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ABSTRACT 
  

 
Epilepsy is the fourth most prevalent neurological disorder worldwide, and is characterized 

by spontaneous, recurrent seizures. However, in neonates and children, seizures are the 

single most common neurological event to occur. Despite the availability of over 20 

antiseizure drugs (ASDs), the majority of early life seizures remain medically unresponsive 

to pharmacological interventions. Therefore, the identification of new, mechanistically 

different drug treatments to control early life seizures is a priority. One such candidate 

target is the cannabinoid (CB) system, an endogenous signaling system shown to modulate 

excitatory and inhibitory balance. Accordingly, compounds targeting the CB system can 

be promising therapeutics for controlling the excessive neuronal activity that underlies 

seizures. Therefore, the overarching goals of this dissertation were to systemically evaluate 

how CB-targeted compounds would 1) modulate seizure activity across multiple seizure 

models in immature aged rodents that clinically correspond to neonates and children and 

2) affect the developmentally sensitive, immature brain.  

 

In this dissertation, both direct and indirect pharmacological manipulations of the CB 

system displayed anticonvulsant, yet age-dependent, efficacy in developing rodents. 

Cannabinoid receptor 1 agonists reduced seizure severity across three seizure models in 

the younger, postnatal day (P) 10 rats. Interestingly, broader CB system modulation with 
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the cannabis-based compound cannabidivarin (CBDV) reduced seizure severity across 

three seizure models in the older, P20 rats, without effect on five separate P10 models. 

Additionally, both specific CB1 receptor agonist WIN 55,212-2 and CBDV did not 

increase developmental cell death, a characteristic uncommon among ASDs used during 

developmentally sensitive growth periods. These results demonstrate a favorable efficacy 

and safety profile of CB-targeted compounds as potential therapeutics for refractory early 

life seizures.  

 

This work expands current ASD screening methods for drug discovery and development 

by utilizing age-appropriate models to enhance translational value of new therapeutics. In 

so doing, the present work demonstrates that the CB-targeted compounds WIN 55,212-2 

and CBDV have significant antiseizure properties against preclinical, age-restricted, early 

life seizures and are safe for use during development. Overall, this work constitutes some 

of the first in the field to systemically evaluate the modulatory role of the cannabinoid 

system in early life seizures.  
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CHAPTER I: 
 

 INTRODUCTION 
 

Epilepsy is the fourth most common neurological disease and is characterized by recurrent, 

unprovoked seizures caused by abnormal, excessive, and/or synchronous neuronal 

activity.1,2 The World Health Organization conservatively reports that 50 million people 

worldwide have epilepsy3 and in both developed and developing countries, epilepsy 

incidence is highest from the first year of life through adolescence.4 Furthermore, not only 

is the incidence of epilepsy highest during development, but seizures are the most common 

neurological event in neonates and represent a significant cause of morbidity and 

mortality.5,6 

 

A. PEDIATRIC EPILEPSY 
 
 

I. Mechanisms underlying pediatric epilepsy 

The high incidence of epilepsy during development suggests a possible age-specific 

susceptibility to seizures. It is thought that the immature brain is more excitable, compared 

to the mature brain, increasing its susceptibility to seizures. For example, in preclinical 

animal studies, immature animals can require significantly less stimulation to evoke 

seizures compared to adult animals.7–9 This excitable state can be largely attributed to the 

disproportionate emergence of neurotransmitters during development. The excitatory 

neurotransmitter system is present and functional earlier than the opposing inhibitory 

system. In fact, the excitatory N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors are transiently 
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overexpressed in the immature brain, encouraging excitability.5,10 However, the early 

increase in excitatory drive is required for activity-dependent developmental processes 

such as integration of neurons into functioning networks,11,12 whereas insufficient 

activation of NMDA receptors triggers apoptotic neurodegeneration.11 Furthermore, when 

the major inhibitory neurotransmitter, GABA, is present, it exerts a net excitatory effect in 

immature neurons due to development differences in the chloride gradient.13 Depolarizing 

GABA currents are similarly required for activity dependent development processes such 

as neuronal proliferation and synaptogenesis.14,15 Although developmentally necessary, 

this excitatory bias is also thought to create a predisposition to pathological and excessive 

neuronal activity that is characteristic of seizures.5 

 

II. Identifying and treating pediatric seizures  

In spite of their prevalence, neonatal seizures are characteristically difficult to recognize, 

diagnose, and treat. The challenge in diagnosis is often due to the phenomenon of 

electroclinical dissociation or uncoupling, whereby electrographic seizures are not reliably 

associated with behavioral symptoms.16 The inconsistency of abnormal EEG recordings 

presenting with simultaneous behavioral symptoms results in more subjective observations 

of seizure presentation. This causes both over- and underestimates of neonatal seizure 

incidence.  

 

After accurate diagnosis of early life seizures, treating seizures during brain development 

poses a significant challenge. The current first line treatment, phenobarbital (PB), is used 

in over 80% of neonatal seizures.17,18 It is also the most common treatment for seizures 
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resulting from neonatal hypoxic-ischemic encephalopathy, the most frequent underlying 

cause of pediatric seizures.19,20 However, less than half of the infants and children treated 

with the PB or the second line treatment, phenytoin (PHT), will achieve adequate seizure 

control.21 In fact, despite the availability for over 20 antiseizure drugs (ASDs) treatment 

resistant seizures remain most prevalent in infants and children. However, this is suggested 

to be a factor of how ASDs are developed, rather than their availability.5 Currently 

available ASDs, including PB, have been developed and tested in adult animal models and 

are often tested clinically in adult patients. However, prominent anatomical, 

electrophysiological, and neurochemical differences between the mature and immature 

brain should preclude the translation of ASD efficacy in adults to children.5 For example, 

in direct contrast with its inhibitory effect in the adult brain, GABA in the developing brain 

modulates excitatory activity.13 This age-dependent difference may explain the poor 

efficacy of PB when used early in life, which acts to positively modulate GABAA receptor 

activity.  

 

Moreover, pharmacotherapy during critical periods of brain development can have adverse 

effects on normal developmental processes. For example, exposure to PB in utero or early 

infancy has been associated with reductions in IQ and overall brain volume, and may 

contribute to increased risk for developing psychiatric disorders.22–24 Collectively, current 

treatments are often ineffective at controlling acute seizure incidents in infants and 

children, do not modify the later development of epilepsy, and can contribute to later life 

deficits.5 Therefore, it is imperative to not only identify novel therapeutics, but to also test 

novel compounds in age-appropriate animal models. 
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B. ANTISEIZURE DRUGS 

 

I. Preclinical antiseizure drug identification and development  

There is a well-established translational pipeline for novel ASD testing. The Epilepsy 

Therapy Screening Program (ETSP)25 has been instrumental in the identification and 

evaluation of new potential drug therapies for the treatment of epilepsy. Historically, the 

primary focus of the ETSP was on identification of compounds for symptomatic treatments 

of seizure disorders. Candidate compounds proceed through a series of assays beginning 

first with the identification of antiseizure properties and the effective and toxic dose ranges. 

Subsequently, compounds are differentiated by their antiseizure efficacy in preclinical 

models of specific epilepsy etiologies.26 However, clinically, 30% of patients continue to 

experience seizures that are not fully controlled with current ASDs.27 Therefore, to address 

this unmet clinical need, the ETSP refined the compound screening work flow to focus 

efforts on refractory epilepsy, in addition to epileptogenesis, disease progression, and 

epilepsy comorbidities.26 To focus on refractory, or pharmacoresistant, seizures, the ETSP 

prioritized two preclinical models of acute seizures: the maximal electroshock (MES) and 

6Hz 44mA stimulation tests. These models represent generalized tonic-clonic and focal 

seizures, respectively.26,28 While the MES model is traditionally employed in the screening 

program, it is now one of the first models used for compound identification.25 The 6Hz 

psychomotor seizure model is included as a measure of pharmacoresistence because 

increasing the 6Hz stimulation from 22 to 44mA evokes seizures resistant to typically-

acting ASDs that inhibit voltage-gated sodium channels. Moreover, two mechanistically 

different ASDs, levetiracetam and valproate, are also significantly less effective against 
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6Hz 44mA seizures.28 The program also expanded its screening strategy to address special 

epilepsy populations, such as the addition of the Theiler’s murine encephalomyelitis virus 

(TMEV) model of viral encephalitis acquired epilepsy to aid in the identification of ASDs 

for refractory seizures with potential disease modifying properties.26 However, the 

preclinical models used to recapitulate refractory seizures are not done in immature 

animals, despite early life seizures proving most treatment resistant.29 Further, the 

enhanced ETSP screening to include special populations, does not incorporate any 

preclinical models in immature animals or models representative of specific pediatric 

epilepsy syndromes.  

 

As previously described, the differences between the developing and adult brain are greater 

than just size. Therefore, targeting age-specific seizure mechanisms and testing compounds 

in age-appropriate models is required to identify more effective therapeutic interventions 

for early life seizures. Comparable to clinical presentation, some seizures can be evoked in 

preclinical models at all stages of brain maturation. For example, generalized tonic-clonic 

seizures and epileptic automatisms, modeling complex partial seizures can be elicited 

pharmacologically or electrically throughout development.30 Yet importantly, there are 

age-bound types of experimental seizures, similar to pediatric patients.30 Models of 

childhood seizures resulting from encephalopathies are developmentally restricted in their 

ability to be induced. For example, hypoxic and hypoxic-ischemic generalized seizures, 

the most common cause of infantile seizures clinically, can be induced experimentally, but 

only during a specific developmental window in the second postnatal week of rodents (P6 

to P15).31,32 Similarly, early life epilepsies such as infantile spasms, are characterized by 
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flexion seizures that can be chemically induced by NMDA and receptor agonists, but only 

up to the third postnatal week in rats and no later.33  

 

Additionally, seizure models in immature animals can also provide information on central 

nervous system and motor coordination development as a reflected in age-related seizure 

behaviors. This is commonly seen in the clonic behavior evoked by generalized tonic-

clonic seizure in immature animals, where early clonic behavior presents as poorly 

coordinated limb movements in P7 animals. Yet, seizure responses will later present as 

well-coordinated running-like behavior following motor coordination maturation in second 

and third postnatal week.30 These consistent, age-related behavioral seizure manifestations 

provide a reliable measure for quantifying seizure severity across developmental time 

points. Subsequently, accompanying rating scales were developed to score seizure activity 

in immature animal models resulting in consistent evaluation of seizure severity. For 

example, well validated seizure-related motor behaviors can be used to characterize seizure 

severity in chemically induced minimal,34–36 maximal,34,35 and flexion seizures,33,37 as well 

as electrically induced maximal tonic seizures38 and hypoxia induced generalized seizures 

in immature animals.31 Together, the effect of motor seizure manifestations during 

development has resulted in consistent behavioral parameters that allow for reliable 

quantification of seizure severity as a function of ASDs treatment in developing animals. 

