

jurisdictions access to cannabis is restricted; therefore, the strains and other products available are 

unknown or poorly characterized. In the present study, we demonstrated clear differences between 

2 well characterized strains that differ in their THC and CBD concentrations and ratios. Exposure 

to smoke from Mohawk, a high-THC and low-CBD strain, produced a significant increase in 

SWDs that was not observed after exposure to Treasure Island, a low-THC and high-CBD strain. 

These results are consistent with the systemic THC experiment suggesting the pro-epileptic effect 

of THC does not depend on the route of administration. Additionally, it is important to note that 

Treasure Island did not demonstrate an anti-epileptic effect as was observed in the systemic CBD 

experiment. As the same protocol was used for both strains, and Mohawk produced the same effect 

that was observed in the injected THC experiment, we can conclude that the exposure protocol 

was effective. Conversely, as only Mohawk altered the incidence of SWDs, we conclude that 

smoke-exposure alone did not alter SWDs. 

One possibility for the failure of Treasure Island to reduce SWDs is that even in this relatively 

high-CBD strain, ingestion of smoke resulted in CBD levels that were insufficient to reach the 

levels required for an antiepileptic effect (between 30-100 mg/kg i.p. in this study). In addition, 

differences in metabolism between the two methods of delivery could contribute to their different 

effects. Another possible explanation is that these strains differ in concentrations of other 

phytocannabinoids as well (such as cannabidivarin and cannabichromene), some of which have 

demonstrable antiepileptic effects in other models (Perucca, 2017; Rosenberg et al., 2017). Indeed, 
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review of the supplier’s material suggests that these strains differ in their terpene profiles, some of 

which may have therapeutic effects (Nuutinen, 2018; Oliveira et al., 2016; Russo, 2011). The 

potential contribution of minor constituents (i.e., other cannabinoids and terpenes) in cannabis 

should be quantified and investigated directly in future studies. Clearly, any effects or proposed 

mechanisms must leave room for the possibility of yet unknown interactions or components of 

cannabis strains. 

3.6 Conclusions 

The phytocannabinoids THC and CBD exert differential effects on SWDs in GAERS. THC 

administered i.p. dramatically increases the presence and duration of SWDs, whereas CBD 

produces a modest but significant reduction in SWDs. Using a novel smoke exposure protocol, an 

increase in SWDs was also observed following exposure to smoke from a high-THC strain of 

cannabis. In contrast, smoke from a high-CBD strain failed to produce anti-epileptic effects as 

observed after i.p.  injection. Together these experiments indicate that targeting the ECS via 

different cannabinoids and routes of administration has distinct effects on seizures in GAERS. 

Future research should continue to investigate these areas for therapeutic development in epilepsy 

and harm reduction more generally.  
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4. EXPERIMENT 3: Positive allosteric modulation of type 1 cannabinoid receptors 

reduces absence seizures in Genetic Absence Epilepsy Rats from Strasbourg. 

 

 

Roebuck, AJ., Greba, Q., Smolyakova, AM., Alaverdashvili, M., Marks, WN., Garai, S., Baglot, 

S., Petrie, G., Cain, SM., Snutch, TP., Thakur, GA., Hill, MN., Howland, JG., Laprairie, RB 

(2020). Positive allosteric modulation of type 1 cannabinoid receptors reduces absence seizures in 

Genetic Absence Epilepsy Rats from Strasbourg. British Journal of Pharmacology. Under Review. 

 

Roebuck organized and led the experiments, collected and analyzed data, and co-wrote the 

manuscript; Greba performed the surgeries and assisted with all data collection; Smolyakova 

collected and analyzed receptor data; Alaverdashvili collected and analyzed receptor data; Marks 

assisted with tissue collection and edited the manuscript; Garai synthesized the GAT compounds; 

Baglot and Petrie collected endocannabinoid data; Cain developed the seizure analysis software 

and provided training; Snutch provided the original animals and edited the manuscript; Thakur 

oversaw synthesis of the GAT compounds and edited the manuscript; Hill oversaw collection of 

endocannabinoid data and edited the manuscript; Howland supervised the experiments and co-

wrote the manuscript; Laprairie supervised the experiments and co-wrote the manuscript. A 

revision has been submitted to the British Journal of Pharmacology. 
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4.1 Abstract 

Background and Purpose: 

Childhood Absence Epilepsy (CAE) accounts for approximately 10% of all pediatric epilepsies. 

Current treatments for CAE are ineffective in approximately 1/3 of patients and can be associated 

with severe side effects such as hepatotoxicity. Certain cannabinoids, such as cannabidiol (CBD), 

have shown promise in the treatment of pediatric epilepsies. However, CBD remains limited or 

prohibited in many jurisdictions, and has not been shown to have efficacy in CAE. Modulation of 

the type 1 cannabinoid receptor (CB1R) may provide more desirable pharmacological treatments. 

Experimental Approach: 

Genetic Absence Epilepsy Rats from Strasbourg (GAERS) model many aspects of CAE, including 

cortical spike and wave discharges (SWDs). Here, we characterized aspects of the ECS in brain 

areas relevant to seizures in GAERS and tested whether positive allosteric modulators (PAMs) of 

CB1R reduced SWDs.  

Key Results: 

Both female and male GAERS had reduced (>50%) expression of CB1R and elevated levels of 

the endocannabinoid 2-AG in cortex compared to non-epileptic controls (NEC). We then 

administered the CB1R PAMs GAT211 and GAT229 to GAERS implanted with cortical 

electrodes. Systemic administration of GAT211 to male GAERS dose-dependently reduced SWDs 

by 40%. Systemic GAT229 administration dose-dependently reduced SWDs in female and male 

GAERS. Intracerebral infusion of GAT229 into the cortex of male GAERS reduced SWDs by 

>60% in a CB1R-dependent manner that was blocked by SR141716A.  

Conclusion and Implications: 

Together, these experiments identify altered endocannabinoid tone in GAERS and suggest that 

CB1R PAMs should be explored for treatment of absence seizures. 
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4.2 Introduction 

Childhood Absence epilepsy (CAE) is a developmental epilepsy syndrome characterized by short 

(~10-20 sec) lapses in awareness occurring mainly in children 4-14 years of age. Absence seizures 

coincide with these lapses and present on cortical electroencephalogram (EEG) as a series of 

generalized 3-5 Hz spike-and-slow wave discharges (SWDs). Absence seizures have been linked 

to T-type calcium (Ca2+) channel dysfunction and alterations in thalamocortical circuits (Cain & 

Snutch, 2013b; Heron et al., 2007; Singh et al., 2007b). Two widely accepted treatments for CAE 

are ethosuximide, which can produce drowsiness, insomnia, and confusion; and valproic acid, 

which is hepatotoxic (Brigo et al., 2018). Both of these medications are only efficacious towards 

managing absence seizures in about 2/3 of patients (Glauser et al., 2010). Thus, novel treatments 

are needed that better manage CAE and do not produce serious adverse side-effects.  

Many characteristics of absence seizures in humans are present in Genetic Absence Epilepsy 

Rats from Strasbourg (GAERS), an animal model of spontaneously occurring SWDs. In GAERS, 

SWDs originate in somatosensory cortex (Polack et al., 2007) where the generation of seizures is 

linked to inheritance of a gain of function mutation in T-type Ca2+ channels (Powell et al., 2009). 

Importantly, adult GAERS have high predictivity for anti-epileptic drugs in CAE (Depaulis et al., 

2016). GAERS also display comorbidities resembling aspects of CAE including altered learning 

and memory, sociability impairments, cognitive impairments, and heightened anxiety (Henbid et 

al., 2017; Jones et al., 2008; Marks et al., 2016b; Marks et al., 2016a; Roebuck et al., 2020). 

Blockade of T-type Ca2+ channels with the selective high affinity antagonist Z944 decreases SWD 

generation and duration in GAERS (Tringham et al., 2012), and improves behavioural 

comorbidities (Henbid et al., 2017; Marks et al., 2016a; Marks et al., 2019b).  

In addition to direct ion channel involvement, there is considerable interest regarding the 

contribution of the endocannabinoid system (ECS) to seizure generation and epilepsies due to ECS 

regulation of neurotransmitter release and synaptic pruning (Ligresti et al., 2016). Unlike Lennox-

Gastaut and Dravet epilepsies, cannabidiol (CBD) has not shown efficacy in the treatment of CAE; 

therefore, other ECS-based strategies warrant investigation (Devinsky et al., 2017; Thiele et al., 

2018). In the cortex, type 1 cannabinoid receptors (CB1R) are the most-abundant GPCR and are 

predominantly localized to neuronal pre-synaptic terminals (Ligresti et al., 2016). Activation of 

CB1R by the endogenous cannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) 

inhibits cAMP production and attenuates neurotransmitter release (Chemin et al., 2001; Ligresti et 
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al., 2016). In the GAERS model the ECS has not been assessed. Therefore, we first sought to 

characterize it in brain regions relevant to absence seizures and behaviour: the cortex, thalamus, 

cerebellum, and hippocampus (HPC).  

Because of the neuromodulatory role of CB1Rs there is interest in whether they represent 

therapeutically tractable targets for many types of epilepsy including CAE (Citraro et al., 2013b; 

Citraro et al., 2013a; van Rijn et al., 2010). Clinically efficacious CB1R-targeted synthetic 

compounds have yet to be developed (Alaverdashvili & Laprairie, 2018). Available CB1R 

orthosteric agonists [e.g. AEA, WIN55,212, and Δ9-tetrahydrocannabinol (THC)] have 

anticonvulsive properties but also produce undesirable side effects (e.g. intoxication) and may be 

pro-convulsive at high doses (Citraro et al., 2013a; Perescis et al., 2020; Rosenberg et al., 2017). 

Positive allosteric modulators (PAMs) bind GPCRs on a site distinct from the orthosteric site, 

enhancing the affinity and efficacy of the orthosteric ligand. PAMs lack intrinsic efficacy and 

cannot activate the receptor in the absence of orthosteric ligand. We hypothesized that targeting 

the allosteric site of CB1R may yield anti-seizure effects with a reduced likelihood for dependence, 

tolerance, and adverse on-target consequences associated with orthosteric CB1R ligands. GAT211 

is a CB1R-selective allosteric agonist/PAM (ago-PAM) and racemic mixture of GAT228 (R-

enantiomer and allosteric agonist) and GAT229 (S-enantiomer and pure PAM) (Laprairie et al., 

2017; Laprairie et al., 2019). We treated GAERS with either GAT211 or GAT229, compounds 

that have shown promise as treatments in rodent models of neuropathic pain and Huntington’s 

Disease (Laprairie et al., 2019; Shekhar & Thakur, 2017; Slivicki et al., 2018; Trexler et al., 2019). 

Our results identify region-specific alterations of the ECS in the cortex of GAERS and provide the 

first evidence that positive allosteric modulation of CB1R reduces the occurrence and duration of 

SWDs. 

 

4.3 Materials and Methods 

4.3.1 Subjects 

The GAERS model was utilized in this study because it displays several characteristics of human 

CAE (Henbid et al., 2017; Marks et al., 2016b; Marks et al., 2019b). Female and male GAERS 

(n=101 total, n=37 female) and Non-Epileptic Controls (NEC; n=45 total, n=23 female) were bred 

and housed as previously described (Marks et al., 2016b). GAERS and NEC were raised in 

identical conditions and we have recently confirmed that NEC do not from our colony do not have 
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SWDs (Marks et al., 2016b). Animals were maintained on 12 h light/dark cycle with lights on at 

0700. Animals had access to food and water ad libitum except during testing. All experiments were 

conducted in adult, age matched, GAERS and NEC (3-8 months). Group sizes were determined 

based on previous experiments conducted in our lab (Marks et al., 2016b; Marks et al., 2019b) and 

availability of age, strain, and litter matched animals. Behavioural experiments were conducted on 

well-handled adult animals unless otherwise stated. Experiments were conducted in accordance 

with the standards of the Canadian Council on Animal Care and the University of Saskatchewan 

Animal Research Ethics Board and are in keeping with the ARRIVE guidelines (Kilkenny et al., 

2010). 

4.3.2 Materials 

 

GAT211 and GAT229 were synthesized in the laboratory of Dr. Ganesh Thakur (Northeastern 

University, Boston, MA). The complete chemical synthesis of these compounds can be found in 

Laprairie et al. (2017). All other material suppliers are listed below. 

 

4.3.2.1 Characterization of the ECS in GAERS and NEC 

Protein Purification. All materials and reagents were from Fisher Scientific (Ottawa, ON) unless 

otherwise noted. GAERS (n=20) and NEC (n=23) were treated with either GAT211 (10 mg/kg 

i.p.) or vehicle and decapitated 2 h post-injection. Brains were dissected and immediately frozen 

in liquid nitrogen and stored at -80ºC until use. Brain regions were homogenized in modified RIPA 

buffer (50 mM Tris-base, 150 mM NaCl, 1 mM EDTA, 1% Nonidet-P40, 0.5% Na-deoxycholate, 

0.1% SDS; pH 7.4), with the addition of phosphatase inhibitor (1 mM PMSF, 2 mM Na-

orthovanadate, 5 mM NaF, and 5 mM of Na-pyrophosphate), and protease inhibitor (Roche, 

Oakville, ON; Cat# 04693132001). Samples were centrifuged at 1,000 x g, 4°C, 10 min; 

supernatant was collected, and protein concentration measured using the BCA Protein Assay Kit 

(Cat# 23227).  

[3H]SR141716A Displacement. Assays were carried out with [3H]SR141716A and Tris binding 

buffer (50 mM Tris–HCl, 50 mM Tris–Base, 0.1% BSA, pH 7.4), total assay volume 500 µL, using 

the filtration procedure described previously by Ross et al. (1999) and Baillie et al. (2013). Binding 

was initiated by the addition of membranes from rat brain tissue (50 µg protein per well). All 

assays were performed at 37°C for 60 min before termination by the addition of ice-cold Tris 

binding buffer, followed by vacuum filtration using a 24-well sampling manifold (Brandel Cell 
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Harvester; Brandel Inc, Gaithersburg, MD, USA) and Brandel GF/B filters. Each reaction well 

was washed six times with a 1.2 mL aliquot of Tris-binding buffer. The filters were oven-dried for 

60 min and then placed in 3 mL of scintillation fluid (Ultima Gold XR, PerkinElmer, Guelph, ON). 

Radioactivity was quantified by liquid scintillation spectrometry. Specific binding was defined as 

the difference between the binding that occurred in the presence and absence of 1 µM unlabelled 

SR141716A. The concentration of [3H]SR141716A used in our displacement assays was 1.0 nM 

(Figure 4.S1). 