 

Although seizures in immature animals can be induced and seizure severity can be 

quantified, there are inherent difficulties when using young animals. First, while some 

animal models can replicate the etiology of human neonatal seizures, many seizures evoked 
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in developing animals more broadly model general excitotoxicity.5 Thus, for 

comprehensive ASD screening in developing animals, it is imperative to use multiple 

seizure models that represent different seizure etiologies. Second, the small animal size 

and inability to be separated from its mother for long periods of time can make seizure 

characterization challenging.5   However, the identification of more effective treatments 

for early life seizures requires testing in animal models representative of the target clinical 

population. Similarly, to preemptively identify potential damaging effects of ASDs during 

development, their toxicity profile should be specifically evaluated in the developing brain. 

 

II. Preclinical seizure models in developing rodents  

Despite the Epilepsy Therapy Screening Program only including adult animal models in 

their compound identification and differentiation workflow, there are several seizure 

models that can be employed in immature rodents or age-restricted seizures that mimic 

those in neonates and children (Table 1). Similar to the ETSP identification stage, acute 

seizures evoked by the chemoconvulsant PTZ and/or electroconvulsive shock (ECS) are 

considered prominent rapid screening models in developing animals. Both seizure 

induction methods can evoke minimal or maximal seizures characterized by clonic or 

tonic-clonic behavioral manifestations, respectively. However, ASDs that are 

anticonvulsant in patients with epilepsy often fail to protect against PTZ or maximal 

electroshock (MES) evoked seizures in adult animals.39 Therefore, in addition to 

employing age-appropriate models, the use of multiple seizure models is also required to 

achieve a comprehensive ASD screen. Accordingly, for early life seizures, there are 
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additional chemically induced seizure models, models of epilepsy-like phenotypes, models 

mimicking clinical early life seizure etiology, and genetic models.  

 

First, PTZ is one of the most well characterized chemoconvulsants used to model acute 

seizures.39 PTZ is a non-competitive antagonist of GABAA receptors and therefore induces 

seizures by increasing excitation via blockade of inhibitory chloride conductance through 

the ion channel.40  In addition to PTZ, there are two other models that involved chemical 

seizure induction. These are well-characterized acute seizure models produced by the 

administration of kainic acid (KA) or methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-

carboxylate (DMCM). KA is an L-glutamate analog that causes neuronal depolarization 

and subsequent seizures.41 A single systemic administration of kainic acid in developing 

animals produces generalized seizures with distinct behavioral manifestations that are 

attributed to the seizure severity. This is emphasized across development as KA evoked 

seizures during the first three postnatal weeks will also evolve to produce age-specific 

behavioral seizure manifestations.42 Additionally, the clonic behavioral manifestations of 

KA evoked seizures mirror those produced shortly following PTZ administration.42 

DMCM is a drug from the beta-carboline family of compounds, which often act as 

benzodiazepines inverse agonists. DMCM in particular acts as a negative allosteric 

modulator (NAM) of GABAA receptors and thus reduces the effect of the receptor’s 

primary ligand.43 Therefore DMCM induces a state of hyperexcitability by decreasing the 

inhibitory effect of GABA at the GABAA receptor, specifically by reducing the frequency 

of channel opening.44 DMCM evoked seizures have been extensively characterized in 

developing rodents as a function of postnatal day and dose. Importantly, the DMCM model 
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reliably evokes minimal seizures during development that may be masked by the short 

latency to maximal seizures in the PTZ model. Thus, the DMCM model has translational 

advantages for screening compounds for use in temporal lobe epilepsy by selectively 

evoking minimal seizures that avoid brainstem involvement.36 Together these three 

chemically evoked seizure models (PTZ, KA, and DMCM) provide reliable and 

reproducible behavioral seizure activity in developing animals. 

 

However, the chemically and electrically evoked seizure models are most accurately 

described as acute seizure models and not models of epilepsy. Therefore, the second group 

of early life seizure models are those that produce epilepsy-like phenotypes in developing 

rodents. First, the rapid kindling model represents the development of epilepsy, or 

epileptogenesis, through repeated electrical stimulation that evokes persistent and 

progressive seizures.45 Kindling provides a mechanism to study the progression of 

epileptic-like excitation that can recruit additional brain structures and generally beget 

epilepsy. The second epilepsy-like model represents the spontaneous and recurrent seizures 

that define epilepsy. Chemically induced status epilepticus (SE) produces epilepsy-like 

activity including spontaneously occurring seizures.46,47 In fact, SE models can represent 

temporal lobe epilepsy whereby epilepsy-like activity occurs spontaneously following a 

precipitating event, which here is status epilepticus, and a latent interval.46,47 SE models 

therefore offer advantages over kindling models, which more accurately represent 

epileptogenesis alone, because kindling lacks a primary precipitating event and often does 

not progress to include spontaneous seizures. However, because post-SE spontaneous 
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seizures occur following a latent or dormant period of activity, this model can be difficult 

to use to study seizures before the third postnatal week in rodents.  

 

To address this limitation, the third group includes several models that produce seizure 

activity using methods similar to clinical etiologies that underlie neonatal and childhood 

seizures. For example, the majority of neonatal seizures occur as a result of hypoxic-

ischemic encephalopathy, which can be mimicked in neonatal rodents through seizures 

evoked by carotid ligation and hypoxia.31,48 Similarly, developmental exposure to global 

hypoxia can also induce acute and later life spontaneous seizures, mimicking clinical 

seizures that follow neonatal hypoxic events.31,48 Next, febrile seizures are convulsive 

events that can occur in children in response to spikes in body temperature. To specifically 

model this cause of childhood seizures, rodents can be subjected to hyperthermia to evoke 

acute seizures and allow for potential recording of spontaneous seizures that mimic 

prolonged febrile seizures clinically.49 Infantile spasms (IS) are a frequent epileptic 

condition within the first year of life, characterized by epileptic spasms, a high amplitude, 

chaotic EEG pattern called hypsarrhythmia, and intellectual disability.48,50 There are 

currently multiple immature animal models of IS to represent the various etiologies of the 

clinical disorder. Chemically induced IS models are thought to represent acquired 

causes37,48,51–53 and genetic models represent congenital causes of IS.48,54,55 Most IS 

animals display remarkable similarities to the clinical condition including: age-restricted 

induction, flexion spasms that occur in clusters, large amplitude and synchronous interictal 

EEG waves, and in some cases learning deficits can result.33,37,51,56,57 Another frequent 

cause of early life epilepsy is cortical dysplasia, or aberrant brain structures that develop 
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from abnormalities in neuronal migration. Accordingly, there are several mechanisms used 

to induce abnormal neuronal migration in developing rodents that will result in increased 

susceptibility to seizures.48 Although these models do not produce spontaneous seizures 

before the animals become adults, they can serve to further our understanding of aberrant 

network dynamics that may underlie epileptogenesis. Despite the utility of cortical 

dysplasia models, they are similar to status epilepticus models in that the development of 

spontaneous seizures often occurs later, perhaps precluding them from being considered 

true pediatric models.48  

 

Finally, there are two primary genetic models to represent the devastating and refractory 

seizures that result from tuberous sclerosis complex (TSC) and Dravet syndrome. TSC is 

an autosomal dominant disorder that causes benign tumors to grow in the brain and vital 

organs with epilepsy as a common symptom. Conditional knockouts of the TSC1 or TSC2 

genes result in the development of spontaneous seizures emerging between the first 

postnatal week and first month of life depending on the knockout.48,58,59 Dravet syndrome 

(DS) is a severe, refractory epilepsy disorder that emerges before or during the first year of 

life. The cause of Dravet syndrome has been identified as mutations in the SCN1A gene 

that encodes for the alpha subunit of the Nav1.1 voltage-gated sodium channel.60 Multiple 

genetic models have been created with SCN1A mutations and both heterozygous knockout 

and stop codon knock-in (R1407X, exon 21) SCN1A mice produce similar symptoms 

observed in children with Dravet syndrome, namely spontaneous and hyperthermia-

induced seizures.61,62 Unfortunately, there is unfortunately not at present, an animal model 

that will completely recapitulate the cause, age of onset, morphological, physiological, and 
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behavioral features that underlie the variety of neonatal and childhood seizure disorders. 

However, the increase in validated models in developing animals offers the ability to 

comprehensively test therapeutic compounds across different seizure types and etiologies. 