SDS-PAGE and Immunostaining. Samples were diluted to final concentrations in 2X Laemmli 

Sample buffer containing 50 µL β-mercaptoethanol and boiled at 95°C for 10 min prior to SDS-

PAGE. Forty (GAD67; Sheikh et al., 1999) or 70 µg (CB1R) of protein were loaded per well in 

10% tris-glycine polyacrylamide gels (Cat# XP00102BOX). Proteins were resolved at 75 V for 20 

min followed by 125 V for 60 min with running buffer containing 25 mM Tris-base, 190 mM 

glycine, and 0.1% SDS (pH 7.4). Proteins were transferred onto 0.2 µm nitrocellulose membranes 

at 100 V for 1 h at room temperature with transfer buffer containing 25 mM Tris-Base, 192 mM 

glycine, and 100 mM MeOH (pH 7.4). 100% pure nitrocellulose membranes (0.2 µm pore, 

ThermoFisher Scientific, Cat# 45-004-004) were then blocked for 1 h at room temperature with 

tris-buffered saline (TBS) containing 20% Odyssey Blocking Buffer (Li-Cor Biosciences, Lincoln, 

NE), and 0.1% Triton X-100 (Sigma-Aldrich, Mississauga, ON). For immunostaining, membranes 

were incubated overnight at 4°C with the following primary antibodies: (i) rabbit polyclonal anti-

CB1R antibody directed against the first 99 amino acids of the receptor and diluted 1:500 (Sigma-

Aldrich, IgG, Cat# C1108, lot# SLCD8394); or (ii) rabbit polyclonal anti-GAD67 antibody 

directed against amino acids 460-514 of the protein and diluted 1:1,000 (ThermoFisher, IgG, Cat# 

PA5-36054, RRID AB-2553347, lot# RF22108661); and (iii) mouse monoclonal anti-β-actin 

antibody directed against an N-terminal immunogen of the protein and diluted 1:10,000 

(ThermoFisher, IgG, clone BA3R, Cat# MA5-15739, RRID AB-1099409, lot# PJ210634). 

Membranes were washed once for 30 min, three times for 5 min, and once for 10 min in TBS 

containing 0.01% Tween-20 at room temperature. Membranes were then incubated with the 

following secondary antibodies: (i) goat polyclonal anti-rabbit IgG IRDye800-conjugated 

antibody diluted 1:500 (Li-Cor Biosciences, IgG, Cat# P/S 926-32210, RRID AB-2687825, lot# 

C50113-18) or goat polyclonal anti-mouse IgG IRDye680-conjugated antibody diluted 1:500 (Li-

Cor Biosciences, IgG, Cat# P/N 925-68070, RRID AB-2651128, lot# C50113-17) for 1 h at room 
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temperature. All primary and secondary antibodies were diluted in 20% Odyssey Blocking Buffer 

containing 0.1% Triton X-100 diluted in TBS. All antibody dilutions were made fresh on the day 

of immunostaining and were not reused. Membranes were washed again once for 30 min, three 

times for 5 min, and once for 10 min in TBS containing 0.01% Tween-20 at room temperature, 

protected from light, then rinsed once in dH2O. Membranes were visualized using the Odyssey 

Imaging System® and software (Li-Cor Biosciences). Densitometry analyses and quantification 

were performed using Image-J by a user who was blinded to sample source and was only told 

which size band(s) to quantify.  

Final concentrations for all primary and secondary antibodies are as listed above. Antibodies 

directed against GAD67 and CB1R were initially validated using a serial dilution approach for 

primary antibody dilutions ranging from 1:1,000 – 1:5,000 for GAD67 and 1:500 – 1:2,500 for 

CB1R. The specificity and analysis of the CB1R band appearing at 54 kDa was validated using a 

CB1R blocking peptide representing the first 14 amino acids (Cayman Chemical, Cat# 301500, 

received 18/01/2019) diluted 1:200 and incorporated into the primary antibody incubation for these 

experiments. Additional validation was not conducted for the primary antibody directed against 

the loading control β-actin or the secondary antibodies, as we have utilized these reagents 

successfully in the past (Laprairie et al., 2017). Representative images of antibody validation can 

be found in Figure 4.S2. Our analyses of immunohistochemical data are in keeping with the 

recommendations and guidelines of the British Journal of Pharmacology, including the use of 

serial dilution and blocking peptides where available as controls, full images provided to all 

reviewers, no merging of images, normalization to loading controls and statistical comparisons 

within the same immunoblots only, and quantitation of band density within the linear range of 

assay detection (Alexander et al., 2018). 

Endocannabinoid Quantification. Brain tissue was harvested according to established protocols 

in female and male GAERS and NEC (n=11/group/sex, n=44 total)(Morena et al., 2015). Briefly, 

rats were decapitated, and brains removed on ice. Cortex, thalamus, HPC, and cerebellum were 

surgically excised on ice and immediately frozen on dry ice. The time of tissue collection was < 5 

min in all cases. Frozen tissue was weighed and transferred into a borosilicate glass tubes 

containing 2 mL ice-cold acetonitrile spiked with 5 pmol of [2H8] AEA and 5 nmol of [2H8] 2-

AG for extraction. Tissue was homogenized manually, followed by sonication in an ice–water bath 

for 30 min. Homogenates were kept at –20 °C overnight to precipitate proteins. Samples were then 
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centrifuged at 1,500 x g for 3 min. The supernatants were removed, transferred to a new glass tube, 

and dried under a stream of N2 gas. Samples were reconstituted in 300 µL of acetonitrile and dried 

again under N2 gas. Lipid extracts were suspended in 20 µL of acetonitrile and stored at -80°C. 

Analysis of AEA and 2-AG was performed by liquid chromatography mass spectrometry analysis 

according to Dincheva et al., (2015). Analyses were performed by a user who was blinded to 

sample source.  

4.3.2.2 Effects of GAT221 and GAT229 on Spike-and-Wave Discharges in GAERS 

Surgery. Construction and implantation of electrodes and chemitrodes (electrodes affixed to guide 

cannula) proceeded according to established protocols (Farrell et al., 2018; Scott et al., 2019). 

Briefly, surgeries were performed under isoflurane anesthesia. A single injection of anafen (5 

mg/kg, i.p.) was administered immediately before surgery for pain management. Animals were 

allowed one week to recover before habituation and testing. For systemic GAT211 and systemic 

GAT229 experiments, bipolar electrodes were chronically implanted unilaterally in cortex (A/P 

2.3 mm, M/L 1.5 mm, D/V -2.5 mm, relative to bregma) and in the contralateral HPC (A/P -3.00 

mm, M/L 0.50 mm, D/V -3.50 mm). For infusion experiments, chemitrodes were implanted 

bilaterally in cortex (A/P 2.3 mm, M/L 1.5 mm, D/V -2.5 mm). Implants were secured with 3.2 

mm stainless screws (one also serving as a ground) and dental cement.  

Drug Preparation. The synthesis and characterization of GAT211 and GAT229 was carried out 

as described in Laprairie et al. (2017). GAT211 and GAT229 for systemic injection (i.p.) were 

prepared in a solution of saline, ethanol, and Kolliphor (Sigma Aldrich) at a 3:1:1 ratio and injected 

at a volume of 5.5 mL/kg. For infusion experiments, GAT229 was prepared in a room temperature 

solution of saline, ethanol, and Kolliphor at a 3:1:1 ratio, 0.3 µL of solution was delivered at a rate 

of 0.15 µL/min (Scott et al., 2019). Following the infusion, the infusion needles were left in place 

for 2 minutes to allow drug to diffuse into cortical tissue. SR141716A (Tocris, Oakville, ON) was 

prepared in a solution of saline, ethanol, and Kolliphor at a 6:1:1 ratio and injected (i.p.) at a 

volume of 5.5 mL/kg. 

EEG Recording and Analysis. Local field potentials (LFP) were acquired by tethered EEG 

[Grass Technologies (Farrell et al., 2018)]. LFP signals were amplified 5,000x and digitized at 100 

Hz. Recordings occurred in two 32 cm x 32 cm clear Plexiglas boxes. EEG was recorded and 

analyzed for 1 h pre-treatment and 2 h post-treatment with a minimum 3-day washout between 

treatments. For all EEG experiments, recording began approximately 20 min post treatment. 
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Behaviour was monitored and animals were prevented from sleeping by a gentle rapping upon the 

chamber door, as necessary.  

SWDs were identified using a MATLAB script (MathWorks) developed by Dr. Stuart Cain 

and Jeff LeDue at the University of British Columbia (Download: 

https://ninc.centreforbrainhealth.ca/sites/default/files/eeg.zip). SWDs were defined as a burst > 3x 

baseline amplitude with a frequency between 7-12 Hz, lasting > 0.5s (Marks et al., 2016a; Powell 

et al., 2009). SWDs were analyzed semi-automatically with the script and manually confirmed. 

Analysis was split between three experimenters and files were coded before analysis. One 

experimenter was involved in recording, the other two were fully blind. A subset of recordings 

were analyzed by blinded reviewers and interrater reliability was confirmed (Figure 4.S3). To 

account for individual variability, SWD data are reported as normalized values relative to untreated 

baseline. To provide an indication of the degree of change, data are also reported and as the total 

number of SWD that occurred during the 2 h post-treatment recording period. Normalization was 

calculated as the % change from pre-treatment baseline data. 

For the GAT211 experiments, male GAERS (n=10) were implanted with electrodes in cortex 

and HPC (Farrell et al., 2018). Treatments (vehicle and one of 3 or 10 mg/kg GAT211) and 

baseline recordings were conducted in a randomized order with a minimum 3-day washout 

between treatments. For the GAT229 experiments, female (n=8) and male (n=8) GAERS were 

implanted with electrodes in cortex and HPC (Farrell et al., 2018). One male rat was euthanized 

when the headcap became loose. Treatments (vehicle, 1, 3, and 10 mg/kg GAT229) and baseline 

recordings were conducted in a randomized order with a minimum 3-day washout between 

treatments. At the end of each experiment, animals were perfused, and electrode placements were 

confirmed. 

For the GAT229 infusion experiment, chemitrodes were implanted in the cortex of male 

GAERS (n=14). Six animals were used to produce a dose-response curve. One rat was euthanized 

and perfused before completing all treatments and data for this animal were not analyzed. 

Treatments (vehicle, 125 µM, 250 µM, 500 µM, 1,000 µM GAT229) and baseline recordings were 

conducted in a randomized order with a minimum 3-day washout between treatments. For the 

SR141716A challenge (n=8), each animal received 4 treatments (vehicle + vehicle, vehicle + 1,000 

µM GAT229, 3.0 mg/kg SR141716A + vehicle, 3.0 mg/kg SR141716A + 1,000 µM GAT229) 
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with the treatment order randomized. At the end of each experiment, animals were perfused, and 

chemitrode placements were confirmed. 

4.3.2.3 Effects of GAT229 on Behavior in a Modified Tetrad 

Female and male GAERS were tested on a modified tetrad (n=20 total, n=10 female). Briefly, 

immobility, temperature, and locomotor activity were measured after vehicle or GAT229 treatment 

(1, 3, 10 mg/kg). Immobility was measured using the bar hold test by measuring the stepdown 

latency from a suspended bar (10.5 cm). Reported values represent the sum of 3 trials. Temperature 

was acquired using a rectal thermometer after a stable reading for 10 sec. Locomotor activity was 

recorded (EthoVision) during a 10 min open field test (OFT) conducted in a circular arena 

(diameter = 1.5 m, inner diameter 1.0 m). Test order was consistent: bar hold, temperature, OFT, 

at 10, 15, and 20 min post-treatment, respectively. Treatment order was randomized with all 

animals receiving all conditions. To limit order effects, animals were well handled and habituated 

to the modified tetrad 4 times before testing began. Analgesia was not assessed as previous studies 

in our lab have found altered pain responses in GAERS compared to NEC (Marks et al., 2016b). 

4.3.2.4 Experimental Design, Data Analysis, and Statistical Analysis 

Data for immunostaining were normalized to β-actin within sample and membrane, in 

accordance with the guidelines of the British Journal of Pharmacology (Alexander et al., 2018). 

Statistical analyses were first conducted by two-way analysis of variance (ANOVA) with factors 

of sex (female, male) and strain (NEC, GAERS). Post-hoc analyses were conducted with Tukey’s 

test. No significant differences in GAD67 or CB1R levels were observed between: (1) vehicle-

treated rats and rats treated with GAT211 and (2) female and male rats. Data were pooled across 

sex and analyzed using 2-tailed independent samples t-test (Welch’s). Endocannabinoid analysis 

used a between-subjects design. Analysis was conducted using two-way ANOVA with factors of 

sex (female, male) and strain (NEC, GAERS). Post-hoc analyses were conducted with Tukey’s 

test.  Immunostaining and endocannabinoid data are displayed as scatter plots with bars for the 

mean ± S.E.M. overlaid (Figures 4.1, 4.2), in accordance with the guidelines of the British Journal 

of Pharmacology (George et al., 2017). 

The GAT211 experiments used a mixed-model design with a within-subjects factor of 

treatment (vehicle, GAT2111) and a between-subjects factor of dose (3 or 10 mg/kg GAT211). 

Data were normalized to baseline and analyzed through two-way ANOVA. Post-hoc analyses were 

made versus vehicle using Bonferroni’s multiple comparisons test. The systemic GAT229 
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experiments used a within-subjects design with factors of treatment and time. Normalized data 

were analyzed using two-way ANOVA with factors of treatment (vehicle, 1, 3, and 10 mg/kg 

GAT229) and time (pre, post hour 1, post hour 2). Post-hoc analyses were made versus vehicle 

using Dunnett’s multiple comparisons test. Raw post-treatment data were analyzed through one-

way ANOVA and post-hoc analyses were made versus vehicle using Dunnett’s multiple 

comparisons test. 

The GAT229 infusion experiment used a within-subjects design and normalized data were 

analyzed using two-way ANOVA with factors of treatment (vehicle, 125 µM, 250 µM, 500 µM, 

and 1,000 µM GAT229) and time (pre, post hour 1, post hour 2). The SR141716A challenge used 

a within-subjects 2x2 design with factors of injection [vehicle or 3.0 mg/kg SR141716A (i.p.)] and 

infusion (vehicle or 1,000 µM GAT229). Statistical analyses used two-way ANOVA. Post-hoc 

analyses were made versus vehicle using Dunnett’s multiple comparisons test. The modified tetrad 

used a mixed-model design with a within-subject factor of treatment (vehicle, 1, 3, and 10 mg/kg 

GAT229) and between-subjects factor of sex (female, male). Post-hoc analyses were made versus 

vehicle using Dunnett’s multiple comparisons test. 

Dose-response analyses were conducted by normalizing data such that 0% represented the 

baseline score per animal and 100% represented the maximum possible effect for each observable 

endpoint (e.g. complete inhibition of SWD). Normalized data were fit to a [agonist] versus 

response nonlinear regression model (4 parameter) with GraphPad Prism version 8.4.2 to 

determine potency (ED50) and efficacy (Emax). 

Statistics were calculated with GraphPad Prism version 8.4.2. Statistical significance set at 

p ≤ 0.05. Post hoc testing was not performed unless p ≤ 0.05. All groups sizes refer to independent 

values and statistical analysis was not performed when n < 5. All values are reported as mean ± 

S.E.M., unless otherwise stated. All analysis was performed on complete data sets and no outliers 

were removed. We have made every effort to comply with the recommendations and requirements 

on experimental design and statistical analysis set by the British Journal of Pharmacology (Curtis 

et al., 2018). 

4.4 Results 

4.4.1 Region Specific Alterations in the ECS in Cortex and Hippocampus 

Spike-and-slow wave discharges in GAERS are associated with a missense mutation in the 

Cav3.2 T-type Ca2+ channel not found in NEC rats (Powell et al., 2009; Proft et al., 2017). 
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Additional yet-to-be-defined alterations in GAERS physiology likely contribute to ictogenesis and 

behavioural comorbidities (Cope et al., 2009; Depaulis et al., 2016; Powell et al., 2009; Proft et 

al., 2017). We hypothesized that dysregulation of the ECS may contribute to seizure activity in 

GAERS. Since no studies have directly investigated the ECS in GAERS, we first characterized 

levels of the GABA-synthesizing enzyme GAD67, CB1R expression, and AEA and 2-AG 

concentrations in brain regions relevant to absence epilepsy and behaviour: cortex, HPC, thalamus, 

and cerebellum (Figures 4.1, 4.2).  

GAD67 levels were lower in the cortex of GAERS compared to NEC (p < 0.05; Figure 

4.1A,B). In contrast, in the HPC, thalamus, and cerebellum there were no detectable differences 

in GAD67 protein levels between GAERS and NEC (all p > 0.05; Figure 4.1C-E). CB1R protein 

levels were lower in the cortex and HPC (all p < 0.05; Figure 4.1F-I), but unaffected in the 

thalamus and cerebellum (p > 0.05; Figure 4.1H-J), of 3-4 month old GAERS as compared to age-

matched NEC. Binding of [3H]SR141716A to CB1R was reduced in the cortex of 3-4 month old 

GAERS as compared to age-matched NEC (p < 0.05; Figure 4.S1). Sex-dependent differences 

were not observed for either CB1R or GAD67 expression in any brain region. CB1R and GAD67 

expression were not altered 2 h post-treatment with 10 mg/kg GAT211 (data not shown). 

2-AG levels were greater in the cortex (p < 0.05; Figure 4.2A), HPC (p < 0.05; Figure 4.2C) 

and cerebellum (p < 0.05; Figure 4.2D) of GAERS compared to NEC. AEA levels were greater in 

the cerebellum of GAERS compared to NEC (p < 0.05; Figure 4.2H). Females of both strains 

exhibited lower hippocampal AEA relative to males (p < 0.05; Figure 4.2G).   
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4.4.1.1 Figure 4.1: Expression of GAD67 and CB1R relative to β-actin in cortex, thalamus, 

hippocampus, and cerebellum of NEC and GAERS 

 

Expression of GAD67 (A-E) and CB1R (F-J) relative to β-actin in cortex, thalamus, 

hippocampus, and cerebellum of NEC and GAERS strains. Tissue collected from female and 

male rats was analyzed by western blot. GAD67 (40 µg/sample) and CB1R (70 µg/sample) 

optical densities were normalized to β-actin within sample. (A) Representative GAD67 western 

blot from cortex. Region-specific decreases in GAD67 levels were observed in cortex (B), but 

not thalamus (C), hippocampus (D), or cerebellum (E). (F) Representative CB1R western blot 

from cortex. Region-specific decreases in CB1R levels were observed in cortex (G) and 

hippocampus (I), but not thalamus (H) or cerebellum (J). Sex-dependent differences were not 

observed for GAD67 or CB1R expression in any brain region. Data are presented as the mean ± 

S.E.M., n = 6-11/group for combined data, n = 3-6/group for individual sexes. Statistical 

analyses were not conducted if n < 5. *p < 0.05 as determined by two-way ANOVA followed by 

Tukey’s post-hoc test.   
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4.4.1.2 Figure 4.2: Region-specific alterations in endocannabinoid concentrations in female 

and male NEC and GAERS 

 

Region-specific alterations in endocannabinoid concentrations in female and male NEC and 

GAERS. 2-AG and AEA abundance was quantified by HPLC MS/MS. Region-specific increases 

in 2-AG levels were observed in cortex, hippocampus, and cerebellum (A,C,D), but not thalamus 

(B). Region-specific increases in AEA levels were observed in cerebellum (H), but not cortex, 

thalamus, or hippocampus (E-G). A sex-dependent decrease in AEA was detected in the 

hippocampus of female NEC and GAERS relative to genotype-matched males (G). Notes: 2-AG 

data reported in nmol/g; AEA data reported in pmol/g; y-axis scale is adjusted in panel D. Data 

are presented as mean ± S.E.M., n = 22/group for combined data, n = 11/group for individual 

sexes. *p < 0.05 relative to NEC, ^p < 0.05 compared to females within genotype as determined 

by two-way ANOVA followed by Tukey’s post-hoc test.   
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4.4.2 GAT211 Reduced SWDs in Male GAERS 

Based on our initial characterization of the ECS in GAERS, we hypothesized that cortex-

specific downregulation of CB1R and GAD67 along with upregulation of 2-AG may contribute to 

the generation of SWDs in GAERS as normally functioning cannabinergic and GABAergic 

neurotransmission might limit abnormal excitatory (i.e. glutamatergic) neuronal propagation. 

Previous GAERS research has shown alterations in GABAergic transmission in the somatosensory 

cortex (Cope et al., 2009; Depaulis et al., 2016; Polack et al., 2007), and with GAERS SWDs 

abated following administration of T-type Ca2+ channel antagonists (Dezsi et al., 2013; Tringham 

et al., 2012) or GABA PAMs (Duveau et al., 2019). However, some Ca2+ channel antagonists and 

GABA-targeted drugs are associated with severe side-effects and are not effective in all types of 

generalized epilepsies (Danober et al., 1998; Glauser et al., 2010). Targeting the ECS to limit 

glutamatergic neurotransmission may prove an effective alternative. Several CB1R agonists have 

anti-convulsive properties at low doses, although they may be pro-convulsive at higher doses 

(Malyshevskaya et al., 2017; van Rijn et al., 2010).  

As no studies have previously investigated the use of CB1R PAMs in models of pediatric 

epilepsy, we began by testing 2 doses of GAT211. To limit potential interactions caused by 

repeated dosing, GAERS were treated with a single dose of GAT211. Acute systemic treatment 

with both the 3 and 10 mg/kg doses of GAT211 significantly reduced the number of SWDs 

recorded during the post-treatment period compared to vehicle  (p < 0.05; Figure 4.3B; for 

additional statistics see Table 4.1). Furthermore, both doses reduced the total SWD duration by 

~40% (p < 0.05; Figure 4.3C). The reduction was due to a decrease in the number of SWDs that 

occurred and not a result of alterations in the profile of the SWDs (i.e. average SWD frequency 

and average SWD duration were unchanged; all p > 0.05; Figure 4.3D-E). Following initial testing, 

these animals were used to determine that GAT211 did not have a lasting effect on SWDs 24 h 

after treatment (data not shown). 
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4.4.2.1 Figure 4.3: GAT211 reduced the number of SWDs in male GAERS 

 

GAT211 reduced the number of SWDs in male GAERS. Rats were injected (i.p.) with vehicle and 

a single dose of GAT211 and data were normalized to an untreated baseline. (A). Representative 

EEGs recorded during baseline, vehicle, and GAT211 (3 mg/kg) sessions for one animal. During 

the 2 h post-treatment, both the 3 and 10 mg/kg doses of GAT211 reduced SWD incidence (B) 

and total SWD duration (C) compared to vehicle. SWD frequency (D) and average SWD duration 

(E) did not change. Data are presented as mean ± S.E.M., n = 5/group, between-subjects.  
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4.4.3 GAT229 Dose-Dependently Reduced SWDs in Female and Male GAERS 

GAT211 is a racemic mixture of GAT228 (R-enantiomer; an allosteric agonist) and GAT229 

(S-enantiomer; PAM) (Laprairie et al., 2017). We sought to determine whether observed effects 

on SWDs were PAM-dependent by treating female and male GAERS with GAT229.  

In female GAERS, analysis of the normalized data revealed that all treatments of GAT229 

reduced the incidence of SWDs recorded during the first hour (all p < 0.05; Figure 4.4B; for 

additional statistics see Table 4.1). Comparing the raw values against vehicle, the 1 and 3 mg/kg 

doses of GAT229 significantly reduced the incidence of SWDs (all p < 0.05; Figure 4.4C). For 

total SWD duration, analysis of the normalized data revealed significant decreases during the first 

hour after the 1 and 3 mg/kg doses of GAT229 (all p < 0.05; Figure 4.4D). The raw data also 

showed a similar effect with the 1 and 3 mg/kg doses significantly reducing total SWD duration 

(all p < 0.05; Figure 4.4E). There were no significant changes to average SWD duration or the 

average oscillatory frequency of SWDs (all p > 0.05). 

In male GAERS, analysis of the normalized data revealed that the 3 mg/kg dose of GAT229 

reduced SWD incidence for the second hour and that the 10 mg/kg dose decreased SWDs for both 

the first and second hour (all p < 0.05; Figure 4.5B; for additional statistics see Table 4.1). 

Comparing the raw values against vehicle, both the 3 and 10 mg/kg doses of GAT229 significantly 

reduced the incidence of SWDs (all p < 0.05; Figure 4.5C). The reduction in SWD incidence was 

associated with a concomitant decrease in total SWD duration. The normalized data revealed that 

the 3 mg/kg dose decreased total SWD duration in the second hour and that the 10 mg/kg dose 

decreased duration in both the first and second hour (all p < 0.05; Figure 4.5D). Comparing post 

treatment values against vehicle also revealed significant decreases in total duration after the 3 and 

10 mg/kg doses of GAT229 (all p < 0.05; Figure 4.5E). There were no significant changes to 

average SWD duration or the average oscillatory frequency of SWDs (all p > 0.05). 
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4.4.3.1 Figure 4.4: GAT229 dose-dependently reduced the number of SWDs in female 

GAERS 

 

GAT229 dose-dependently reduced the number of SWDs in female GAERS (n=8). Female 

GAERS were injected (i.p.) with vehicle or GAT229. EEG was recorded for 1 h pre-treatment and 

2 h post-treatment. All treatments of GAT229 significantly reduced SWDs for 1 h when 

normalized to untreated baseline (A). Analysis of raw post-treatment values indicate significant 

decreases in SWD incidence following the 1 and 3 mg/kg doses of GAT229 (B). Both the 

normalized SWD duration, and post-treatment SWD were reduced following the 1 and 3 mg/kg 

doses of GAT229 (C-D). Data are presented as mean ± S.E.M. & = p<0.05 for 1 mg/kg GAT229, 

† = p<0.05 for 3 mg/kg GAT229, and # = p<0.05 for 10 mg/kg GAT229 relative to vehicle.  
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4.4.3.2 Figure 4.5: GAT229 dose-dependently reduced the number of SWDs in male GAERS 

 

GAT229 dose-dependently reduced the number of SWDs in male GAERS (n=7). Male GAERS 

were injected (i.p.) with vehicle or GAT229. EEG was recorded for 1 h pre-treatment and 2 h post-

treatment. When normalized to untreated baseline, the 10 mg/kg dose of GAT229 significantly 

reduced SWD incidence for both hour 1 and 2, and the 3 mg/kg dose significantly reduced 

incidence for hour 2 (A). Analysis of raw post-treatment values indicate significant decreases in 

SWD incidence following the 3 and 10 mg/kg doses of GAT229 (B). Both the normalized SWD 

duration, and post-treatment SWD were similarly reduced following the 3 and 10 mg/kg doses of 

GAT229 (C-D). Data are presented as mean ± S.E.M. & = p<0.05 for 1 mg/kg GAT229, † = p<0.05 

for 3 mg/kg GAT229, and # = p<0.05 for 10 mg/kg GAT229 relative to vehicle.   
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4.4.4 Cortical Infusion of GAT229 Reduced SWDs in a CB1R-Dependent Manner 

While the systemic experiments demonstrate that GAT229 reduces SWDs in GAERS, they do 

not confirm whether this effect is attributable to region-specific ECS alterations in cortex. As such, 

we infused GAT229 directly into the motor cortex of GAERS.  

In the infusion experiment, analysis of the normalized data revealed that the 125 and 250 µM 

infusions of GAT229 reduced SWD incidence for the second hour and that the 500 and 1,000 µM 

infusions decreased SWDs for both the first and second hour (all p < 0.05; Figure 4.6B; for 

additional statistics see Table 4.1). Comparing the raw values against vehicle, both the 500 and 

1,000 µM infusions of GAT229 significantly reduced the incidence of SWDs (all p < 0.05; Figure 

4.6C). The reduction in SWD incidence was associated with concomitant decreases in total SWD 

duration. The normalized data revealed that the 125 and 250 µM infusions of GAT229 decreased 

total SWD duration in the second hour and that the 500 and 1,000 µM infusions decreased duration 

in both the first and second hour (all p < 0.05; Figure 4.6D). Comparing post treatment values 

against vehicle also revealed significant decreases in total duration after the 500 and 1,000 µM 

infusions of GAT229 (all p < 0.05; Figure 4.6E). There were no significant changes to average 

SWD duration or the average oscillatory frequency of SWDs (all p > 0.05). 

To confirm that these effects were CB1R dependent, we systemically administrated 

SR141716A prior to GAT229 infusion. In agreement with the infusion experiment, 1,000 µM 

infusions of GAT229 reduced SWD incidence and total SWD duration (all p < 0.05; Figure 4.7; 

for additional statistics see Table 4.1). Coadministration of SR141716A blocked the GAT229-

induced reduction in SWDs. There were no significant changes in average SWD duration or 

oscillatory frequency after any treatment (All p > 0.05). Together, these experiments demonstrate 

that co-administration of both drugs blocked the anticonvulsive effects, suggesting GAT229 

reduces seizures in a CB1R-dependent manner. Furthermore, in contrast to previous studies 

(Rosenberg et al., 2017), SR141716A did not increase the number of seizures recorded in GAERS, 

however the use of a single does limit this interpretation. 
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4.4.4.1 Figure 4.6: Micro-infusion of GAT229 into motor cortex dose-dependently decreased 

SWDs in male GAERS 

Micro-infusion of GAT229 into motor cortex dose-dependently decreased SWDs in male GAERS 

(n=5). EEG was recorded for 1 h pre-treatment and 2 h post-treatment. When normalized to 

untreated baseline, the 500  µM and 1,000  µM infusions of GAT229 significantly reduced SWDs 

for both hour 1 and 2, whereas all infusions significantly reduced SWDs for hour 2 (A). Analysis 

of raw post-treatment values indicate significant decreases in SWD incidence following the 500 

and 1,000 µM infusions of GAT229 (B). There was a significant main effect of GAT229 on total 

SWD duration (C). Post-treatment SWD duration was reduced following the 500 uM and 1,000 

uM infusion of GAT229 (D). Data are presented as mean ± S.E.M. ¥ = p<0.05 for main effect of 

GAT229, and & = p<0.05 for 125 µM GAT229 infusion, † = p<0.05 for 250 µM GAT229 infusion, 

# = p<0.05 for 500 µM GAT229 infusion, and ‡ = p<0.05  for 1,000 µM GAT229 infusion for 

pairwise comparisons relative to vehicle as determined by two-way ANOVA followed by 

Dunnett’s post-hoc test. *p< 0.05 baseline relative to 500 or 1,0000 µM GAT229.   
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4.4.4.2 Figure 4.7: GAT229-dependent reduction in SWD incidence and duration were CB1R-

dependent in male GAERS 

 

GAT229-dependent reduction in SWD incidence and duration were CB1R-dependent. Male 

GAERS (n=8) were injected (i.p.) with vehicle or 3 mg/kg SR141716A and cortical micro-infusion 

of vehicle of 1,000 μM GAT229 and EEG was recorded for 2 h. SR141716A did not alter SWD 

incidence or total SWD duration. GAT229-dependent reduction in SWD incidence (A) and total 

SWD duration (B) were CB1R-dependent. SWD frequency and average SWD duration were not 

different in GAT229-treated or SR141716A-treated GAERS relative to vehicle. Data are presented 

as mean ± S.E.M. *p< 0.05 relative to vehicle treatment.   
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4.4.5 Determination of GAT211 and GAT229 Potency and Efficacy 

In order to assess the potency and efficacy of GAT229-dependent anti-convulsant activity, data 

from figures 4.4-4.6 were normalized such that 0% corresponded to baseline and 100% 

corresponded to a complete lack of SWD activity for each respective measure. These data are from 

animals treated with compounds on separate days and not in a same-day dose-escalation 

experiment; therefore, these post-hoc analyses were performed to determine compound dose-

dependency only. Normalized data were fit to a nonlinear regression (4 parameter) model to 

determine ED50 and Emax. GAT229 i.p. injection was associated with dose-dependent reductions 

in SWD incidence in both female and male GAERS at 1 h and 2 h observations (Figure 4.8A). 