 

III. Adverse effects of antiseizure drugs on the developing rodent brain  

Preclinical drug screening in age appropriate animal models is also essential, provided the 

unique sensitivity of the developing brain. During development, the brain undergoes a 

continual process of refinement by which an initial overproduction of neurons is pruned in 

an activity-dependent manner. This tightly regulated process of programmed cell death 

(PCD), or apoptosis, is essential for network development and homeostasis. Cells that make 

appropriate synaptic connections are maintained, whereas those that fail to integrate 

appropriately are pruned.63 Within a restricted developmental period, it is suggested that 

neurons require synaptic input to allow them to integrate into a functioning neuronal 

network. Specifically, apoptosis in the rodent brain exhibits high temporal specificity with 

peak PCD detected within the first postnatal week. After P7, the rate of PCD significantly 

decreases into the second week and is undetectable by the end of the first month of life.64 

Within this period, the activity-dependent development of neuronal networks makes the 

immature brain uniquely susceptible to increased damage. For example, because network 

integration is a requirement for cell survival, and requires synaptic input, suppression of 

synaptic activity consequently increases or enhances developmental apoptosis.56 

Accordingly, a variety of drug classes that suppress synaptic transmission will potentiate 

ongoing apoptosis in the rodent brain, including: ethanol,26,58,59 anxiolytics,65,67 

anesthetics,68,69 and antiseizure drugs.70–72 Moreover, a single exposure to the current first 
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line treatments, phenobarbital or phenytoin, can produce a lasting impairment in the both 

the structure and function of developing synapses in immature rats.73,74 Further still, early 

life exposure to ASDs can result in persistent behavioral deficits including altered anxiety-

like behavior and impairments in social interaction, fear conditioning, sensorimotor gating, 

hippocampal dependent memory, and cognitive flexibility.75–78  

 

Together, current first line treatments for childhood epilepsy result in significant and 

lasting adverse effects on brain development in developing animal models and fail to 

provide clinical seizure control in pediatric patients. Thus, the identification of new 

therapies for early life epilepsy is a high priority. A potential target for safely and 

effectively treating early life seizures is the cannabinoid system.  

 

C. THE CANNABINOID SYSTEM 

 
 
I. Endocannabinoid system and signaling mechanisms  

The cannabinoid (CB) system involves both endogenous signaling mechanisms and 

activation by external ligands. The endogenous, or endocannabinoid (eCB) system, 

consists of a collection of cannabinoid receptors, their endogenous ligands and the enzymes 

involved in ligand synthesis and degradation.61 The two primary cannabinoid receptors are 

the G-protein coupled receptors (GPCRs), cannabinoid receptor 1 and 2 (CB1 and CB2). 

However, the orphan receptor G-protein coupled receptor 55 (GPR55) is also activated by 

endogenous, plant-derived, and synthetic cannabinoids. But GPR55 is a distinct non-

CB1/CB2 receptor leading some to suggest that GPR55 should be characterized as 
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cannabinoid receptor 3 (CB3).32 The endogenous ligands for these receptors are the 

arachidonic acid derivatives 2-arachidonoylglycerol (2-AG) and anandamide (AEA).83 The 

actions of 2-AG and AEA are terminated through hydrolysis by monoacylglycerol lipase 

(MAGL) or fatty acid amide hydrolase (FAAH), respectively.84  

 

CB1 receptors are the most widely expressed and abundant GPCR in the central nervous 

system with high density in forebrain areas implicated in the genesis of limbic seizures, 

such as the cortex and hippocampus. There is also a distinct yet lower expression level of 

CB1 receptors in hindbrain regions associated with tonic-clonic seizure generation, such 

as the midbrain tegmentum.85–87 Within these brain regions, CB1 receptors are most 

densely expressed on GABAergic presynaptic boutons and are present on presynaptic 

glutamatergic neurons to a lesser extent.88,89 Primarily, these receptors reduce neuronal 

excitation through inhibition of adenylyl cyclase, inhibition of presynaptic voltage-gated 

calcium channels, and activation of inward rectifying potassium channels.90 The CB2 

receptors are predominately expressed by hematopoietic cells in the periphery, and sparsely 

expressed in the CNS.84,91 However, the expression of CB2 receptors on hippocampal 

principal neurons make them a potential target for seizure control despite their low 

density.92 Taken together, the major role of the eCB signaling system is to modulate 

excitatory and inhibitory balance in the brain through distinct control of GABA and 

glutamate release, while also modulating the production of immunomodulators.79,89,91  

 

Further evidence for the role of maintaining homeostatic signaling comes from the eCB 

ligands (eCBs). Unlike most neurotransmitters that are synthesized and stored in 
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presynaptic vesicles for subsequent release, 2-AG and AEA can be synthesized in an on-

demand, activity-dependent manner from lipid membrane precursors.93 Therefore, eCB 

signaling functions as a homeostatic mechanism for regulating neuronal network activity 

in a state-dependent manner, with a high degree of spatial and temporal selectivity. As 

such, the functional role of eCB signaling in controlling inhibitory and excitatory balance 

makes it an ideal target for seizure control by potentially protecting against 

hyperexcitability only when and where it occurs.94 

 

II. Cannabinoid compounds, endocannabinoid signaling, and epilepsy  

The production of eCBs in response to synaptic activity and the localization of CB 

receptors to key areas involved in homeostatic signaling and seizure generation implicate 

the cannabinoid system as: 1) an endogenous modulator of activity and 2) a prominent drug 

target for seizure control. In fact, pathophysiological conditions, such as epilepsy, have 

been shown to modify the eCB system.94,95 For example, in animal models of seizures, 

seizure induction can result in an acute downregulation of CB1 receptors followed by a 

subsequent upregulation in response to chronic seizure activity.94 Similar modifications 

have been reported in patients with temporal lobe epilepsy, where CB1 receptor expression 

in the hippocampus is downregulated from glutamatergic axon terminals and upregulated 

on GABAergic terminals.94 Therefore, neuron specific changes in CB1 receptor expression 

is thought to contribute to an endogenous counter mechanism in the development of 

seizures that occur within certain networks.  
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Although our understanding of dynamic CB network changes in response to 

pathophysiological conditions like epilepsy has increased, activation of the CB system to 

treat seizures is not entirely new. The Cannabis sativa plant has been used medicinally for 

centuries and is regarded as possessing many therapeutic properties, including the control 

of seizures.96 The therapeutic use of cannabis, or marijuana, was introduced to Western 

medicine in the 19th century and was quickly favored over other substances. This 

preference for cannabis was primarily the results of its attractive properties such as: no 

physical dependence, minimal development of tolerance, minimal autonomic disturbance 

and low toxicity.97 In the landmark article by W.B. O’Shaughnessy that introduced 

cannabis into Western pharmacopoeia, he described the ameliorative effects of marijuana 

on “infantile convulsions,” later corroborated by 19th century physicians reporting benefit 

of marijuana for controlling various spastic and seizure states.98–101 Subsequent 

investigations revealed mixed effects of marijuana on seizures, ranging from decreased  

seizure activity to increased seizure activity, and even provoking seizure activity in some 

patients.102 Early investigations into the mechanisms of cannabis, in particular the primary 

constituent of the C. sativa plant, delta9-tetrahydrocannabinol (Δ9-THC), reported 

significant cognitive impairments.103 Together, the potential proconvulsant and 

psychoactive effects of Δ9-THC specifically, discouraged the use of marijuana for the 

treatment of epilepsy. Further research was also limited by the 1970 US Comprehensive 

Drug Abuse Prevention and Control Act which categorized marijuana and its derivatives 

as Schedule I drugs, indicating a high potential for abuse and no accepted medical use.104 

However, a recent resurgence in the field followed the discovery of the endocannabinoid 

system in the 1990s105–107 and new anecdotal and open-label clinical trials reporting seizure 
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attenuation with marijuana.108,109 Thus, extensive preclinical testing has examined the 

effect of endogenous, synthetic, and phytocannabinoid compounds across adult models of 

epilepsy. 

 

D. THE CANNABINOID SYSTEM AS A NEW TARGET FOR SEIZURE CONTROL 

 

I. Modulators of endocannabinoid system for seizure control  

Unlike most neurotransmitters, endocannabinoids can be synthesized in an on-demand 

fashion as a response to increased activity.93 The activity-dependent release of eCBs is 

significant in pathological states of increased neuronal activity, such as epilepsy, for 

protection against neurotoxicity. AEA and 2-AG levels are increased following kainic 

acid110 and pilocarpine-induced seizures,111 respectively, with increased levels of both 

eCBs reducing seizure-related toxicity.110,112,113 Next, this homeostatic mechanism was 

exploited to assess if further increases in endogenous cannabinoid levels would maintain 

an excitatory/inhibitory balance with compounds that modulate synthesis, release, and/or 

degradation of AEA and 2-AG. Broadly, increased levels of AEA and 2-AG had significant 

effects on reducing seizure severity and offering neuroprotection, regardless of 

pharmacological strategy to increase eCB levels. For example, increased AEA levels via 

inhibition of the catabolic enzyme fatty acid amide hydrolase (FAAH) with the compound 

AM-374 reduced KA induced seizure severity, excitotoxic damage, and neuronal loss.113 

Another FAAH inhibitor, URB-597, demonstrated similar results by reducing seizure 

severity in electroshock induced seizures114 and increasing the seizure threshold of PTZ 

induced seizures.115 Interestingly. equal inhibition of the catabolic enzymes for both AEA 
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(FAAH) and 2-AG (monoacylglycerol lipase, MAGL) with the compound AM-6701, 

reduced KA induced seizure severity and a neuroprotective effect above that of another 

dual inhibitor, AM-6702, that is 44-fold more FAAH selective.112 Last, pretreatment with 

an AEA reuptake inhibitor UCM-707 similarly reduced KA induced seizure severity, but 

not in a model with conditional deletion of CB1 receptors from forebrain excitatory 

neurons.110 Therefore, the pathogenic elevation of endocannabinoid levels can be 

pharmacologically sustained to promote eCB-mediated protective effects against both 

seizure severity and toxicity.   