GAT229 i.p. injection produced a dose-dependent reduction in SWD duration in male GAERS at 

1 h and 2 h; however, reductions in seizure duration reached a maximum effect between 1 – 3 

mg/kg GAT229 i.p. injection in female GAERS and the efficacy of the compound was lower at 

higher concentrations (Figure 4.8B).  No differences in potency were detected between males and 

females or between time points for SWD incidence or duration when GAT229 was administered 

via i.p. injection (Figure 4.8A,B). The efficacy (i.e. Emax) of GAT229 to reduce SWD incidence 

and duration were significantly lower in female GAERS at 2 h relative to female GAERS at 1 h (p 

< 0.001; Figure 4.8A,B) and male GAERS at 2 h (p < 0.01, Figure 4.8A; p < 0.05, Figure 4.8B; 

for additional statistics see Table 4.1). Infusion of GAT229 was associated with dose-dependent 

reductions in SWD incidence and duration in males GAERS at 1 h and 2 h (Figure 4.8C,D). No 

differences in potency were detected between time points for SWD incidence or duration when 

GAT229 was administered via infusion (Figure 4.8C,D). The efficacy (i.e. Emax) of GAT229 to 

reduce SWD incidence and duration were significantly higher in male GAERS at 2 h relative to 

male GAERS at 1 h (p < 0.05; Figure 4.8C,D; for additional statistics see Table 4.1). No other 

compound- or sex-dependent differences in SWD incidence or duration were observed. Taken 

together with the alterations identified in the ECS, these experiments suggest that dysregulation of 

ECS function contributes to seizure production and identify CB1R PAMs a potential treatment 

option.  
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4.4.5.1 Figure 4.8: Potency and efficacy of GAT229-dependent modulation of SWDs 

 

Potency and efficacy of GAT229-dependent modulation of SWDs in GAERS. Data from figures 

4.4-4.6 were normalized such that baseline measurements represented 0% change and a lack of 

SWD activity represented 100% reduction in seizure. Data were fit to a nonlinear regression (4 

parameter) model in Prism to determine ED50 (potency) and Emax, where possible. Injection (i.p.) 

with GAT229 produced a dose-dependent reduction in SWD incidence (A), and SWD duration 

(B) that did not differ with respect to potency. GAT229 efficacy was lower in female GAERS 2 h 

post-treatment relative to male GAERS 2 h post-treatment and female GAERS 1 h post-treatment. 

Infusion with GAT229 produced a dose-dependent reduction in SWD incidence (C), and SWD 

duration (D) that did not differ with respect to potency. GAT229 efficacy was higher in male 

GAERS 2 h post-treatment relative to male GAERS 1 h post-treatment. n.d., not determined. Data 

are presented as mean ± S.E.M., except for ED50 presented as mean with 95% confidence interval. 

n = 8/group GAT229-treated females, 7/group GAT229-treated males (A,B); and 5/group 

GAT229-treated males (C,D). ***p< 0.001 GAT229 female 2 h relative to GAT229 female 1 h; 

^^p < 0.01, ^p < 0.05 GAT229 female 2 h relative to GAT229 male 2 h (A,B). *p  < 0.05 GAT229 

male 2 h relative to GAT229 male 1 h (C,D). Determined by multiple two-tailed t-tests.   
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4.4.6 GAT229 Does Not Alter Behaviour or Physiology in a Modified Tetrad 

Behavioural and psychotropic effects of cannabinoids limit clinical utility. When administered 

systemically, CB1R agonists such as THC, consistently produce catalepsy, immobility, and 

hypothermia (Grim et al., 2017). We sought to determine whether modulation of CB1R with 

GAT229 produced similar adverse effects by testing female and male GAERS on a modified tetrad 

assessing catalepsy, temperature, and locomotor activity. Acute administration of GAT229 did not 

produce catalepsy, nor did it significantly alter body temperature compared to vehicle (all p > 0.05; 

Figure 4.9A-B; for additional statistics see Table 4.1). Furthermore, both locomotor activity and 

time in the inner area during the OFT were unaffected (all p > 0.05; Figure 4.9C-D). These 

experiments support previous studies which have failed to identify significant tetrad effects after 

GAT211 administration (Laprairie et al., 2019; Slivicki et al., 2018).   
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4.4.6.1 Figure 4.9: Modified tetrad cannabimimetic effects of GAT229 in GAERS 

 

Well-handled female and male GAERS were injected (i.p.) with vehicle or GAT229 and 

immobility (bar hold test) (A), body temperature (B), locomotor activity in the open field test 

(OFT) (C), and time in inner area (D) were assessed. Treatment with GAT229 did not alter 

immobility, temperature, locomotor activity, or time in inner area.   
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4.5 Discussion 

The findings from this study show physiologically relevant interactions between the ECS and 

SWDs in the GAERS model of CAE. In these experiments we identified region-specific alterations 

in the ECS corresponding to cortical regions involved in GAERS ictogenesis (Figures 4.1-4.2); 

demonstrated that positive allosteric modulation of CB1R by GAT211 and GAT229 reduced SWD 

prevalence in GAERS (Figures 4.3-4.8); and observed that GAT229 did not produce behavioural 

or physiological effects that are associated with direct activation of CB1R (Figure 4.9). Based on 

these experiments we propose that dysregulation of the ECS may contribute to ictogenesis in 

GAERS, and that CB1R PAMs should be explored for therapeutic potential. 

4.5.1 Abnormalities in the ECS may contribute to seizure production in GAERS 

An essential characteristic of epilepsies is the dysregulation of normal excitatory and inhibitory 

mechanisms governing neuronal excitability. Seizure generation in GAERS is causally linked to a 

gain of function T-type Ca2+ channel mutation, although this alone does not completely explain 

seizure pathology (Powell et al., 2009; Proft et al., 2017). The normal role of CB1R in the cortex 

is to reduce glutamate release from cortical neurons, thereby reducing excitatory transmission 

(Fortin & Levine, 2007). Similarly, GAD67 acts as a sink for excess glutamate by converting 

glutamate to GABA for interneuron-dependent inhibitory transmission (Waagepetersen et al., 

2003). In GAERS, reduced cortical CB1R and GAD67 levels likely produce a permissive state for 

excessive electrical excitability and consequent seizure propagation. In GAERS, abnormal 

oscillations begin around post natal day 14 (P14) and SWDs are first detected at P30-40, increasing 

in severity until a plateau around 3-4 months which persists until death (Depaulis et al., 2016; 

Vergnes et al., 1986). Changes to the ECS may contribute to the initial generation of seizures 

during development and to the increasing severity observed during adolescence. Increased activity 

due to the gain of function T-type mutation observed in GAERS may increase 2-AG (and AEA) 

production and subsequent arrestin-mediated CB1R receptor downregulation. These changes may 

alter either, or both, GABAergic and glutamatergic function in somatosensory cortex, with the 

potential to exacerbate SWDs. However, our experiments did not assess whether the observed ECS 

dysregulation is pathophysiological or compensatory, whether it was neuron subtype specific, or 

the developmental progression of dysregulation in GAERS. These assessments will require 

additional experiments to determine how the GAERS ECS changes as a function of seizure 

activity. 
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In the present study, regional changes were observed in the ECS. GAERS seizures originate in 

somatosensory cortex (Polack et al., 2007) thus the observed alterations in cortical ECS may 

contribute to seizure induction and/or propagation. In contrast to the WAG/Rij model of absence 

epilepsy (van Rijn et al., 2010), we did not observe any changes in the thalamic ECS in GAERS. 

To the best of our knowledge no evidence suggests HPC involvement in GAERS seizure activity 

however these changes may provide a potential explanation for other behavioural differences 

found in this model such as alterations in fear conditioning, cognitive impairment, and impaired 

recognition memory (Henbid et al., 2017; Marks et al., 2016b; Marks et al., 2016a; Roebuck et al., 

2020). GAERS have an established anxiety phenotype (Jones et al., 2008; Marks et al., 2016b; 

Powell et al., 2014), thus potential alterations in limbic ECS are particularly interesting. Future 

studies should continue investigating ECS involvement in the seizures as well as cognitive and 

behavioural comorbidities in GAERS. 

4.5.2 GAT211 and GAT229 reduced seizures in a CB1R-dependent manner 

Based on our observation that CB1R levels were reduced in the cortex of GAERS, we 

rationalized that pharmacological augmentation of CB1R activity would reduce seizures. Previous 

experiments conducted in the WAG/Rij model of absence epilepsy, have demonstrated that the 

CB1R agonist WIN55,212-2 is effective at ameliorating seizures (van Rijn et al., 2010), although 

a recent study has failed to replicate the anti-convulsant effect (Perescis et al., 2020). However, 

WIN55,212-2 is an orthosteric full agonist whose administration produces intoxicating effects and 

receptor downregulation; and whose anti-convulsant effects dissipate within 3.5 h and are followed 

by a WIN55,212-2 and CB1R-depndent pro-convulsant rebound effect in the WAG/Rij model 

(Citraro et al., 2013a; van Rijn et al., 2010). Furthermore, a recent study proposed that a 

lengthening of SWDs may be due to direct CB1R activation in the reticular thalamic nuclei 

(Perescis et al., 2020), where ECS disruption has been observed in the WAG/Rij but appears intact 

in GAERS (van Rijn et al., 2010). van Rijn et al. (2010) also found that WIN55,212-2 reduced 

SWDs by approximately 50% (Emax) with an ED50 of 4.9 mg/kg at 2 h. Here, systemic 

administration of GAT211 or GAT229 reduced seizures by as much as 50% with a mean ED50 of 

1 mg/kg and no intoxication (tetrad) or rebound pro-convulsant effects observed. Furthermore, the 

cortical infusion of GAT229 and subsequent blockade with SR141716A demonstrate these effects 

are mediated locally through CB1R. Anti-seizure effects were observed for both GAT211 [a 

racemic mixture of GAT228 (R-enantiomer, allosteric agonist) and GAT229 (S-enantiomer, 
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PAM)] with similar potency and efficacy (Laprairie et al., 2017, 2019). Thus, the pure CB1R PAM 

GAT229 – and not the allosteric agonist activity of GAT228 – was likely the major mediator of 

observed anti-seizure effects. In contrast to previous in vitro studies (Laprairie et al., 2017), greater 

concentrations of GAT229 (500 µM compared to < 10 µM) were required. Distance from the focal 

site in somatosensory cortex and diffusion across tissue may account for this discrepancy. In 

several measurements with GAT211 and GAT229 the anti-seizure effects appeared less-

efficacious at the higher concentrations tested; this may be the result of a plateau in the dose-

response or limited compound solubility (Figure 4.8). Notably, the GAT compounds tested did not 

alter seizure frequency (Hz), rather they appear to limit initial seizure generation.  

The precise mechanism by which CB1R PAMs reduce SWDs is not known, and no previous 

studies have assessed synthetic CB1R agonists or plant-derived cannabinoids in GAERS. This 

limits evaluations of potential therapeutic efficacy or mechanism and highlight a need for 

continued research in this area. GAT229 may reduce seizures via directly increasing endogenous 

cannabinoid-dependent activity of CB1R receptors in cortical regions with deficient CB1R. As a 

PAM, GAT229 increases endogenous cannabinoid affinity and efficacy of signaling for CB1R 

(Laprairie et al., 2017). Although no sex-specific differences in CB1R levels were observed in this 

study, intraneuronal differences in receptor density, endogenous cannabinoid tone (Figure 4.2), 

and the abundance of CB1R-interacting proteins may account for the sex differences observed in 

GAERS treated with GAT229 (Burston et al., 2010; Laurikainen et al., 2019). Subsequent 

experiments should assess differential regulation of glutamatergic and GABAergic neurons by 

CB1R in both sexes of GAERS treated with CB1R PAMs. Furthermore, there appeared to be 

greater variability in GAT229 data from male GAERS compared to female GAERS. One possible 

explanation is differences in stress reactivity. GAERS have a well-established sex-dependent 

anxiety phenotype and presence of SWDs is linked to attentional vigilance (Depaulis et al., 2016; 

Jones et al., 2008; Marks et al., 2016b). Stress differences, either through injection, vehicle, or 

drug-effects, could account for some sex-differences or anti-epileptic effects. Considering the 

differences in the limbic ECS and past behavioural studies, this hypothesis should be tested in 

future studies. 

Endogenous cannabinoids act on multiple receptors and enzymes. AEA can activate TRPV1 

and inhibit both L- and T-type Ca2+ channels (Chemin et al., 2001; Maccarrone et al., 2008; Van 

Der Stelt et al., 2005). Beyond the ECS, endogenous cannabinoids can interact with GABAAR in 
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a CB1R-independent manner (Golovko et al., 2015). By P17 GAERS exhibit enhanced tonic 

GABAA currents but exhibit no change in phasic inhibition (Cope et al., 2009). Direct GABAA 

agonists exacerbate seizures in GAERS (Errington et al., 2011) while GABAAR PAMs can 

completely suppress seizures (Duveau et al., 2019). Furthermore, disruption of GABAergic 

inhibition is related to deficits in astrocytic GABA uptake in GAERS (Errington et al., 2011). 

Because the ECS also affects astrocyte function, it represents yet another potential mechanistic 

target concerning absence epilepsy (Navarrete et al., 2014). Here, anti-convulsant effects were 

likely CB1R-dependent because GAT229-dependent effects were reversed by administration of 

SR141716A. 

One potential limitation of the current study is the lack of cortical specificity and location of 

the EEG electrodes. Characterization of the ECS was performed broadly, preventing identification 

of specific regional differences (e.g. motor vs. somatosensory cortices). Additionally, histology 

revealed that EEG recordings and infusion sites were in motor cortex rather than the more lateral 

somatosensory cortex (Figure 4.S4). This may have resulted in partial truncation of recorded 

SWDs and reduced the effect of infused GAT229 (Depaulis et al., 2016; Polack et al., 2007). 

Furthermore, the comparatively short recording duration (2 h) may have missed a pro-epileptic 

effect observed in other studies with full CB1R agonists (Citraro et al., 2013a; Perescis et al., 2020; 

van Rijn et al., 2010). 

Challenges with compound solubility necessitated the use of a vehicle with a high ethanol 

concentration. As ethanol alone can alter seizures and behaviour in many animal models, it is 

possible it may have interacted with GAT229 in this study. Future studies should use CB1R PAMs 

with improved solubility that will allow for greater specificity and fewer vehicle-related 

complications. Another potential limitation was the within-subjects design used and modest 

number of animals used throughout these experiments. It is possible that repeated treatments with 

CB1R PAMs and vehicle may have influenced our results through either physiological or 

behavioural adaptation. However, as experiments were performed in well-handled animals and 

treatment orders were randomized with significant washout, we believe such influences were 

minimized. 

4.5.3 GAT229 did not produce tetrad effects 

GAT229 did not produce significant effects on a modified tetrad test assessing immobility, 

temperature, and locomotor activity. This appears to support previous research which has not 
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found tetrad effects using GAT211 or GAT229 (Laprairie et al., 2019; Slivicki et al., 2018). It is 

possible that ethanol or another aspect of experimental design masked any overt tetrad effects 

observed here, however data from the seizure experiments clearly demonstrate the GAT 

compounds remain biologically active in the current formulation.  

Alterations in CB1R expression in HPC, as well as abnormalities in both 2-AG and AEA, 

which may be relevant to aspects of GAERS behaviour – such as an anxiety-like phenotype and 

cognitive deficits (Dezsi et al., 2013; Henbid et al., 2017; Marks et al., 2016b; Roebuck et al., 

2020) – were identified in this study. Previous research has characterized behavioural 

abnormalities in GAERS which appear to model deficits observed in CAE patients (Henbid et al., 

2017; Marks et al., 2016b). Pre-clinical evidence in GAERS indicates that T-type Ca2+ channel 

antagonists ameliorate both seizures (Dezsi et al., 2013; Tringham et al., 2012) and some 

behavioural comorbidities (Dezsi et al., 2013; Henbid et al., 2017; Marks et al., 2016a). Activation 

of the ECS in general, and CB1R specifically, has known anxiolytic effects which may affect the 

behavioural comorbidities observed in CAE and modeled in GAERS (Patel et al., 2017), thus 

future studies should assess the potential of CB1R PAMs in this area. 

 

4.6 Conclusions 

Alterations in the ECS of GAERS likely contribute to ictogenesis in this model. By augmenting 

CB1R activity via positive allosteric modulation, we were able to decrease the prevalence of 

seizures by as much as 50%. Whereas seizures were not completely abated by acute treatment with 

GAT229, the lack of substantial tetrad effects suggest modulation of CB1R is a promising direction 

for future research. Future studies will assess the effects of chronic PAM treatment in GAERS. 

Long-term treatment with cannabinoids can produce effects that persist even after treatment 

cessation (Huntsman et al., 2019). Therefore, it would also be valuable to assess whether chronic 

treatment effectively ameliorates seizure in GAERS and examine ECS functionality across 

development in GAERS, in order to potentially identify a time point for pre-treatment. 

 

4.7 Supplemental Data and Statistics 

 

In the original manuscript some data and statistics were excluded from the body of the manuscript 

to improve readability and more clearly present our study. These tables and figures have been 

included below. 
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4.7.1 Supplemental Figures and Tables  
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4.7.1.1 Figure 4.S1: Binding to CB1R in the rat cortex 

 

Cortical tissue (25 µg/sample) collected from female and male rats was analyzed by 

[3H]SR141716A binding to confirm western blot data for CB1R (Figure 4.1). Binding of 

SR141716A was lower in the cortex of GAERS compared to NEC. Sex-dependent differences 

were not observed for CB1R expression in any brain region (data not shown). Data are presented 

as the mean ± S.E.M., n = 4/group. *p < 0.01 as determined by Welch’s unpaired t-test.   
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4.7.1.2 Figure 4.S2: Validation of GAD67 and CB1R antibodies 

 

Tissue collected from the cortex of male NEC rats was analyzed by western blot. GAD67 (40 

µg/sample, A) and CB1R (70 µg/sample, B) optical densities were visualized using an Odyssey 

Imaging System (Li-Cor Biosciences). (A) Representative GAD67 western blot showing GAD67 

(red, 67 kDa) and the loading control β-actin (green, 42 kDa) for 3 dilutions of primary antibody 

(1:1,000, 1:2,000, and 1:5,000). A final working concentration of 1:1,000 anti-GAD67 antibody 

was chosen for all subsequent experiments. (B) Representative CB1R western blot showing on the 

right CB1R (red, 54 kDa) and the loading control β-actin (green, 42 kDa) for 4 dilutions of primary 

antibody (1:500, 1:1,000, 1:2,000, and 1:2,500); and on the left the incorporation of a CB1R 

blocking peptide (b.p.) directed toward the first 14 amino acids of the receptor alongside the 

primary antibody at (1:200, 1:500, 1:2,000, and 1:5,000). A final working concentration of 1:500 

anti-CB1R antibody was chosen for all subsequent experiments. 
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4.7.1.3 Figure 4.S3: Inter-rater reliability 

To confirm the accuracy of the analysis procedure, a subset of recordings (18 hours across 12 

sessions) were analyzed by a second researcher blind to experimental conditions. Correlations 

(Pearson’s) determined that all metrics were highly correlated.   
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4.7.1.4 Figure 4.S4: Figure depicting bilateral chemitrode placements for the GAT229 infusion 

experiment 

 

Figure depicting bilateral chemitrode placements for the GAT229 infusion experiment (n=6). 

Chemitrodes were surgically implanted in motor cortex (A/P 2.3 mm, M/L 1.5 mm, D/V -2.5 mm 

relative to bregma). Following perfusion, brain sections were mounted to glass slides and assessed 

for cannulae placement according to a rat brain atlas (Paxinos & Watson, 2006).  
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4.7.1.5 Statistics Tables 

Summaries of the statistical results organized by Figure. Main effects (ME) and interactions (INT) 

are noted throughout. 

Subtable 1: GAT211 in Male GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.3B ME Drug F(1, 8) = 30.43 0.0006* 

 ME Dose F(1, 8) = 0.43 0.5297 

 INT Drug x Dose F(1, 8) = 0.13 0.7297 

Figure 4.3C ME Drug F(1, 8) = 31.23 0.0005* 

 ME Dose F(1, 8) = 1.57 0.2461 

 INT Drug x Dose F(1, 8) = 2.39 0.1604 

Figure 4.3D ME Drug F(1, 8) = 2.23 0.1736 

 ME Dose F(1, 8) = 0.06 0.8070 

 INT Drug x Dose F(1, 8) = 1.13 0.3190 

Figure 4.3E ME Drug F(1, 8) = 0.24 0.6405 

 ME Dose F(1, 8) = 0.46 0.5150 

 INT Drug x Dose F(1, 8) = 0.17 0.6936 

* = p < 0.05.    

 

Subtable 2: GAT229 in Female GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.4B ME Drug F(3, 21) = 6.035 0.0039* 

 ME Time F(2, 14) = 5.22 0.0203* 

 INT Drug x Time F(6, 42) = 4.50 0.0013* 

Figure 4.4C ME Drug F(2.78, 19.45) = 7.00 0.0026* 

Figure 4.4D ME Drug F(3, 21) = 3.40 0.0367* 

 ME Time F(2, 14) = 16.16 0.0002* 

 INT Drug x Time F(6, 42) = 3.02 0.0152* 

Figure 4.4E ME Drug F(2.06, 14.43) = 5.26 0.0186* 

* = p < 0.05.    

Subtable 3: GAT229 in Male GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.5B ME Drug F(3, 18) = 6.02 0.0050* 

 ME Time F(2, 12) = 0.98 0.4024 

 INT Drug x Time F(6, 36) = 3.34 0.0101* 

Figure 4.5C ME Drug F(1.80, 10.78) = 22.43 0.0002* 

Figure 4.5D ME Drug F(3, 18) = 6.66 0.0032* 

 ME Time F(2, 12) = 5.60 0.0191* 

 INT Drug x Time F(6, 36) = 3.37 0.0098* 

Figure 4.5E ME Drug F(2.24, 13.41) = 9.33 0.0024* 

* = p < 0.05.    
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Subtable 4: GAT229 Infusion in Male GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.6B ME Drug F(4, 16) = 10.69 0.0002* 

 ME Time F(2, 8) = 4.42 0.0510 

 INT Drug x Time F(8, 32) = 4.22 0.0015* 

Figure 4.6C ME Drug F(2.04, 8.16) = 10.36 0.0056* 

Figure 4.6D ME Drug F(4, 16) = 6.47 0.0027* 

 ME Time F(2, 8) = 2.65 0.1310 

 INT Drug x Time F(8, 32) = 2.10 0.0658 

Figure 4.6E ME Drug F(2.42, 9.69) = 5.73 0.0193* 

* = p < 0.05.    

 

Subtable 5: GAT229 Infusion and SR141716A Challenge in Male GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.7A ME GAT229 F(1, 7) = 6.20 0.0416* 

 ME SR141716A F(1, 7) = 4.61 0.0690 

 INT GAT x SR F(1, 7) = 7.68 0.0276* 

Figure 4.7B ME GAT229 F(1, 7) = 6.94 0.0337* 

 ME SR141716A F(1, 7) = 4.93 0.0618 

 INT GAT x SR F(1, 7) = 6.16 0.0421* 

* = p < 0.05.    

 

Subtable 6: GAT229 Modified Tetrad in Female and Male GAERS 

 ANOVA F(DFn,DFd) P value 

Figure 4.9A ME Drug F(2.50, 44.90) = 0.07 0.9584 

 ME Sex F(1, 18) < 0.01 0.9978 

 INT Drug x Sex F(3, 54) = 0.40 0.7529 

Figure 4.9B ME Drug F(2.36, 42.44) = 1.00 0.3861 

 ME Sex F(1, 18) = 2.80 0.1118 

 INT Drug x Sex F(3, 54) = 0.22 0.8856 

Figure 4.9C ME Drug F(2.44, 43.95) = 0.64 0.5603 

 ME Sex F(1, 18) = 3.75 0.0686 

 INT Drug x Sex F(3, 54) = 0.30 0.8225 

Figure 4.9D ME Drug F(2.72, 48.87) = 0.57 0.6196 

 ME Sex F(1, 18) < 0.01 0.9488 

 INT Drug x Sex F(3, 54) = 0.35 0.7858 

* = p < 0.05.    
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5. EXPERIMENT 4: Effects of GAT211 on Anxiety-Like and Social Behaviour in Genetic 

Absence Epilepsy Rats from Strasbourg. 

 

 

Roebuck, AJ., Greba, Q., Alaverdashvili, M., Smolyakova, AM., Anderson, M., Garai, S., Snutch, 

TP., Thakur, GA., Laprairie, RB., Howland JG. Effects of GAT211 on Anxiety-Like and Social 

Behaviour in Genetic Absence Epilepsy Rats from Strasbourg. Unpublished data. 

 

Roebuck assisted with experiment design, collected and analyzed data, made the figures, and wrote 

this section; Greba assisted with experiment design, and collected and analyzed data; 

Alaverdashvili and Smolyakova collected and processed tissue that was included in a separate 

study (see Chapter 4). Garai synthesized GAT211; Snutch provided reagents and supervision; 

Thakur oversaw synthesis of GAT211; Laprairie assisted with experiment design and provided 

reagents; Howland supervised all aspects of the experiment.  
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5.1 Abstract 

There is considerable interest in the use of cannabinoids for treatment of epilepsy and 

associated comorbidities. In addition to their epileptic phenotype, Genetic Absence Epilepsy Rats 

from Strasbourg (GAERS), also have behavioural comorbidities that resemble aspects of human 

Absence Epilepsy. We have recently demonstrated that CB1R PAMs reduce seizures in GAERS 

and do not produce tetrad effects. We evaluated the effects of pre-treatment (i.p) with the CB1R 

PAM GAT211 (10 mg/kg) on a battery of anxiety-like and social behaviours in female and male 

GAERS and Non-Epileptic Controls (NEC). Animals were tested sequentially on an Elevated Plus 

Maze (EPM), Open Field Task (OFT), in Sociability, and for acoustic startle response. The EPM 

and OFT largely failed to reveal the established anxiety-like phenotype generally observed in 

GAERS complicating interpretation. sociability was unchanged in male GAERS, however female 

NEC had decreased sociability compared to female GAERS. GAT211 increased sociability in 

female NEC and decreased sociability in female GAERS. Startle response was unaffected by 

GAT211 in males with GAERS having a significantly higher response than NEC. For females, 

GAERS had higher startle than NEC with GAT211 significantly reducing startle in both strains. 

Together, these data suggest some potential for GAT211 to reduce behavioural comorbidities in 

GAERS. However, there are sex-differences that must be investigated, and the high ethanol 

concentration of the injection solution may have confounded these results. To account for this, 

future research should investigate the behavioural effects of CB1R PAMs with better solubility 

profiles and include a non-treatment control group. 
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5.2 Introduction 

 

Recent preclinical evidence suggests that modulation of the endocannabinoid system (ECS) 

may be suitable for treating seizures in the Genetic Absence Epilepsy Rats from Strasbourg 

(GAERS) model of Absence Epilepsy (AE; see Chapters 3 and 4). In GAERS, cannabidiol (CBD; 

i.p.), produced a moderate decrease in spike and slow-wave discharges (SWDs) whereas Δ9-

tetrahydrocannabinol (THC) substantially increased these events (see Chapter 3). In contrast, the 

CB1R positive allosteric modulators (PAMs) GAT211 and GAT229 both significantly decreased 

SWDs in GAERS (see Chapter 4). In addition to their epileptic phenotype, GAERS also display 

heightened anxiety-like behaviour (Jones et al., 2008; Marks et al., 2016b; Powell et al., 2014), 

social impairments (Henbid et al., 2017; Marks et al., 2019a), and cognitive deficits (Roebuck et 

al., 2020; Chapter 2) that resemble AE in humans. Some treatments that reduce SWDs in GAERS 

also improve behavioural deficits (Dezsi et al., 2013; Henbid et al., 2017; Marks et al., 2016a; 

Marks et al., 2019b). However, whether cannabinoids may also improve these comorbidities has 

not been tested. 