  

II. Synthetic cannabinoid CB1 and CB2 receptor compounds for seizure control  

The efficacy of targeting the cannabinoid system has been repeatedly demonstrated by a 

reduction in seizure activity, seizure-related neuronal damage, and associated mortality in 

animal models. Specifically, there is substantial evidence suggesting a significant role of 

the CB1 receptor in modulating seizure activity and seizure-related neuronal damage in 

animal models. For example, without the presence of the CB1 receptor, seizure severity 

increases. Decreased CB1 receptor expression through a conditional forebrain deletion in 

mice reduces seizure threshold and increases severity of KA seizures110 and likewise 

increases seizure duration of electrically kindled seizures.116 Similarly, both a genetic 

deletion or treatment with CB1 receptor antagonist (SR141716) increases severity of 

pilocarpine seizures, but without effect on seizure induced cell damage.117 However, some 

studies do report enhances in seizure related neuronal damage as a result of CB1 receptor 

expression. For example, in a conditional deletion of CB1 receptors from excitatory 

forebrain neurons (but not adjacent interneurons) increased gliosis and apoptosis following 
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KA seizures were found.110 Additionally, the CB1 deletion prevented the induction of 

typical protective measures by precluding the activation of immediate early genes such as 

c-Fos and brain-derived neurotrophic factor.110 In contrast to the mutant mice, AEA and 

immediate early gene levels increased in wildtype hippocampal neurons following KA 

administration.110 These data suggest the cannabinoid system provides “on-demand” 

protective measures to reduce overexcitation. However, a summation of CB studies reveals 

that CB1 receptor antagonists were only proconvulsant in 38.9% (7/18) of studies, with 

most reporting no significant effect on seizure burden.118 Therefore, it is possible that 

inhibition of the endogenous protective features of the cannabinoid system may not alone 

contribute significantly to seizures. 

 

Following the consistent effect of decreased CB1 receptor expression or activation on 

increasing seizure severity or failing to protect against seizures, it was postulated that the 

opposite would also be true. As hypothesized, both overexpression and activation of CB1 

receptors have been shown to reduce seizure burden. First, a viral-mediated overexpression 

of CB1 receptors in the glutamatergic hippocampal neurons not only reduced seizure 

severity, but also provided a neuroprotective effect in mice.119 Compared to control 

animals, the CB1 receptor overexpressing animals had a reduction in KA seizure severity 

and mortality with no neuronal damage in the hippocampus.119 Similarly, pharmacological 

activation of the CB1 receptor had been shown to produce a consistent and significant 

anticonvulsant effect across multiple seizure models and species. In fact, synthetic CB1 

receptor agonists produce anticonvulsant effects in 68.1% (47/69) of studies in adult mouse 

and rat seizure models.118 
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Although primarily localized in peripheral immune cells, the CB2 receptor has recently 

gained more attention for its potential modulatory role in the CNS, albeit to a lesser extent 

than the widely expressed CB1 receptor. Both receptors can decrease excitation,120 but 

recent studies have implicated the CB2 receptor in the hyperpolarization of hippocampal 

pyramidal cells92 and even in the suppression of seizure activity.121 Interestingly, mice 

lacking both the CB1 and CB2 receptors develop spontaneous seizures, an effect not seen 

in a single deletion of either gene alone.122 This finding speaks to the complexity of the 

cannabinoid system but also highlights the system as a key regulator of neuronal activity 

and auspicious target for the treatment of epilepsy. 

  

III. Phytocannabinoids for seizure control  

The most abundant constituents of the cannabis plant are Δ9-THC and cannabidiol (CBD), 

with the CBD homolog cannabidivarin (CBDV) present to a lesser extent. These three 

phytocannabinoids have all displayed preclinical antiseizure efficacy in adult animals, but 

are severely understudied in developing animal models. Additionally, Δ9-THC, CBD, and 

CBDV have different mechanisms of action that can lend to the differences in the safety 

and efficacy of phytocannabinoids as potential therapeutics. 

 

Δ9-THC has been shown to have strong antiseizure efficacy with anticonvulsant effects in 

61.8% (21/34) of studies conducted in 6 different animal species.118 Moreover, early 

studies provide evidence for Δ9-THC as an adjunct therapy, potentiating the anticonvulsant 

effects of both phenobarbital and phenytoin against generalized maximal electroshock-

induced seizures.123,124 The primary mechanism through which Δ9-THC imparts strong 
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antiseizure effects is via its partial agonism at the CB1 and CB2 receptors in the CNS.125 

However, the pharmacology of Δ9-THC is also associated with several undesirable effects. 

First, it is the activity of Δ9-THC at the CB1 receptor that is largely attributed to the 

psychoactive effects of cannabis. The “high” that is reported following cannabis use can 

impair cognition, an effect that is blocked by the CB1 receptor antagonist SR141716 

(rimonabant) in humans.126 Similarly, administration of Δ9-THC in rodents disrupts short-

term and working memory but the cognitive impairments are reversed with SR141716 

pretreatment.127,128 Second, Δ9-THC can downregulate cannabinoid receptors with 

continued use.125 Receptor downregulation is suggested to produce tolerance to some of 

the Δ9-THC effect, including memory disruption and decreased locomotor activity.125 

Third, when used during development, cannabis alters brain development and structure in 

both animals and humans, creating persistent functional abnormalities.129,130 Taken 

together, both the deleterious and antiseizure effects of Δ9-THC are suggested to be 

primarily mediated by the CB1 receptor. Despite its anticonvulsant effects, the 

psychoactive effects limit the therapeutic value of Δ9-THC, especially in children and 

adolescents.  Therefore, other cannabis constituents were investigated as potentially more 

suitable treatment options. 

 

Cannabidiol is the second most abundant phytocannabinoid of the cannabis plant and 

boasts significant antiseizure efficacy. CBD has demonstrated anticonvulsant effects in 

80.5% (33/41) of studies and remarkably, there are no studies that show a proconvulsant 

effect of CBD.118 The pharmacology of CBD is multimodal and complex. CBD is an 

agonist at most of the transient receptor potential (TRP) receptors, serotonin 5-HT1A 
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receptors, and glycine receptors. CBD is also an antagonist at T-type voltage-gated calcium 

channels and G-protein coupled receptor 55 (GPR55).  Additionally, unlike Δ9-THC, CBD 

has very low affinity for the CB1 and CB2 receptors and is devoid of any psychoactive 

effects.125 However, new in vitro evidence suggests that CBD acts as a negative allosteric 

modulator (NAM) at the CB1 receptor, but whether CBD in a NAM in vivo is 

unknown.131,132 The complex and dynamic activity of CBD leaves the exact antiseizure 

mechanism(s) ambiguous but the multimodal mechanisms may offer therapeutic 

advantages over more selective compounds. 

 

Cannabidivarin has gained interest following the impact of CBD on epilepsy research and 

drug development. Yet, what is known about the safety, efficacy, and mechanisms of action 

of CBDV is still limited. The few published studies assessing the antiseizure efficacy of 

CBDV demonstrate a therapeutic effect similar to CBD.133,134 CBDV exerts significant 

anticonvulsant effects across multiple in vitro and in vivo seizure models, reducing 

epileptiform activity and seizure severity without effect on normal motor function.133,134 

Structurally similar to CBD, CBDV has also been reported to act independent of the CB1 

receptor and activate the members of the TRP family of receptors (TRPV1, TRPV2, 

TRPA1).133,135 Additionally, CBDV is reported to inhibit diacylglycerol lipase (DAG-L), 

the enzyme used in the synthesis of 2-AG and inhibit the enzymatic synthesis of the 

endogenous ligand for GPR55 receptor, l-α-lysophosphatidylinositol (LPI).134,136,137 

Further investigation of CBDV as a novel antiseizure drug is warranted to determine how 

it compares to CBD, especially for the treatment of refractory epilepsies of childhood.  
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IV. Clinical trials of CBD in pediatric patients 

Interest in cannabis-based treatments for epilepsy has increased dramatically following 

media coverage of anecdotal reports and increased access to medical cannabis products. 

However, contrary to the preclinical emphasis on cannabinoid-based seizure control in 

adult seizure models, these products are most often used clinically for pediatric epilepsy. 

Therefore, parents of children with treatment-resistant seizures who have not responded to 

other ASDs and/or drug combinations are turning to alternative treatment options, namely 

CBD-enriched cannabis products. In fact, a retrospective chart review of children and 

adolescents who used oral cannabis extracts for epilepsy revealed that 41% of families 

relocated to Colorado primarily for legal access to cannabis.138 Additionally, the Colorado 

Medical Marijuana Registry Program reports that seizures are the most commonly cited 

indication of cannabis use for the age group 0 – 10 years over the last four years.139  

 

Despite the recent increase in access and demand for cannabis-based products to treat 

epilepsy, the known anticonvulsant properties of CBD in humans are not entirely new. The 

effect of CBD on seizures in patients with epilepsy was examined in 4 early controlled 

studies between 1978 – 1990.140–143 While two of the four studies reported small effects of 

CBD on reducing seizure frequency, all of the studies had noticeable limitations including 

small sample sizes, incomplete data collection, and an instance of insufficient blinding. 

However, in line with the current resurgence of cannabis-based epilepsy treatments, two 

recent trials addressed the potential therapeutic benefit of CBD for treatment resistant 

epilepsies. The first was an open-label intervention trial to determine if the addition of CBD 

to existing ASD treatment regimens is safe, tolerable and effective in children and young 
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adults with highly intractable epilepsies.108 CBD was determined to be both safe and well 

tolerated for the majority of patients with serious adverse events related to the CBD 

treatment accounting for only 12% of all adverse events.108 From the small proportion of 

serious adverse events, it was determined that there is a significant drug interaction 

between CBD and clobazam, a benzodiazepine class medication used in pediatric 

epilepsy.108,144 It is likely that the inhibition of enzyme CYP2C19 by CBD leads to 

increased concentrations of an active metabolite of clobazam which is reported to exert 

some anticonvulsant, but also toxic effects.145  

 

In addition to the safety and tolerability profile of CBD in pediatric patients, it was also 

found to be largely effective for seizure control. The primary outcome endpoint of the trial 

was percent change in motor seizure frequency per month, which decreased from a median 

of 30 monthly seizures during the baseline period, to 15.8 seizures over the 12 week CBD 

treatment period.108 Initial data from a long-term open-label study that continued after the 

initial completion of the trial suggest the reduction in motor seizures from CBD was 

maintained over a three-year treatment period.  Specifically, out of the 25 patients who 

continued CBD treatment, lack of effect was only reported in 3 participants. Moreover, 

four participants did not experience enhanced seizure reduction with a THC combination 

therapy compared to CBD treatment alone, suggesting the therapeutic benefit is likely due 

to the effect of CBD itself.146  

 

Interestingly, most participants experienced significant cognitive gains while using CBD. 