Canonically, CB1R agonists, such as THC, produce a physiological and behavioural tetrad 

effect that includes catalepsy, hypothermia, analgesia, and decreased locomotor activity (Grim et 

al., 2017; Laprairie et al., 2019; Slivicki et al., 2018). In contrast to CB1R agonists, GAT211 does 

not produce a tetrad effect (Laprairie et al., 2019; Slivicki et al., 2018), nor did we observe any 

effect of GAT229 on a modified tetrad assessing catalepsy, temperature, and locomotor activity 

(Chapter 4). Therefore, based on the observed reduction in SWDs and lack of deleterious tetrad 

effects, we decided to test whether the GAT211 may be effective in ameliorating the behavioural 

deficits observed in GAERS. 

To assess the therapeutic potential of GAT211, we chose to first target the well-established 

anxiety-like phenotype and social deficits observed in GAERS (Depaulis et al., 2016; Henbid et 

al., 2017; Jones et al., 2008). These phenotypes are observed in several different GAERS colonies 

and in different behavioural tasks (Depaulis et al., 2016; Dezsi et al., 2013; Henbid et al., 2017; 

Jones et al., 2008; Marks et al., 2016b; Powell et al., 2014). Furthermore, these behaviours are 

shown to respond to acute treatment with other anti-epileptic compounds (Dezsi et al., 2013; 

Henbid et al., 2017; Marks et al., 2016a; Marks et al., 2019b). Use of an acute treatment paradigm 

is important as the chronic effects of GAT211 have not been evaluated in the GAERS model. 



                                                  
 

110 
 

To this end, we developed a behavioural battery designed to test anxiety-like and social 

behaviour using the Elevated Plus Maze (EPM), Open Field Task (OFT), sociability test, and 

acoustic startle response. Following a single injection of a high dose of GAT211 (10 mg/kg, i.p. 

see Chapter 4), female and male GAERS and Non-Epileptic Control (NEC) rats were tested 

sequentially in each task. Analysis of these data revealed some promising early evidence of a 

therapeutic effect, however there are experimental limitations that will necessitate future research 

in this area. 

 

5.3 Materials and Methods 

5.3.1 Subjects 

 

GAERS were used in this study because they display several characteristics of human AE 

(Marks et al. 2016a; Henbid et al., 2017; Marks et al., 2019; Roebuck et al., 2020). Female and 

male GAERS (n = 37 total; n = 26 female) and Non-Epileptic Controls (n= 39 total; n=20 female) 

were bred and housed as previously described (Marks et al., 2016a). Group sizes were determined 

based on previous experiments conducted in our lab (Marks et al., 2016a; Marks et al., 2019a) and 

availability of age, strain, and litter matched animals. Animals were maintained on 12 h light/dark 

cycle with lights on at 0700. Animals had access to food and water ad libitum except during testing. 

All experiments were conducted in well-handled adult, age matched, GAERS and NEC (3-6 

months). Experiments were conducted in accordance with the standards of the Canadian Council 

on Animal Care and the University of Saskatchewan Animal Research Ethics Board. 

 

5.3.2 Drug Preparation and Treatment 

 

The synthesis and characterization of GAT211 and GAT229 was carried out as described in 

Laprairie et al. (2017). GAT211 was prepared in a solution of saline, ethanol, and Kolliphor (Sigma 

Aldrich) at a 3:1:1 ratio and injected at a volume of 5.5 mL/kg. Each animal received a single 

injection of either GAT211 (10 mg/kg) or vehicle 20 min before the behavioural battery. Final 

group sizes were: Female NEC vehicle (n=10), male NEC vehicle (n=10), female NEC GAT211 

(n=10), male NEC GAT211 (n=9), female GAERS vehicle (n=12), male GAERS vehicle (n=5), 

female GAERS GAT211 (n=14), and male GAERS GAT211 (n=6).  

 

5.3.3 Behavioural Testing 
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To evaluate multiple behavioural domains and minimize the number of animals required, 

animals were tested sequentially on four behavioural tasks (5 min between tasks) following 

injection of either vehicle or GAT211 (10 mg/kg, i.p.). First, animals were tested on the EPM, 

followed by the OFT, then sociability, ending with acoustic startle (see Figure 5.1 for timing and 

schematic). Except for the OFT and sociability, which took place in the same room, all tasks and 

treatments were conducted in separate novel rooms. Following completion of the battery, animals 

were euthanized, and tissue was collected for use in a separate study (see Chapter 4).   
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Figure 5.1: Schematic of the behavioural battery and timeline.  A-D. Depictions of the elevated 

plus maze, open-field arena, sociability chamber, and acoustic startle chamber. E. Timeline of 

events in the behavioural battery. There was approximately 5 minutes between each task in the 

battery. Tissue was collected following completion of the battery.  
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5.3.3.1 Elevated Plus Maze 

The EPM protocol was similar to previous experiments conducted in our lab (McElroy et al., 

2020). The EPM was comprised of two open arms and two closed arms (110×10×45cm; l x w x h) 

that intersected to form a plus sign with a central platform (10×10cm; l x w). The maze was placed 

in the center of a novel dimly lit room. Rats were placed in the middle square with their nose 

pointed towards a closed arm. Rats freely explored the maze for 5 min while a video camera 

recorded from above. Upon completion of the EPM, rats were returned to their cage and the maze 

was cleaned. Location data were manually scored with a stopwatch by a blinded investigator and 

EthoVision was used to assess distance traveled (m). 

5.3.3.2 Open Field Task 

The OFT protocol was similar to previous experiments conducted in our lab (McElroy et al., 

2020). The testing arena consisted of a black circular enclosure made of industrial plastic, 

measuring 150 cm in diameter with 45cm-high walls. The OFT was in the same dimly lit room 

used for sociability (see below). An inner circle (100 cm diameter) was digitally created using 

EthoVision. Rats were allowed to freely explore for 10 min. EthoVision was used to assess 

distance traveled (m) and time spent in the inner area (s). Between each trial, the apparatus was 

cleaned thoroughly.  

5.3.3.3 Sociability 

The sociability protocol followed previous experiments conducted in our lab (Henbid et al., 

2017; Lins et al., 2018). The testing apparatus was a rectangular arena (150 x 40 cm; l x w) of 

black corrugated plastic divided into three compartments with one middle start compartment (30 

x 40 cm) and two ‘stranger’ compartments on either side (60 x 40 cm). The walls dividing the 

middle compartment from both stranger compartments were clear Plexiglas (extended 12 cm from 

each wall leaving a 16 cm opening to move between compartments) and removable black opaque 

barriers which, when inserted, prevented entry into the stranger compartments. Each stranger 

compartment contained a circular mesh cage (18 cm diameter, 20 cm height) with hinged lid (3/4” 

plywood, painted matte black). The height of the cage was extended 20 cm with vertical metal 

rods to discourage climbing. The task began with a 10 min habituation period with the barriers 

removed. During this time, the rat was free to explore the environment. Following habituation, the 

test rat was then contained in the middle section with the barriers in place and a stranger rat was 
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placed in one of the mesh cages. The barriers were removed, and the test rat explored for an 

additional 10 min. Interaction was scored when the face of the rat was oriented toward the holding 

cage at a maximum distance of 2 cm. As a metric of sociability, a discrimination ratio (DR) was 

calculated according to the formula: DR = (stranger rat cage − empty cage) / (stranger rat cage + 

empty rat cage) (Henbid et al., 2017). Positive DR values indicate a preference for the stranger 

cage whereas negative DR values indicate a preference for the empty cage. Data were manually 

scored with a stopwatch by a blinded investigator. All stranger rats were sex, age, and strain 

matched to the test rat. 

5.3.3.4 Acoustic Startle 

Startle response was assessed using two SR-LAB Startle Response Systems (San Diego 

Instruments, San Diego, California, USA) according to previous experiments conducted in our lab 

(Lins et al., 2018; Marks et al., 2016). Chambers were calibrated to 70 dB background noise (±2 

dB) and the chambers measured startle amplitude (unitless value) in response to a 120 dB pulse. 

A higher value indicates more movement and a greater startle response. For a given animal, the 

reported startle value represents the mean response to six 120 dB pulses delivered at the start of 

testing. 

5.3.4 Data Analysis 

 

Experiments used a between-subjects design and data were analyzed through two-way 

ANOVA with factors of Strain and Treatment (Vehicle or 10 mg/kg GAT211). Post hoc testing 

was conducted using Tukey’s. Significance was set at α = 0.05. All data were analyzed by 

investigators blind to experimental conditions or through automated software. Based on previous 

research which has identified sex-differences in anxiety-like and social behaviour (Henbid et al., 

2017; Jones et al., 2008; Marks et al., 2016b; Powell et al., 2014; Roebuck et al., 2020), locomotor 

activity (Depaulis et al., 2016; Dezsi et al., 2013; Marks et al., 2016b), and the endocannabinoid 

system (Chapter 4), females and males were analyzed separately. 

 

5.4 Results 

5.4.1 GAERS fail to show expected anxiety-like phenotype in Elevated Plus Maze 

 

In contrast to previous studies conducted by our lab and others, GAERS failed to show the 

expected anxiety-like phenotype compared to NEC in the EPM (Dezsi et al., 2013; Jones et al., 
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2008; Marks et al., 2016b; Marks et al., 2019b). There were no significant main effects or 

interactions for time spent in the open arm in female GAERS (all p < 0.05; Figure 5.2A). 

Conversely, there was a significant interaction between strain and GAT211 for time spent in the 

open arms in male GAERS (F(1,24) = 4.59, p = 0.043). However, although it appeared that vehicle 

treated NEC spent the least time in the open arm, post hoc testing did not identify any significant 

comparisons (all p > 0.05). For both closed arm time and locomotor activity there were no 

significant main effects or interactions in either male or female GAERS (all p > 0.05; Figure 5.2B-

C).   
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5.4.1.1 Figure 5.2: Elevated Plus Maze 

 

Elevated plus maze behaviour was unaffected by strain or GAT211. For both time spent in the 

open arm (A) and locomotor activity (B), there were no differences between GAERS (n = 37 total; 

n = 26 female) and NEC (n= 39 total; n=20 female), nor did GAT211-treated animals differ from 

vehicle-treated animals. Data represent mean +/- SEM.   
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5.4.2 NEC have greater activity than GAERS regardless of sex or treatment 

 

Similar to the EPM, there were no significant effects for time spent in the inner area in the 

OFT. In female GAERS, there was a trend toward a main effect of Strain (F(1,42) = 3.17, p = 

0.083), however, this, and the main effect of GAT211 (F(1,42) = 1.96, p = 0.17) and interaction 

(F(1,42) = 1.40, p = 0.24), were not significant (Figure 5.3A). For males, there were no significant 

main effects or interactions for time spent in the inner area (all p > 0.05). In agreement with 

previous work, GAERS had reduced locomotor activity compared to NEC. The were significant 

main effects of Strain for females (F(1,42) = 47.04, p < 0.001) and males (F(1,26) = 28.18, p < 

0.001 ; Figure 5.3B). In both instances, NEC had significantly greater activity than GAERS.   
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5.4.2.1 Figure 5.3: Open Field Task 

 

GAERS (n = 37 total; n = 26 female) were less active than NEC (n= 39 total; n=20 female) in 

the open field. A. For time spent in the inner area there were no differences between GAERS and 

NEC, nor did GAT211-treated animals differ from vehicle-treated animals. B. GAERS of both 

sexes were less activate than NEC. Data represent mean +/- SEM. * = a significant comparison at 

p < 0.05.  
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5.4.3 Sociability 

 

For both males and females there were differences in total time spent exploring the stranger cage 

(all p > 0.05; Figure 5.4A). Male NEC spent significantly more time exploring the empty cage 

compared to male GAERS (F(1,24) = 6.03, p = 0.022; Figure 5.4B). There was a significant 

interaction for female empty cage exploration (F(1,42) = 9.58, p = 0.004) with vehicle treated NEC 

spending less time exploring than vehicle treated NEC or GAT211 treated GAERS (all p < 0.05; 

Figure 5.4B). For sociability, there were no significant strain or GAT211 effects in males (all p > 

0.05). For females, however, there was a significant interaction (F(1,42) = 12.02, p = 0.001; Figure 

5.4C). Post hoc testing determined that vehicle treated GAERS spent significantly more time in 

the stranger compartment compared to vehicle treated NEC (p = 0.007) and GAT211 treated 

GAERS (p = 0.041). This difference is in direct contrast to empty cage exploration.  
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5.4.3.1 Figure 5.4: Sociability 

 

Sociability in GAERS (n = 37 total; n = 26 female) and NEC (n= 39 total; n=20 female). A. There 

were no significant differences in stranger cage exploration. B. Male GAERS spent less time in 

the empty cage compared to male NEC. Vehicle treated female GAERS spent less time in the 

empty cage compared to vehicle treated female NEC or GAT211 treated female GAERS. C. There 

were no significant sociability differences in male GAERS or NEC. Vehicle treated GAERS were 
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more social than vehicle treated NEC or GAT211 treated GAERS. Data represent mean +/- SEM. 

* = a significant comparison at p < 0.05.  
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5.4.4 GAERS have elevated startle compared to NEC; GAT211 reduces startle in females 

 

For both sexes, startle responses were higher in GAERS compared to NEC. In females, there was 

a significant main of Strain (F(1,41) = 38.90, p < 0.001; Figure 5.5) and a significant reduction in 

startle after GAT211 (F(1,41) = 13.61, p < 0.001). The interaction between Strain and GAT211 

was not significant (F(1,41) = 1.31, p = 0.26). In males, GAERS again had a significantly higher 

startle response compared to NEC (F(1,25) = 77.80, p < 0.001); however, there was no effect of 

treatment with GAT211 (F(1,25) = 0.17, p = 0.68).   
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5.4.4.1 Figure 5.5: Acoustic Startle 

 

Startle response was higher in GAERS (n = 37 total; n = 26 female) and NEC (n= 39 total; n=20 

female) of both sexes. Pre-treatment with GAT211 lowered startle in female GAERS and NEC. 

Data represent mean +/- SEM. * and # correspond to significant differences (p < 0.05) between 

NEC and GAERS, and vehicle and GAT211 respectively. 
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5.5 Discussion 

 

As we have recently produced evidence that the CB1R PAMs GAT211 and GAT229 reduce SWDs 

in GAERS we sought to investigate whether these same compounds may be suitable for treatment 

of behavioural comorbidities relevant to AE. To that end, we treated female and male GAERS and 

NEC with GAT211 and tested them in a behavioural battery designed to assess anxiety-like and 

social behaviour. Although some trends appear to suggest therapeutic potential, limitations may 

necessitate further experiments.  

 

5.5.1 GAERS largely fail to show expected anxiety-like phenotype in EPM or OFT, 

although elevated startle response in GAERS is observed 

 

There were no significant differences between GAERS and NEC in either open arm time, 

closed arm time, or locomotor activity in the EPM. Similarly, no differences in open area time 

were observed in the OFT. There were, however, strain differences in locomotor activity during 

the OFT. Previous research in our colony has identified differences in the OFT and in closed arm 

time during the EPM, but these results have been more subtle than behaviours reported from other 

colonies (Dezsi et al., 2013; Jones et al., 2008; Marks et al., 2019a; Marks et al., 2019b; Powell et 

al., 2014). Additional evidence for an anxious phenotype in GAERS in this study comes from their 

elevated startle response. Together, the decreased OFT activity and increased startle response may 

suggest a moderate increase in anxiety-like behaviour, however considering the magnitude of these 

effects and the absence of additional support from the EPM or open area time during the OFT, 

these data should be interpreted cautiously. 

The modest anxiety-like phenotype observed in this study also limits any potential 

identification of anxiolytic or anxiogenic effects of GAT211. No effects of GAT211 were observed 

on open arm/area time in either the EPM or OFT. There were, however, sex- and strain-specific 

decreases in startle response in female NEC and GAERS. These data suggest that GAT211 does 

not have an anxiety modulating effect in male GAERS and NEC, although it may, in some 

instances, produce anxiolytic effects in females. Furthermore, these data show that GAT211 did 

not alter locomotor activity in either test, supporting previous behavioural studies with CB1R 

PAMs (Laprairie et al., 2019; Slivicki et al., 2018). 

 

5.5.2 Atypical sociability in GAERS and NEC 
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All animals showed a stranger cage preference. In male GAERS and NEC, there were no 

differences in sociability across strain or treatment, although lower open cage time may indicate a 

decrease in exploratory behaviour in male GAERS. In contrast, only vehicle treated female 

GAERS showed an increased preference for the stranger rat. In a previous sociability study from 

our colony, no significant differences were identified between males, and female GAERS were 

less social than female NEC (Henbid et al., 2017). While the male data generated here fits with the 

Henbid et al., study, the female data is in conflict. The increase in social behaviour of female 

GAERS rather than female NEC also conflicts with another study from our colony evaluating 

social behaviour, and is unexpected considering the elevated anxiety generally observed in 

GAERS (Marks et al., 2019a).  

Compounding this issue, stranger cage exploration and sociability preference were 

substantially higher than reported in previous studies. In the current experiment, exploration time 

averaged between 100-200 s compared to ~50-100 s in previous work (Henbid et al., 2017; Marks 

et al., 2019a). Likewise, sociability discrimination preferences ranged from 0.4 – 0.7 compared to 

0.1 – 0.4 (Henbid et al., 2017; Marks et al., 2019a). The lowest sociability preference in these data 

roughly equate to the greatest preference observed in past studies. This suggests that all animals, 

either through effect of treatment, handling, or study design were significantly more social. These 

issues make the GAT211-induced increase in sociability in female NEC, and the GAT211-induced 

decrease in female GAERS, difficult to interpret. Considering the possibility that vehicle 

treatments or experimental design may have confounded this behaviour, further research 

examining the effects of CB1R PAMs on social behaviour in GAERS will be required before any 

substantive conclusions regarding the effects on social behaviour can be drawn. 

 

5.5.3 Experimental limitations necessitate further experiments  

 

Concerningly, we were largely unable to replicate the established anxiety-like phenotype 

observed in GAERS colonies (Dezsi et al., 2013; Jones et al., 2008; Marks et al., 2016b; Marks et 

al., 2019a; Powell et al., 2014). As this effect has been observed previously in our colony, there is 

a possibility that alterations to the behavioural protocol or vehicle effects may have confounded or 

otherwise altered our results in this experiment. One possible explanation is that the design of the 

behavioural battery may have influenced animal behaviour (Andrews & File, 1993; Blokland et 

al., 2012; Schmitt & Hiemke, 1998). Rats were habituated to several rooms and conditions before 
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testing which may have interfered with expression of the predicted anxiety-like behaviour 

(Andrews & File, 1993; Schmitt & Hiemke, 1998). Furthermore, successive behavioural tests may 

have introduced order effects in later tasks (Blokland et al., 2012). As both over-habituation and 

sequential testing can alter exploratory and social behaviour, future experiments should account 

for such potential confounds when possible. 

However, although these possibilities provide a plausible explanation for the lack of effects in 

later tasks in the battery, they do not fully account for the failure of the EPM to detect a behavioural 

difference across strains, and thus other possible confounds should be considered. Foremost among 

them is the high ethanol concentration required to dissolve GAT211. In comparison to previous 

experiments in our lab, both GAERS and NEC spent considerably more time in the open arm of 

the EPM (~30% in the present study, compared to <20% in previous studies) (Marks et al., 2016b). 

Both the vehicle and GAT211 injections were 20% ethanol. Ethanol is known to dose-dependently 

disrupt rodent behaviour in a variety of analogous tasks (Da Silva et al., 2005; Karlsson, 2016; 

Spear, 2018; Varlinskaya et al., 2001; Varlinskaya & Spear, 2002). Additionally, as a true control 

was not used in this design, the effect of vehicle alone cannot be determined. Lastly, as these 

behaviours were assessed over ~1.5 h, earlier tasks may have been differently influenced by either 

vehicle or GAT211 (Karlsson, 2016; Pohorecky et al., 1976; Slivicki et al., 2018; Spear, 2018). 

The high possibility of vehicle-induced behavioural differences limits the potential interpretive 

value of these data and future experiments should account for these limitations through use of a 

true control or a more innocuous vehicle. 

 

5.6 Conclusions 

Previous studies have demonstrated that GAT211 can reduce SWDs in GAERS without 

producing deleterious tetrad effects (Chapter 4; Slivicki et al., 2018). In this study we provide some 

initial evidence that GAT211 may reduce the elevated startle response of female GAERS. 

However, the results of this study should be interpreted cautiously. Atypical behaviour and 

potential vehicle-related confounds indicate a need for further experiments before conclusions can 

be drawn. Future experiments should continue evaluating the potential use of CB1R PAMs for 

treatment of absence epilepsy and associated comorbidities.  
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6. GENERAL DISCUSSION 

 

The work in this thesis used touchscreen equipped chambers to identify cognitive impairments in 

the GAERS model of Absence Epilepsy that reflect comorbidities observed in AE patients. 

Furthermore, these studies are the first to evaluate the therapeutic potential of cannabinoids for 

treatment of absence seizures and behavioural comorbidities in GAERS. 

 

6.1 Summary of major thesis findings 

 

1. In addition to previously identified comorbidities, GAERS also have cognitive deficits that 

resemble those observed in AE. Further, the identification of a more severe phenotype in male 

GAERS supports previously observed sex differences. These data provide additional evidence 

supporting use of GAERS as a model of comorbidities resembling those found in AE. 

Additionally, the use of touchscreen chambers suggest analogous behavioural tests could be 

performed in AE patients, potentially improving translational reliability. 

 

2. Acute treatment with the phytocannabinoids THC and CBD produced dissociable effects on 

SWDs in GAERS with THC greatly increasing SWDs and CBD modestly decreasing these events. 

In addition, high-THC cannabis smoke also increased SWDs whereas high-CBD smoke neither 

increased nor decreased the number of events. These data suggest that CBD may be effective in 

treating seizures in AE, however the substantial increase in SWDs after THC raises concerns for 

the use of phytocannabinoids in this disorder. Furthermore, this chapter describes a novel cannabis 

smoke exposure protocol that could be used in other animal models. 

 

3. Regional, strain, and sex-specific differences were observed in the ECS of GAERS compared 

to NEC. These differences may contribute to their epileptic phenotype and behavioural 

abnormalities.  

 

4. The CB1R PAMs GAT211 and GAT229 were shown to decrease SWDs in GAERS. The 

SWD-reducing effect was CB1R dependent and maintained when GAT229 was intracranially 

infused in motor cortex. These data support further examination of CB1R PAMs as potential AEDs 

in AE. 
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5. Initial evidence suggests that the CB1R PAM GAT211 may partially reverse some anxiety-

like behaviour in female GAERS. However, further research is required as the behaviours observed 

appear to deviate from previous studies in this model. Additional experiments should assess if 

GAT211 can ameliorate comorbidities, or whether these data reflect confounds unique to the 

vehicle or specific behavioural protocol used.  

 

6.2 GAERS as a model of AE: New insights into behaviour and the role of the ECS 

 

Translational preclinical research benefits from model systems that resemble the etiology and 

symptomology of the human condition. In this regard, GAERS are reminiscent of AE across many 

different domains. Genetically, GAERS have a T-type Ca2+ channel SNP analogous to mutations 

observed in some human patients. The spontaneous generation of SWDs in GAERS parallels 

electrophysiological attributes of these seizure events in AE and other related disorders. GAERS 

also exhibit increased anxiety-like behaviour, decreased sociability, and moderate learning and 

cognitive impairments reflecting those found in AE. And clinically, GAERS respond similarly to 

AEDs, showing predictive value as a preclinical model to develop new treatments for non-motor 

seizures and associated behavioral comorbidities. However, ongoing characterization of any model 

system is essential to understanding the conditions in which it may effectively emulate a given 

disorder. Thus, building on the work of other researchers, this thesis continued the characterization 

of GAERS as a model AE. 

 Beginning with a purely behavioural study, this thesis sought to directly assess learning, 

memory, and behavioural flexibility in female and male GAERS and NEC using touchscreen-

equipped operant conditioning chambers (Chapter 2). Although previous studies have identified 

other behavioural abnormalities resembling those found in AE (e.g., increased anxiety-like 

behaviour and some evidence of learning impairments), few have directly assessed cognition in 

GAERS. Expanding on previous work, the data in this thesis demonstrates impairments in learning 

and memory, and behavioural flexibility. As similar executive function impairments have been 

observed in patients with AE, these data provide additional support for GAERS as a model of 

comorbidities, and present touchscreens as a potential for translational research (Dunn et al., 2016; 

Verrotti et al., 2015). Moreover, these data also reveal sex-specific differences in the degree of 

cognitive impairment, with male GAERS more severely impaired. Although sex-specific 

differences are often observed in GAERS and human patients, it is notable that AE is more 
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prevalent in females (Caplan et al., 2008; Dunn et al., 2016; Verrotti et al., 2015). Research should 

continue investigating cognition in GAERS with careful consideration of how sex-specific 

differences may or may not accurately reflect impairments in human AE. 

 In addition to behavioural observations, this thesis provides the first characterization of the 

ECS in GAERS (Chapter 4). Cannabinoids and the ECS are actively investigated across epileptic 

models for their putative roles in the development, maintenance, and treatment of seizure 

disorders. Furthermore, considering the existing parallels between these models, recent reports of 

ECS disruption in WAG/Rij rats compels researchers to investigate GAERS for similar changes 

(Citraro et al., 2013a; Crunelli et al., 2020; van Rijn et al., 2010). The identification of regional 

and sex specific ECS alterations may provide insight into electrogenic and behavioural 

abnormalities observed in GAERS. Decreased cortical CB1R, elevated 2-AG, and unchanged 

thalamic levels of both, contrast with the decreased thalamic expression of CB1R observed in 

WAG/Rij rats (van Rijn et al., 2010). Furthermore, although unlikely to be involved in SWD 

propagation, sex- and strain-specific differences in the hippocampal ECS may contribute to 

behavioural abnormalities observed in GAERS and NEC. As the ECS has been implicated in 

rodent models of anxiety, social behaviour, and cognitive impairment, further study of the ECS in 

GAERS is warranted for research into seizures and comorbidities (Lutz et al., 2015; Marco et al., 

2011; Zanettini, 2011). 

 Continued characterization of GAERS and NEC provides support for future studies in this 

model. The description of additional cognitive impairments, sex-specific differences, and ECS 

disruptions presented in this thesis identify specific avenues for continued research with GAERS 

(discussed in detail below). Ongoing characterization of GAERS will improve our understanding 

of its strengths, weaknesses, and suitability as model for continued research in AE and other 

seizure disorders.  

 

6.3 Cannabinoids in GAERS: Highs, lows, and preclinical promise 

 

The therapeutic potential of cannabinoids for treatment of epilepsy is of considerable interest 

and currently the subject of extensive research. However, although preclinical and clinical 

successes have been observed in a variety of models and disorders, comparatively little research 

has investigated the effect of cannabinoids in AE and its associated models. A few studies have 

examined cannabinoids in the WAG/Rij model of AE, but these studies have not used 
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phytocannabinoids (e.g. THC and CBD) and have occasionally produced contradictory results 

(Citraro et al., 2013b; Citraro et al., 2013a; Perescis et al., 2020; van Rijn et al., 2010). 

Furthermore, no studies have evaluated the effects of cannabinoids in GAERS, thus we cannot 

conclude whether the pro- or anti-convulsive effects that have been observed in WAG/Rij rats may 

be generalizable or strain specific. Therefore, a major objective of this thesis was to conduct initial 

studies assessing the effects of cannabinoids on SWDs in GAERS.  

 

6.3.1 Phytocannabinoids differentially increase and decrease SWDs in GAERS 

 

The two most prominent plant-based phytocannabinoids, THC and CBD, have received 

considerable clinical and preclinical attention for their seizure modulating effects. However, no 

cannabinoids have been tested in GAERS. Thus, this thesis first examined the effects of THC and 

CBD on SWDs in GAERS (Chapter 3). These experiments demonstrated that THC and CBD 

produced dissociable changes on SWD incidence in GAERS. 

Acute administration of THC (i.p.) dose-dependently increased the incidence and duration of 

SWDs. This increase was also present after exposure to high-THC cannabis smoke, but not low-

THC cannabis smoke. These data suggest that regardless of route of administration, THC, a partial 

agonist at CB1R, produces a concerning increases in SWDs. The exact mechanism of how THC 

modulates SWDs in GAERS is unknown. In addition to its role at CB1R, THC also activates 

GPR55, inhibits Na+ channels, and may potentiate calcium influx through T-Type calcium 

channels (Rosenberg et al., 2017; Ross et al., 2008; Zou & Kumar, 2018). Additionally, THC can 

induce receptor desensitization and downregulation which may specifically affect either 

glutamatergic or GABAergic neurons (Rosenberg et al., 2017; Zou & Kumar, 2018). Any of these 

mechanisms, or indeed a combination thereof, may be sufficient to alter ictogenesis and SWD 

propagation in GAERS.   

 In the WAG/Rij model, synthetic CB1R agonists have occasionally suppressed seizures, 

though they often produce a later increase in SWDs (Citraro et al., 2013b; Citraro et al., 2013a; 

Perescis et al., 2020; van Rijn et al., 2010). Although there are significant differences between 

synthetic agonists and THC, GAERS and WAG/Rij, and the testing conditions used, the current 

evidence raises concerns for the use of CB1R agonists in AE. At best, agonists may produce a 

transient anti-epileptic effect, with the potential to increase seizures immediately or through a later 
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rebound. In the absence of literature from clinical patients, the available data suggests high-THC 

cannabis may be problematic in AE, and research should proceed cautiously in this area.  

On the contrary, high doses of CBD produced a moderate decrease in SWDs in GAERS. 