In a separate group of participants with tuberous sclerosis complex (TSC), a genetic growth 
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of benign tumors in the brain and other vital organs with over 90% of affected patients 

developing an intractable form of epilepsy, all 18 participants had improved cognition.146 

This finding was particularly striking because TSC is associated with significant 

developmental delays, learning difficulties, and autism; and all TSC participants treated 

with CBD improved cognitively regardless of seizure response.146 These preliminary data 

highlight the possibility that CBD alone may affect select cognitive responses while further 

supporting its safety for use in the developing brain.  

 

The results from the open-label trial suggest that CBD has an acceptable safety profile and 

clear anticonvulsant effect against motor seizure frequency in children and young adults 

with treatment resistant epilepsy. However, study limitations were acknowledged and 

included: variability of patient eligibility between study sites, potential bias of parental 

reported effects, and drug interaction that may have led to an overestimation of CBD 

efficacy.108,146 Therefore, the results from the open-label study warranted further 

investigation of the safety and efficacy of CBD through rigorous randomized control trials. 

This led to a double-blind, placebo-controlled trial that assessed the efficacy of CBD 

against the drug-resistant seizures that characterize Dravet syndrome. Dravet syndrome is 

a rare and devastating genetic form of epilepsy that results in highly drug resistant seizures 

and significant mortality during young adulthood. In the earlier open-label trial, 

participants with Dravet syndrome comprised the largest cohort, but only half experienced 

a significant reduction of monthly motor seizures, supporting further investigation.108 

Therefore, the primary outcome measure of the clinical trial in Dravet syndrome 

participants was median frequency of monthly motor seizures, which were decreased from 
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12.4 to 5.9 with CBD, compared to 14.9 to 14.1 with placebo.147 Therefore, adjunct CBD 

treatment was found to provide significant reduction in convulsive motor seizure frequency 

in children and adolescents with Dravet syndrome. However, CBD was also associated 

with prevalent, although non-serious, adverse events compared to placebo including 

gastrointestinal effects, fatigue, decrease appetite, and somnolence.147 These results speak 

to a strong anticonvulsant effect of CBD against highly refractory, early life seizures, but 

also reinforce the need for additional data. In particular, the long-term effects and 

antiseizure mechanisms of cannabinoid-based treatments for seizure control in this 

population remain unknown. This was recently highlighted by the FDA following its 

approval of CBD (Epidiolex) for treatment of early life, refractory seizures associated with 

Dravet and Lennox-Gastaut syndromes. The FDA news release emphasized a need for 

continued support of rigorous scientific research to understand the basic signaling 

mechanisms of cannabis-derived and cannabinoid targeted compounds as potential 

therapeutics.148 The significant anticonvulsant effects of cannabinoids demonstrated in 

adult animal models propelled the clinical trials for the use of CBD in pediatric seizures. 

Yet, historically, ASDs tested in adult models often do not confer therapeutic efficacy 

against early life seizures,5,39 speaking to a need for increased preclinical testing in age-

relevant models. 

 

V. Preclinical investigations of cannabinoids in developing animals  

As previously discussed, the immature brain displays marked biochemical, physiological, 

and structural, differences compared to the mature brain. Therefore, the immature brain 

cannot be regarded as simply a smaller mature brain and should serve as a discrete 
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preclinical model for the evaluation of therapeutics to be used in children specifically. 

However, the wealth of preclinical evidence suggesting a role of the cannabinoid system 

in seizure control advocated for clinical trials to assess the safety and efficacy of CBD in 

early life refractory seizures. Yet, a significant disconnect remains: the support for clinical 

trials testing CBD in children, came from preclinical studies in adult animal models. In 

fact, before our evaluation of cannabinoid-targeted compounds in immature seizure 

models, only four studies were published reporting efficacy of cannabinoids in immature 

animals (Table 2). Of these, only two compounds were tested, in three seizure models, but 

spread across three species and age groups. CBD demonstrated anticonvulsant effects in 

neonatal (P3-5) piglets exposed to hypoxic-ischemia (HI) as recovery of HI in CBD treated 

animals decreased EEG amplitude and resulted in a 50% reduction in HI seizures.149 In 

older (P20-28) mice, CBD demonstrated antiseizure effects against maximal electroshock 

seizures, protecting 100% of animals from tonic extensor seizures.150 Similarly, CB 

receptor agonism with the synthetic compound WIN 55,212-2 provided 100% protection 

from tonic MES-induced seizures in P20-28 mice150 but exerted dose-dependent 

anticonvulsant effects in P20 rats.151 In KA induced status epilepticus, low doses of WIN 

(0.5 and 1 mg/kg) decreased seizure severity and epileptiform EEG spiking but 5 mg/kg of 

WIN increased both seizure severity and synchrony of epileptiform EEG activity.151 In 

addition to the significant yet limited evidence of antiseizure effects with cannabinoids in 

developing seizure models, cannabinoids also exhibit neuroprotection in the neonatal 

brain.152–155 However, the neuroprotective effects of cannabinoids (CBD, WIN, and 

ACEA) in the immature brain have been limited to only hypoxic-ischemia models (Table 

2).  
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Preclinical efficacy of cannabinoid-targeted compounds in adult seizure models, successful 

clinical trials, and subsequent approval of CBD for early life refractory epilepsy calls for 

an increased understanding of the role of the cannabinoid system in models of neonatal and 

childhood seizures. Despite the promising reports in developing seizure models described 

above, the findings are severely limited. Therefore, there is an overall need to reconcile 

clinical efficacy with a lack of preclinical data in order to elucidate antiseizure mechanisms 

of the cannabinoid system in immature, developing animals. To address this significant 

knowledge gap, the following set of experiments is aimed to systematically evaluate the 

role of the cannabinoid system for seizure control in multiple immature animal seizure 

models. 
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Table 1. Modeling seizures in developing rodents. 
 
 

 

 
 

Seizure Type/ 
Etiology Modeled 

 
Seizure Induction 

Method 

 
Age 

 
 

Use 
 

 

Chemically 
Induced 
Seizures 

Acute clonic and 
tonic-clonic seizures 

PTZ 
(Pentylenetetrazole) 
Metrazol 

P7-25 Rapid ASD screening for dose dependent minimal and 
maximal seizures30,34  

Acute clonic and 
tonic-clonic seizures Kainic Acid P7-25 Evoke generalized seizures with distinct behavioral 

manifestations by age42,47  

Acute clonic (limbic) 
seizures 

DMCM  
(methyl-6,7-
dimethoxy-4-ethyl-
beta-carboline-3-
carboxylate) 

P7-21 Reliably evoke minimal seizures without brainstem 
contribution36  

      
Electrically 
Stimulated 
Seizures 

Acute clonic and 
tonic-clonic seizures 

Electroconvulsive 
shock (ECS) P1-28 Rapid ASD screening for minimal and maximal seizures30,38  

      

Epilepsy-like 
Phenotypes 

Spontaneous 
Seizures 

Pilocarpine/Kainic acid 
status epilepticus (SE) P14-Adult Induce epileptogenesis and post-status development of 

spontaneous seizures46,47  

Epileptogenesis Rapid Kindling P7-21 Model epileptogenesis through progressive seizure induction 
and severity45  

      

Clinically 
relevant 
neonatal 

etiologies 

Febrile seizures Hyperthermia P10-11 Evoke acute and record spontaneous seizures that mimic 
prolonged febrile seizures31  

Acute generalized 
seizures Global hypoxia P6-15 Evoke acute generalized seizures and subsequent spontaneous 

seizure that mimic neonatal hypoxic events30  

Hypoxia-ischemia 
encephalopathy 

Carotid ligation and 
hypoxia P7-13 Evoke acute seizure and spontaneous later life seizures that 

mimic the effects of neonatal HIE31,32  

Infantile spasms Chemically induced spasms: 

 
 
 

Clinically 
relevant 
neonatal 

etiologies 

Febrile seizures Hyperthermia P10-11 Evoke acute and record spontaneous seizures that mimic 
prolonged febrile seizures31 

Acute generalized 
seizures Global hypoxia P6-15 Evoke acute generalized seizures and subsequent spontaneous 

seizure that mimic neonatal hypoxic events30 

Hypoxia-ischemia 
encephalopathy 

Carotid ligation and 
hypoxia P7-13 Evoke acute seizure and spontaneous later life seizures that 

mimic the effects of neonatal HIE31,32 

Infantile spasms 

Chemically induced spasms: 
   CRH (corticotropin                 

releasing hormone) P5-22 Evoke seizures through inhibition of the HPA axis based on 
antiseizure effects of ACTH in infantile spasms50,51,52 

   NMDA  
   (N-methyl-D-aspartate) P10-15 Evoke acute hyperflexion and tonic spasms in clusters to 

mimic clinical seizure representation50,56,57 

TTX (tetrodotoxin) P21 Evoke brief spasm-like seizures with an EEG signature that 
mimics clinical activity53 

 
Genetically induced spasms: 
    Ts65Dn (Down 

syndrome) mouse 
model 

P60 Exhibit spontaneous spike-wave discharges that represent the 
comorbidity of Down syndrome and epilepsy54 

    ARX gene mutations P12 Exhibit spasm-like movements and age-dependent EEG 
abnormalities55 

Cortical dyplasia 

Chemical induction 
(methylazoxymethanol 
acetate) 

P7-Adult Produce brain abnormalities that increase early life seizure 
susceptibility48 

Prenatal irradiation P60 Produce brain abnormalities that result in different postnatal 
seizure susceptibilities48 

Focally induced lesions P10-Adult Produce dysplasias that result in decrease seizure thresholds 
and short latencies to seizure onset48 

     

Genetic 
Models 

Tuberous Sclerosis 
Complex TSC 1/2 knockouts P21-60 Produce spontaneous seizure through genetic mutations that 

mimic clinical etiology58,59 

	

Genetic 
Models 

Tuberous Sclerosis 
Complex TSC 1/2 knockouts P21-60 Produce spontaneous seizure through genetic mutations that 

mimic clinical etiology58,59  

Dravet syndrome SCN1A mutations P10-22 Produce spontaneous and hyperthermic-induced seizures 
similar to those in DS patients60,61,62  
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Table 2. Preclinical studies investigating cannabinoids in developing animals. 
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CHAPTER II: 
 

ANTICONVULSANT EFFECT OF CANNABINOID RECEPTOR AGONISTS IN  
 

IMMATURE RATS1 

 

A. INTRODUCTION 

Early life seizures represent a significant cause of morbidity with 30-40% of infants and 

children with epilepsy failing to achieve seizure control with current pharmacotherapy. 

Identification of new therapies for neonatal/infantile epilepsy syndromes is thus of high 

priority. While drugs targeting the cannabinoid system display anticonvulsant efficacy in 

adult animal models of seizures/epilepsy, they remain underexplored in neonatal models. 

However, the cannabinoid system emerges and is functional early in development, 

providing a rationale for targeting this system during development. Therefore, we 

examined the therapeutic potential of drugs targeting the cannabinoid system in three 

seizure models in developing rats. Postnatal day (P) 10 or P20 male, Sprague-Dawley rat 

pups were challenged with the chemoconvulsant DMCM (methyl-6,7-dimethoxy-4- ethyl-

beta-carboline-3-carboxylate) after treatment with either: CB1/2 mixed agonist (WIN 

55,212-2), CB1 agonist (ACEA) or antagonist (AM-251), CB2 agonist (HU-308) or 

antagonist (AM-630), fatty acid amide hydrolase (FAAH) inhibitor (URB-597), and 

GPR55 agonist (O-1602). The mixed CB1/2 agonist and the CB1 specific agonist, but no 

other drugs, displayed anticonvulsant effects in this model. By contrast, both CB1 and CB2 

antagonism increased seizure severity. 

 

 

1 This chapter has been previously published in a slightly modified form (Huizenga, M. N., 
Wicker, E., Beck, V. C. & Forcelli, P. A. Anticonvulsant effect of cannabinoid receptor 
agonists in models of seizures in developing rats. Epilepsia 58, 1593–1602 (2017). 
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Similarly, we found that the CB1/2 agonist displayed anti-seizure efficacy against acute 

hypoxia induced seizures and seizures evoked by pentylenetetrazole (PTZ). Anticonvulsant 

effects were seen in P10 animals but not P20 animals. These data indicate that the 

anticonvulsant action of the CB system is specific to CB1 receptor activation during 

neonatal development and provide justification for further examination of CB1 receptor 

agonists as novel antiseizure drugs targeting epilepsy in infants and children. 

 

The incidence of seizures is highest during the neonatal period, presenting in 3-5 of every 

1000 births.144,145 However, the current first (phenobarbital) and second (phenytoin) line 

drug treatments provide effective seizure control in less than half of neonates.21 Thus, 

identification of new therapies for neonatal/infantile epilepsies is a high priority. A 

potential new target for treating neonatal seizures is the cannabinoid system. The 

endogenous, or endocannabinoid system is thought to modulate seizure activity by 

regulating neuronal excitation.147 The endocannabinoid system is comprised of two main 

G-protein coupled receptors (GPCRs) CB1 and CB2 in addition to endogenous ligands and 

the enzymes involved in their synthesis and degradation.148 The main endogenous ligands 

for these receptors are the arachidonic acid derivatives: 2-arachidonoylglycerol (2-AG) and 

anandamide (AEA).78,79,149 The actions of 2-AG and AEA are terminated through 

hydrolysis by monoacylglycerol lipase (MAGL) or fatty acid amide hydrolase (FAAH), 

respectively.15,150 The CB1 receptor is the most abundant GPCR in the central nervous 

system, with a particularly high density in forebrain areas implicated in clonic or minimal 

seizure generation151 and lower expression in hindbrain regions associated with tonic-

clonic or maximal seizure generation.12,60,152 Contrary to CB1 expression, the CB2 receptor 
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is enriched in the periphery, with a restricted distribution in the CNS.153,154 CB2 receptors 

are primarily localized on microglia.58 However, functional CB2 receptors are expressed 

on hippocampal principal neurons, making them a potential target for seizure control, 

despite their low density.155 Further, the novel cannabinoid receptor, G-protein coupled 

receptor 55 (GPR55), is also activated by the same endogenous, plant-derived, and 

synthetic cannabinoids, although the signaling pathways engaged are less understood.156 

Together, these receptors reduce neuronal excitation through inhibition of adenylyl 

cyclase, inhibition of presynaptic voltage-gated calcium channels and activation of inward 

rectifying potassium channels.125,157  

 

Recent data supporting antiseizure effects of drugs targeting the cannabinoid system come 

from both anecdotal reports and small, open label clinical trials, suggesting that marijuana 

(Cannabis sativa) and its derivatives can attenuate seizure activity in patients.158 This is 

consistent with the fact that the Cannabis sativa plant has been used medicinally for 

centuries;98 however, the major constituent of the plant, delta9-tetrahydrocannabinol (Δ9-

THC) exerts intoxicating properties, limiting its therapeutic potential. Synthetic 

cannabinoids (CBs), which avoid or minimize psychogenic effects of marijuana, thus 

represent a promising avenue of investigation. Accordingly, synthetic CBs have been 

examined in adult animal models of epilepsy, yielding mixed results. For example, the CB1 

selective agonist arachidonyl-2’-chloroethylamide (ACEA) has been reported to either: 

have no effect,134 decrease seizure threshold,159 or increase seizure threshold160 in the 

pentylenetetrazole (PTZ) model. Similarly, the mixed CB1/CB2 receptor agonist WIN 

55,212-2 has also been reported to exert both anti- and proconvulsant effects in the PTZ 
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model.114,115 While the effects of these drugs in adult models of epilepsy are far from clear, 

the situation is worse for neonatal models, where they remain largely unexplored. Yet the 

early ontogeny of the cannabinoid system, including robust and active expression of CB1 

receptor as early as gestational day 11 in rodents,162 provides a rationale for investigating 

the effect of CB agonists in developing animals. Given this gap in preclinical screening, 

we sought to systematically test the therapeutic efficacy of compounds targeting the 

cannabinoid system in both neonatal and juvenile rat models of epilepsy. To do so, we 

treated postnatal day (P) 10 and P20 rats with either: CB1/2 mixed agonist (WIN 55,212-

2), CB1 agonist (ACEA) or antagonist (AM-251), CB2 agonist (HU-308) or antagonist 

(AM-630), GPR55 agonist (O-1602), and inhibitor of FAAH, enzyme that breaks down 

anandamide (URB-597). To determine if the effects are specific to one seizure type, or 

more broadly effective, we employed three seizure models that have been previously used 

to screen drugs for anticonvulsant action in developing animals. First, systemic 

administration of the chemoconvulsant DMCM (methyl-6,7-dimethoxy-4- ethyl-beta-

carboline-3 carboxylate) was used to evoke clonic, or minimal, forebrain localized 

seizures.36 In the DMCM model of minimal seizures, antiseizure medications such as 

levetiracetam and tiagabine show efficacy, whereas they do not in the PTZ model.163 

Second, subcutaneous administration of PTZ  was used to evoke tonic-clonic, or maximal, 

seizures that engage the brain stem.164,165 The PTZ model of maximal seizures is the most 

widely used model for screening antiseizure efficacy in developing animals.164 Finally, 

graded, global hypoxia was used to evoke a clinically relevant mixed phenotype that 

includes automatisms, clonic, and tonic-clonic manifestations.166 
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B. METHODS 

 

I. Animals 

Female Sprague-Dawley rats with male pups were obtained from Harlan/Envigo (Envigo, 

Frederick, Maryland). The dams and male pups were delivered when the litters were 

postnatal day (P) 7. Dams were maintained with food (Lab Diet, #5001) and water available 

ad libitum in standard rat cages in the Georgetown University Division of Comparative 

Medicine. Animals were housed in a temperature-controlled (21°C) room with ambient 

humidity between 30 and 70%. A 12-hour light cycle (0600–1800 lights on) was used, and 

all manipulations occurred during the light phase. Two age groups were used for seizure 

testing: P10 and P20. All experimental procedures were performed in compliance with 

Association for Assessment and Accreditation of Laboratory Animal Care standards and 

were approved by the Georgetown University Animal Care and Use Committee. 

 

II. Chemoconvulsants 

Methyl-6,7-dimethoxy-4-ethyl-β-carboline-3-carboxylate (DMCM; Tocris, Bristol, UK) 

was dissolved first with a small amount of hydrochloric acid, then diluted in saline to a 

concentration of 0.1 mg/mL (pH 2.0). DMCM was administered intraperitoneally (ip) at a 

dose of 600 µg/kg for P10 animals and 900 µg/kg for P20 animals. These doses are 

consistent with our prior reports describing the sensitivity of developing animals to seizures 

evoked by DMCM.36 This model can be used to preferentially evoke clonic seizures, which 

are typically masked in developing animals by the tonic-clonic evoked by PTZ seizures. 