However, unlike the high-THC strain, high-CBD cannabis smoke had no detectable effect on 

seizures in GAERS. A plausible explanation for the failure of cannabis smoke to reduce seizures 

was a lower concentration of CBD. Significant reductions in SWDs were only observed after 30-

100 mg/kg injections of CBD and, although it was not measured, it is unlikely cannabis smoke 

could produce such a high dose. In human epilepsy trials, therapeutic doses appear in the 10 to 50 

mg/kg range (Devinsky et al., 2014; Devinsky et al., 2019; Huntsman et al., 2019; Laux et al., 

2019; Thiele et al., 2018). Although these data come from different, more severe, forms of 

epilepsy, they provide some indication of a potential treatment range. Since, CBD has not been 

tested in WAG/Rij rats, and these remain the only data suggesting anti-seizure effects in an AE 

model, further studies are needed in this area. 

 The data presented in this thesis provides preclinical evidence supporting use of CBD in AE 

patients. However, the only available evidence assessing the effect of CBD on absence seizures in 

humans has reported limited efficacy. In contrast to significant reductions in convulsive seizures, 

CBD appears have less of an effect on non-motor or absence seizures in LGS or DS (Devinsky et 

al., 2014; Devinsky et al., 2018; Laux et al., 2019). These studies largely investigate the effects of 

CBD as an add-on treatment in intractable conditions where absence seizures are not the dominant 

phenotype. Currently, studies directly assessing the effect CBD in AE have not been published 

although clinical trials are underway. As CBD has been well-tolerated in previous epilepsy studies, 

and shows potential for seizure reducing effects, research should continue in this area. However, 

considering the potential for increases in SWDs, future studies in this area should use THC-

containing cannabis and extracts cautiously.   

 

6.3.2 Positive Allosteric Modulation of CB1R reduces SWDs in GAERS 

 

The dissociable effects of THC and CBD, and identification of ECS disruptions in GAERS 

indicates altering endocannabinoid tone may produce changes in seizure activity. Therefore, this 

thesis sought to evaluate the effect of positive allosteric modulation in GAERS (Chapter 4). Both 

GAT211 and GAT229 dose-dependently reduced the incidence of SWDs in GAERS. Furthermore, 

co-administration of the CB1R antagonist SR141716A blocked the effect of GAT229, indicating 
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that seizure reduction was CB1R-dependent. These data provide early evidence that CB1R PAMs 

can produce anti-epileptic effects in rodent seizure models. In addition, these PAMs do not appear 

to produce deleterious tetrad effects. Together, these data support continued research into the use 

of CB1R PAMs in AE. 

 The mechanism(s) by which GAT211 and GAT229 reduce seizures in GAERS are not known 

and represent a critical area for future research. The ECS plays an integral role regulating neuronal 

excitability through DSE and DSI (Zou & Kumar, 2018). Furthermore, some ECBs (e.g., AEA) 

have shown CB1R-dependent anticonvulsive properties in WAG/Rij rats (Citraro et al., 2013b; 

Citraro et al., 2013a). Beyond CB1R, ECBs also act on other receptors and enzymes and can 

activate TRPV1 and inhibit both L- and T-type Ca2+ channels (Chemin et al., 2001; Maccarrone et 

al., 2008; Van Der Stelt et al., 2005). Lastly, ECBs can also alter GABAergic currents relevant to 

GAERS considering their disruptions in this system and the therapeutic potential of GABAAR 

PAMs (Depaulis et al., 2016; Duveau et al., 2019; Errington et al., 2011). However, as these 

proposed mechanisms have not been tested experimentally, they remain speculative. Research 

must continue to investigate the mechanisms by which CB1R PAMs reduce SWDs in GAERS to 

accurately assess therapeutic potential. 

 Research into the clinical potential of CB1R PAMs has accelerated in recent years. PAMs 

show promise over orthosteric agonists, offering greater selectivity, less intrinsic activity, and 

potentially enhanced safety and tolerability (Alaverdashvili & Laprairie, 2018; Laprairie et al., 

2019; Slivicki et al., 2018). Traditional orthosteric agonists of CB1R (e.g. THC) can overstimulate 

the ECS, altering excitability, and producing adverse psychotropic effects that limit clinical utility. 

In relation to AE, such agonists can potentiate SWDs in preclinical models (Chapter 3; Citraro et 

al., 2013a, 2013b; Perescis et al., 2020; van Rijn et al., 2010).  True CB1R PAMs, such as GAT229, 

mitigate many of these potential concerns as they cannot be activated in absence of ECBs, 

contributing to an innate effect ceiling that limits the potential for overstimulation. Generation of 

therapeutically viably PAMs is still ongoing (Alaverdashvili & Laprairie, 2018). The potency, 

selectivity, intrinsic activity, and signalling bias of PAMs must be carefully evaluated as 

preclinical research continues. Additional concerns regarding solubility, metabolism, and potential 

off target effects must also be considered. However, regardless of these challenges, early 

preclinical successes, and the long-term therapeutic potential of CB1R PAMs in epilepsy and other 

conditions justify continued research in this area. 
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6.3.3 CB1R PAMs alter GAERS behaviour, but more research is needed 

Current AEDs are insufficient to manage neurocognitive and psychiatric comorbidities present 

in AE. Furthermore, frontline AE pharmacotherapies are ineffective in 30% of patients and 

produce significant side-effects that limit clinical utility (Aldenkamp et al., 2016; Crunelli et al., 

2020; IJff et al., 2016; Verrotti et al., 2015). Ideally, new treatments would manage both seizures 

and symptoms to limit the potential for harmful interactions and adverse events. Building on past 

behavioural studies (see Chapters 1 and 2), the SWD reducing effects of CB1R PAMs (see Chapter 

4), and the lack of deleterious effects following GAT211 and GAT229 (see Laprairie et al., 2019; 

Slivicki et al., 2018; Chapter 4), this thesis explored the potential of GAT211 to also ameliorate 

comorbidities (Chapter 5). 

 Elevated anxiety-like behaviour and impaired sociability are observed in both AE and GAERS; 

additionally, both comorbidities respond to acute treatment with AEDs (Dezsi et al., 2013; Henbid 

et al., 2017; Jones et al., 2008; Marks et al., 2016b; Marks et al., 2019a; Powell et al., 2014). 

Therefore, as an initial test of therapeutic potential, the acute effects of GAT211 were assessed in 

a behavioural battery assessing sociability and anxiety-like behaviours (Chapter 5). Evidence 

generated through the behavioural battery suggests that GAT211 may reduce the heightened startle 

response observed in female GAERS. However additional therapeutic effects were not found in 

other behaviours. As discussed more fully above, atypical behaviour and the potential confounds 

introduced by a high ethanol injection vehicle necessitate cautious interpretation of these data. 

Although this experiment provides some support for the use of CB1R PAMs in AE comorbidities, 

additional research is warranted before any conclusion is drawn (discussed further below).  

 

6.4 Limitations of the Thesis Research 

 

This thesis continues the characterization of GAERS and presents the first studies examining 

cannabinoids and the ECS in this model of AE. Although these studies provide novel data to inform 

future experiments, there are limitations which must be considered when interpreting these results. 

 

6.4.1 Research design and recording duration 

 

Most experiments in this thesis involved acute treatment of a drug in a repeated measures 

design. It is likely that chronic treatment with either a cannabinoid or PAM could alter the observed 
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effects. However, considering the novelty of CB1R PAMs and cannabinoid treatment in GAERS, 

we did not perform chronic experiments. Future studies should assess the effects of chronic 

treatment in this model (discussed further below). Conversely, it is possible that repeated treatment 

may have sensitized, desensitized, or otherwise altered seizure activity in our experiments even 

with the washout periods used. Although we did not observe order effects, and seizure activity 

appeared normal 24 h post treatment, the potential confound remains. This limitation could be 

addressed in future studies by using a between subjects’ design. However, logistical pressures, 

ethical considerations, and the lack of observable repeated treatment effects, may support 

continued within-subjects’ studies despite this potential confound.  

 An additional limitation comes from the relatively short recording duration used in the seizure 

experiments (Chapters 3 and 4). EEGs were recorded for 2 h following drug administration or 

smoke exposure. While such a recording window was sufficient to detect alterations in SWD 

incidence and duration, it may have missed late alterations in seizure behaviour important to AE. 

For example, in the WAG/Rij model, longer recording windows (>6 h) detected a rebound 

following seizure suppression after administration of the CB1R full agonist WIN55 (Citraro et al., 

2013a; Perescis et al., 2020). Although WIN55 is more potent at CB1R than THC, GAT211, or 

GAT229, our studies could have missed a similar rebound. Future experiments should increase the 

recording duration to account for this. 

 

6.4.2 Ethanol as an injection vehicle 

 

As alluded to above, the solubility of GAT211 and GAT229 necessitated the use of a vehicle 

that had a high ethanol concentration. Ethanol is known to alter both seizure activity and rodent 

behaviour. Although experiments in this thesis compared seizure activity against vehicle controls, 

confounding effects may still be present. Of particular concern are behavioural differences that 

conflict with previously reported data (Chapter 5). Future studies should use either next-generation 

PAMs with improved solubility or potency (e.g. GAT591), or a different vehicle that avoids or 

otherwise limits ethanol exposure. Such changes would enhance interpretation of drug effects and 

greatly limit potential confounds that were observed in these experiments. 

 

6.4.3 GAERS as model of AE 
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Although GAERS have SWDs and behavioural abnormalities reminiscent of AE, there are 

fundamental questions regarding their suitability as a model. Presence of spontaneous SWDs is 

considered the most important attribute of an AE model, and although GAERS have these events, 

they differ in many properties (Depaulis et al., 2016). In comparison to humans, SWDs in GAERS 

are more numerous, oscillate at a higher frequency, are longer in duration, and focally originate 

mostly in S1 rather than diffusely across a broad CIN. Furthermore, onset of seizures occurs later 

in GAERS and rather than remitting in late adolescence, seizures persist until death. Lastly, 

behaviour in GAERS is generally compared to NEC. This can be problematic as some studies have 

also observed behavioural abnormalities in NEC compared to Wistar rats (Depaulis et al., 2016; 

Marks et al., 2016c). However, although limitations are present in GAERS, the same can be said 

of all model systems. GAERS have shown predictive validity for AED drugs and thus remain a 

valuable model of AE. No single model can recapitulate all aspects of the human condition. 

Instead, careful consideration of the strengths and weaknesses of a given model is required during 

all stages of research, from inception to interpretation. 

 

6.5 Future Directions 

 

This thesis presents the first data exploring the role of cannabinoids and the ECS in the GAERS 

model of AE. The novelty of CB1R PAMs and paucity of additional studies in these areas leave 

many questions unanswered. In the following sections this thesis will briefly highlight future 

directions for research. 

 

6.5.1 Search for a mechanism 

 

Perhaps the greatest outstanding question is how cannabinoids and the ECS may be modulating 

seizure activity in GAERS. Potential mechanisms include downstream effects of CB1R activation, 

either directly or through increased ECB binding; activity at other sites such as TRPV1, L-, or T-

type Ca2+ channels; or through direct alteration of glutamatergic or GABAergic activity. For 

GAT229, this thesis presents evidence suggesting SWD modulation is CB1R-dependent in 

GAERS (Chapters 3 and 4). Thus, this potential mechanism should receive specific attention. 

Additionally, AEA, THC, and CBD all interact directly with T-type Ca2+ channels (Chemin et al., 

2001; Ross et al., 2008). As T-type antagonists have therapeutic promise, the effect of 

cannabinoids on T-currents and burst firing should also be assessed.  
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6.5.2 Chronic administration of cannabinoids 

 

Building off the limitations described above, a natural extension of the current experiments 

would be the long-term effects of treatment with CB1R PAMs. All experiments in this thesis 

used acute, or at most repeated, treatment paradigms. These designs may over or underestimate 

the potential efficacy of cannabinoids in AE. Furthermore, acute designs may also limit detection 

of adverse or off target effects. Longitudinal experiments should assess the effect of cannabinoid 

treatments on seizure progression, behaviour, and the ECS.  

 

6.5.3 Developmental changes in the ECS and preventative treatments 

 

Research should also examine the ECS across development. GAERS spontaneously develop 

seizures between PND30-40, yet aberrant electrical activity is detectable earlier. Based on the 

differences in the adult ECS presented in this thesis (Chapter 4), it would be valuable to assess the 

ECS at different stages in development. Although linked to T-type Ca2+ channel dysfunction, this 

mutation alone is not sufficient to explain their entire phenotype and the etiology of GAERS is not 

fully understood. Assessing the ECS before and after initial seizure presentation may highlight 

differences in progression of symptoms relevant to seizures and behavioural comorbidities. 

 Pre-treatment with ETX has been shown to block development of SWDs and improve 

behavioural comorbidities in GAERS (Dezsi et al., 2013). However, ETX is not effective in ~1/3 

of patients and associated with adverse side effects. Considering the ECS disruption already 

observed in adult GAERS it would also be valuable to assess the effects of acute and chronic pre-

treatment with CB1R PAMs. Such experiments should build off those described above.  

Additionally, clinical introduction of experimental AEDs often proceeds alongside 

administration of established drugs. Therefore, another valuable experiment would be co-

administration of CB1R PAMs and ETX. Using a lower dose of ETX may allow for a reduction 

in adverse effects and improve seizures through the combined effect of these drugs. However, as 

the pharmacology described is complex and mechanisms not fully understood, potential 

therapeutic gains from pre-treatment or co-administration must be tested experimentally. 

 

6.5.4 Improved behavioural analysis 
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Lastly, the behavioural experiments described in this thesis, do not provide enough evidence 

to determine whether CB1R PAMs may have therapeutic potential for comorbidities observed in 

GAERS. As other AEDs can ameliorate both seizures and comorbidities, this remains an important 

avenue for continued research (Dezsi et al., 2013). If treatments are effective in reducing anxiety-

like and social behaviour, the therapeutic potential for cognitive impairments should also be tested. 

Additional experiments should use next-generation PAMs, ethanol free vehicles, and robust 

behavioural assays to evaluate the potential therapeutic effects of cannabinoids in AE. 

Development of AEDs that manage both seizures and comorbidities is clinically relevant for 

patients with AE, thus continued research in this area is warranted.  

6.6 Final Conclusions 

 

Current pharmacotherapies for AE are insufficient and do not effectively manage seizures or 

comorbidities. Furthermore, all frontline AEDs used in AE have adverse side-effects that limit 

clinical utility, reduce QOL, and further contribute to neurocognitive and psychiatric impairments. 

Recent evidence suggests cannabinoids may be effective in managing epileptic seizures in some 

conditions, however, few studies have assessed this potential in AE or relevant models. This thesis 

describes novel cognitive impairments reflective of AE and provides the first evidence of ECS 

disruption in GAERS. Furthermore, this thesis presents the first data assessing the effects of plant-

based phytocannabinoids and synthetic CB1R PAMs in GAERS. The therapeutic potential of 

CB1R PAMs described here supports continued research into their use for AE and other seizure 

disorders. Cannabinoids represent a new area for research that may yield treatments better suited 

to managing seizures and comorbidities in human epilepsies like AE. 
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