Pentylenetetrazole (PTZ; Sigma, St. Louis, MO, USA) was dissolved in 0.9% saline at a 
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concentration of 10 mg/mL and administered via subcutaneous (sc) injection at a dose of 

100 mg/kg. This dose is consistent with that used in our prior reports assessing 

anticonvulsant efficacy of drugs in developing animals.164 

 

III. Drugs 

Modulators of cannabinoid signaling were obtained from Cayman Chemical (Ann Arbor, 

MI, USA) and dissolved in 100% dimethyl sulfoxide (DMSO). Drugs and concentrations 

(in mg/mL) were as follows: CB1/2 mixed agonist (WIN 55,212-2; 0.03, 0.1, and 0.3), 

CB1 agonist (ACEA; 0.05, 0.2, 0.8), GPR55 agonist (O-1602; 0.01, 0.5, 0.1), CB2 agonist 

(HU-308; 0.2, 0.5, 1), CB1 antagonist (AM-251; 0.05, 0.1, 0.3), or antagonist (AM-630; 

0.2, 0.5, 1), and inhibitor of FAAH (URB-597; 0.1, 0.3, 1.2). All drugs were delivered 

intraperitoneally at a volume of 10 mL/kg. Low, mid-range, and high drug doses were 

selected based on ranges utilized in previous studies: WIN,115 ACEA,167,168 O-1602,169 HU-

308,170 AM-251,167,171 AM-630,172 and URB-597.173 

 

IV. Seizure testing 

For both age groups, pups were weighed, numbered, and randomly assigned to a treatment 

group. Drug treatments were coded in order to blind experimenters to group identities at 

the time of testing. The pups were then pretreated with WIN (0.3, 1, or 3 mg/kg), ACEA 

(0.5, 2, or 8 mg/kg), O-1602 (0.1, 0.5, or 1 mg/kg), HU-308 (2, 5, or 10 mg/kg), AM-251 

(0.5, 1, or 3 mg/kg), AM-630 (2, 5, or 10 mg/kg), URB-597 (1, 3, or 12 mg/kg), and 

returned to their dam. 20 min after treatment, animals were administered DMCM (ip) or 

PTZ (sc) and placed in clear observation cages. The latency to and severity of behavioral 
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seizure manifestations were monitored for 20 min after chemoconvulsant administration. 

During this period, pups were not subjected to any passive or active heating.  

By P10, rat pups have typically short latencies to right themselves when placed dorsally 

recumbent.174 As a measure of general sedation we tested for righting latency by placing 

each pup on its back and noting any inability or delay to right itself. Righting latency was 

tested after drug pretreatment, immediately prior to seizure induction and observation. 

 

V. Seizure scoring 

Seizures in developing animals were rated using a 5-point scoring system35 which was 

modified as previously described:164,165 0 = no change in behavior; 0.5 = scratching, 

chewing, tremors, wet dog shakes; 1 = 0.5 + myoclonic jerks; 2 = unilateral clonus and 

backing/shuffling; 3 = bilateral facial and forelimb clonus (FFC); 4 = clonic seizure with 

loss of righting; 4.5 = clonic seizure with running/bouncing or swimming-like behavior; 5 

= tonic extension (both forelimb and hindlimb). A score of 0.5 to 3 was considered a clonic 

or minimal seizure, while a score of 4 or above was classified as a tonic-clonic or maximal 

seizure. Latency to clonic or tonic-clonic seizure onset was defined as the time elapsed 

between DMCM or PTZ injection and the first observed behavioral seizure response of 

clonic (score 0.5-3) or tonic-clonic (score 4-5) seizure response, respectively. Consistent 

with prior reports from our group, we employed the same rating scale for DMCM and PTZ 

seizures, and the same rating scale in P10 and P20 pups.36,163,165 This scale shows dose-

dependency in these seizure types across ages and is thus an appropriate dependent 

measure. 
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VI. Hypoxia 

In the hypoxia model of acute seizures, P10 male, Sprague-Dawley rat pups were weighed, 

numbered, and randomly assigned to a treatment group. Pups were pretreated with DMSO 

(vehicle) or WIN (0.3, 1, 3 mg/kg) and returned to their dam. 20 min after treatment, pups 

were placed in individual observation boxes within an airtight chamber. Animals were 

subjected to decreasing oxygen levels at 7% O2 for 8 min, 5% for 6 min and 4% for one 

min31 in a chamber regulated by an OxyCycler Oxygen Profile Controller (Model 

A84XOV; BioSpherix, Redfield, NY, USA). Hypoxia was induced by flushing the 

chamber with nitrogen. The presence of acute seizure activity was characterized by 

automatisms (head bobbing and wet dog shakes) clonic activity (shuffling) and tonic-clonic 

activity. 

 

VII. Statistics 

Statistical analyses were performed using GraphPad Prism 7.0c (GraphPad Software, La 

Jolla, CA, USA). Behavioral seizure scores were analyzed using a Kruskal-Wallis test with 

multiple comparisons controlled for using the False Discover Rate (FDR) correction of 

Benjamini, Krieger, and Yekutieli (Q = 0.05). Seizure latencies were analyzed using an 

Analysis of Variance (ANOVA) followed by FDR-corrected multiple comparison tests. 

The incidence of hypoxia induced seizures was analyzed using Chi-square followed by 

Fisher’s Exact Test for each comparison. The proportion of animals with impaired surface 

righting was assessed by an omnibus Chi-squared test (Saline, DMSO, WIN, ACEA) 

followed by Fisher's exact tests for each comparison of interest. p values <0.05 were 

considered statistically significant. 



 

 39 

C. RESULTS 

 

I. Effect of cannabinoid signaling on DMCM evoked seizures in P10 animals 

We first examined the effect of cannabinoid signaling on DMCM evoked clonic seizures 

in P10 animals (Fig. 1). This model is sensitive both to typically-acting antiseizure drugs 

(e.g., phenobarbital) and to drugs with atypical profiles in assays of anticonvulsant activity 

(e.g., levetiracetam, tiagabine).163 Under control conditions, P10 animals treated with 

saline or DMSO exhibited a median seizure score of 2 (Fig. 1A), corresponding to 

unilateral forelimb clonus or shuffling behavior. Seizure score did not differ between the 

saline and DMSO control animals (p=0.16; Fig. 1A). Kruskal-Wallis test revealed a 

significant difference among the treated groups (H=101.4, P<0.001, Kruskal-Wallis test 

followed by FDR-adjusted pairwise comparisons). Animals treated with WIN at doses of 

1 mg/kg or 3 mg/kg, or with 8 mg/kg of ACEA displayed significantly reduced seizure 

severity while AM-251 significantly increased seizure severity, as compared to DMSO 

treated animals. Pretreatment with WIN at doses of 1 mg/kg (p=0.0002) and 3 mg/kg 

(p=0.0004) significantly decreased seizure score from a median score of 2 to a median 

score of 0.5 and 1, characterized by chewing and myoclonic jerks, respectively. 

Pretreatment with ACEA at 8 mg/kg (p=0.0047) significantly decreased seizure scores to 

a median score of 0.5. By contrast, pretreatment with AM-251 at doses of 0.5 mg/kg 

(p=0.0039) and 1 mg/kg (p=0.0096) significantly increased seizure severity to a median 

score of 3. The median seizure score for the group treated with 3 mg/kg of AM251 was 

also 3, although this difference did not reach the level of statistical significance as 

compared to the vehicle group. However, pretreatment with each dose of HU-308, AM-
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630, O-1602, and URB-597 were without effect on seizure severity compared to control. 

We also analyzed the latency to clonic seizure manifestations (characterized as a score of 

0.5 – 3; Fig. 1B). Under control conditions, the mean latency to first clonic seizure 

manifestation was 105s in the saline treated, and 180s in the DMSO treated conditions. 

These latencies did not differ significantly (p=0.14; Fig. 1B). As with seizure severity, 

latency to seizure onset differed significantly across groups (F22, 311=2.838, p<0.0001, 

ANOVA). Pretreatment with WIN and ACEA significantly increased latency to clonic 

seizure manifestations, as compared to DMSO-treated animals. FDR corrected pairwise 

comparisons revealed significant increases in latency with all doses of WIN as compared 

to DMSO (vehicle). At a dose of 0.3 mg/kg, mean latency increased to 387s (p=0.0018), at 

1 mg/kg mean latency increased to 422s (p=0.0008) and at 3 mg/kg mean latency increased 

to 417s (p=0.0025). Moreover, ACEA at a dose of 8 mg/kg also significantly increased 

mean latency (p=0.0013). By contrast, pretreatment with HU-308, AM-251, AM-630, O-

1602, and URB-597 was without effect on latency to seizure onset (Ps>0.06). 

 

As a test for motor side effects, we next assessed surface righting in the pups. Chi-squared 

analysis revealed a significant difference amongst the groups (Chi-square=56.74, df=7, 

p<0.001). Surface righting did not differ between the vehicle groups (p>0.999, Fisher's 

exact test). While vehicle (DMSO) treated animals quickly righted themselves when placed 

dorsally recumbent, animals pretreated with WIN at doses of 1 mg/kg (p<0.001) or 3 mg/kg 

(p<0.005) exhibited a significant impairment in surface righting. No other groups differed 

(Ps>0.1). This delay in righting indicates a sedative effect. 
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Figure 1. WIN 55,212-2 and ACEA attenuate the severity of DMCM evoked seizures 
in postnatal day 10 rat pups. (A) Mean (+standard error of the mean [S.E.M]) seizure 
score as a function of drug treatment and dose. Asterisks signify significant difference 
compared to dimethylsulfoxide (DMSO) vehicle group at *p<0.05 and **p<0.01, 
respectively using false discovery rate (FDR) corrected pairwise comparisons. (B) Mean 
(+S.E.M) latency (in seconds) to first behavioral seizure manifestation. n.s. = no significant 
difference between control groups. 
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II. Effect of cannabinoid signaling on PTZ evoked seizures in P10 animals 

After first examining a model of clonic seizures, we next turned to a model of tonic-clonic 

seizures, evoked by PTZ (Fig. 2). Under control conditions, P10 animals treated with saline 

or DMSO had a median score of 5 corresponding to a tonic-clonic seizure with tonic 

extension of the forelimb and hindlimbs. Seizure severity did not differ between saline and 

DMSO treated control groups (p=0.06; Fig. 2A). Kruskal-Wallis test revealed a significant 

difference among the treated groups (H=36.67, P=0.0023; Fig. 2A). This effect was driven 

by a significant reduction in seizure severity in animals pretreated with WIN at a dose of 3 

mg/kg, as compared to DMSO control (P<0.0001, FDR-corrected). The median seizure 

score in the group treated with WIN at a dose of 3 mg/kg was 4.5, corresponding to a clonic 

seizure characterized by running and bouncing without tonic extension. While 95% (17 of 

18) of DMSO treated animals displayed tonic extension, only 50% (5 of 10) of WIN (3 

mg/kg) treated animals displayed tonic extension. Thus, a significant proportion of animals 

treated with WIN were protected from tonic extensor seizures (Fishers Exact Test, 

P=0.013). No differences were detected between DMSO treated animals and the other 

doses of WIN nor between DMSO control and any other drug tested (Fig. 2A). We also 

examined the latency to clonic (score 0.5 – 3) or tonic-clonic (score 4 –5) seizure 

manifestations (Fig. 2B, C). Under control conditions, latency to clonic (p=0.99; Fig. 2B) 

or tonic-clonic (p=0.68; Fig. 2C) seizure manifestations did not differ between saline and 

DMSO control groups. While ANOVA revealed a significant effect of drug treatment on 

latency to clonic seizures (F16,165=2.115; p=0.0101; Fig. 2B), no pairwise comparisons 

survived FDR correction. Latency to tonic-clonic seizure onset did not differ as a function 

of treatment (F16,168=1.458, p=0.1209; Fig. 2C). 
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Figure 2. WIN 55,212-2 attenuates the severity of PTZ evoked seizures in postnatal 
day 10 rat pups. (A) Mean (+standard error of the mean [S.E.M]) seizure score as a 
function of drug treatment and dose, *Significantly decreased compared to 
dimethylsulfoxide (DMSO) vehicle control group, p<0.05 using false discover rate (FDR) 
corrected pairwise comparisons. (B) Mean (+S.E.M) latency (in seconds) to first behavioral 
clonic (minimal) seizure manifestation. (C) Mean (+S.E.M) latency (in seconds) to first 
behavioral tonic or tonic-clonic (maximal) seizure manifestation. n.s. = no significant 
difference between control groups. 
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III. Effect of cannabinoid signaling on hypoxia evoked seizures in P10 animals 

In a third seizure model, we examined the effect of the mixed CB1/CB2 receptor agonist, 

WIN 55,212-2, against acute hypoxia-induced seizures in P10 animals (Fig. 3). In the 

DMSO control condition, 7 out of 8 of animals exhibited behavioral seizure activity, 

characterized by automatisms (head bobbing and wet dog shakes), clonic and tonic-clonic 

movements. Pretreatment with WIN protected a significant proportion of animals from 

hypoxia induced seizures (Chi-square=11.73, df=3, p=0.0084), reducing the incidence at 

all doses tested. Fisher’s exact test revealed decreased seizure incidence at all doses of 

WIN: 2 out of 8 animals at 0.3 mg/kg (p=0.0406), 1 out of 8 animals at 1 mg/kg (p=0.0101), 

and 2 out of 8 animals at 3 mg/kg (p=0.0406). 
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Figure 3. WIN 55,212-2 protects against hypoxia evoked seizures in postnatal day 10 
rat pups. Incidence of seizure manifestations is indicated as a function of dose. Asterisks 
indicate significant decrease in seizure incidence compared to dimethyl sulfoxide (DMSO) 
vehicle control group, *p<0.05 using Fisher’s exact test.  
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IV. Effect of cannabinoid signaling on DMCM evoked seizures in P20 animals 

After finding a significant effect of treatment with WIN and ACEA in P10 animals, we 

next examined these drugs and URB-597 for seizure modifying effects in P20 animals, an 

age point corresponding to late childhood in humans. In the absence of a strong effect on 

severity or latency in PTZ evoked seizures in the P10 group, we only examined the effects 

of WIN, ACEA and URB-597 in DMCM evoked clonic seizures in P20 animals. Under 

control conditions, seizure score did not significantly differ in P20 animals treated with 

saline or DMSO (Fig. 4A; p=0.11). The median score for saline treatment was 4.25 and 

median score for DMSO treatment was 3, which correspond to swimming behavior with 

loss of righting or bilateral facial and forelimb clonus, respectively. Treatment with WIN, 

ACEA, and URB-597, were without significant effect on seizure score (H=9.378, 

p=0.4967, Kruskal-Wallis test; Fig. 4A). 

 

We next analyzed the latency to clonic (score 0.5 – 3) or tonic-clonic (score 4 – 5) seizure 

manifestations (Fig. 4B, C). Under control conditions, the mean latency to the first clonic 

seizure manifestation was 143s in the saline treated and 104s in the DMSO treated 

conditions. The latencies did not differ between the control groups (p=0.389). The mean 

latency to first tonic-clonic seizure manifestation was 205s in the saline treated and 653s 

in the DMSO treated conditions. The latencies differed significantly between the control 

groups (p=0.03, Fig. 4C). There was a significant effect of treatment on latency to clonic 

seizures (F10,141=1.981, p=0.0396, ANOVA; Fig. 4B), but not tonic-clonic seizures 

(F10,45=1.094, p=0.387, ANOVA; Fig. 4C).  Animals treated with WIN (1 mg/kg) 

displayed a significant increase in latency to clonic seizure manifestations (p=0.0037, 
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FDR-corrected) as compared to DMSO control treated animals. There was no effect of 

latency to clonic seizure manifestations at any dose of ACEA or URB-597.  
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Figure 4. WIN 55,212-2 increases latency to onset of DMCM evoked clonic seizures 
in postnatal day 20 rat pups. (A) Mean (+standard error of the mean [S.E.M]) seizure 
score as a function of drug treatment and dose. (B) Mean (+S.E.M) latency (in seconds) to 
first behavioral clonic (minimal) seizure manifestation, **Significantly increased 
compared to dimethyl sulfoxide (DMSO) vehicle control group, p<0.01 using false 
discovery rate (FDR) corrected pairwise comparisons. (C) Mean (+S.E.M) latency (in 
seconds) to first behavioral tonic or tonic-clonic (maximal) seizure manifestation. n.s. = no 
significant difference between control groups; ^ = significant difference between control 
groups, p<0.05. 
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D. DISCUSSION 

Here we report that CB receptor agonism exerted anticonvulsant effects in three models of 

developing animal seizures. This effect was seen in early postnatal (P10) but not juvenile 

(P20) animals. Both WIN 55,212-2 (CB1/2 receptor agonist) and ACEA (CB1-selective 

agonist) exhibited anticonvulsant effects in the DMCM model of clonic seizures. 

Additionally, WIN exhibited anti-seizure effects in the PTZ model of tonic-clonic seizures 

and against acute hypoxia induced seizures in P10 animals. The doses of WIN we found to 

be anticonvulsant produced a significant sedative effect, consistent with prior studies,151,175 

suggesting a relatively narrow therapeutic window. These sedative effects were not seen 

with selective CB1 (ACEA) or CB2 (HU-308) agonists. CB1 receptor antagonist AM-251 

increased seizure severity in the DMCM model, and all other targets (i.e., CB2 agonist, 

antagonist; GPR55 agonist; FAAH inhibitor) were without effect on seizures. These are 

among first data demonstrating an anticonvulsant effect of the cannabinoid system in 

developing rodents, and the first to examine ages as early as P10. 

 

I. Cannabinoid receptor agonism suppresses clonic seizures 

The DMCM model reliably evokes clonic seizures in developing and juvenile rats at the 

doses used.36 Pretreatment with WIN attenuated seizure severity and increased latency to 

seizure onset against clonic seizures (Fig. 1). These data are consistent with the finding that 

WIN suppresses amygdala kindling in adult mice.176 WIN likewise suppresses spontaneous 

limbic seizures following pilocarpine status epilepticus in rats.111 The effects in these 

studies were evident at doses within or exceeding the range we utilized. In addition to its 

efficacy against DMCM evoked seizures, WIN also protected a significant proportion of 
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animals from seizures in the hypoxia model (Fig. 3). Interestingly, WIN has been reported 

to reduce infarct size and microgliosis after hypoxic-ischemic injury in neonatal rats.154,155 

However, seizure activity was not assessed in this prior study. Whether these effects are 

related or not, seizure activity is often associated with microgliosis,177,178 making this 

potentially protective effect of CB1 agonists in hypoxia desirable.  

 

To determine if the effects of WIN could be explained by CB1 receptor activation alone, 

we also examined the selective CB1 agonist ACEA. ACEA suppressed DMCM induced 

seizures, consistent with ACEA treatment elevating the threshold for clonic seizures 

evoked by PTZ in adult mice.161 However, other studies failed to detect anticonvulsant 

effects of ACEA against PTZ evoked seizures in mice using a similar dose range.115,160 

This raises the possibility of age, strain, or model differences associated with an anti-

seizure effect. Together, the anticonvulsant effect of ACEA against DMCM evoked 

seizures coupled with the proconvulsant effect of the CB1 antagonist AM-251, and lack of 

effect of the CB2 agonist HU-308 (Fig. 1A) suggest the anticonvulsant mechanism of WIN 

is mediated primarily through the CB1 receptor. Indeed, the CB1 receptor is widely 

expressed in regions involved in limbic seizures such as the hippocampus, subiculum, 

amygdala, piriform cortex, and rhinal cortex, providing additional support for this 

hypothesis.86,179–181  

 

Unlike the anticonvulsant effect of WIN in P10 animals, WIN pretreatment was without 

effect on seizures in P20 animals (Fig. 2). Interestingly, an anticonvulsant effect of a low 

dose of WIN (0.5 mg/kg) has been reported against kainate evoked seizures in P20 rats 
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with higher doses (1 or 5 mg/kg) surprisingly devoid of effects.151 The variability in 

antiseizure effects may be due to the different seizure models used between studies. 

Alternatively, the small, but near significant anticonvulsant effect of DMSO (as compared 

to saline; Fig. 3A) we observed only in P20 animals could have obscured an equivalently 

small anticonvulsant effect of WIN. Finally, WIN has been shown to reduce excitatory 

drive in neonatal hippocampal slices but does not in adult slices,182 suggesting some degree 

of age-dependence in these effects. Taken together, the anticonvulsant effect of WIN 

against DMCM evoked clonic seizures could implicate a clinical use for CB1/CB2 agonism 

in the treatment of childhood temporal lobe epilepsy, which similarly presents as limbic 

motor seizures.183 

 

II. Cannabinoid receptor agonism displays weak effects against tonic-clonic seizures 

To determine if the anticonvulsant action of WIN extended beyond clonic seizures, we also 

examined its efficacy against PTZ evoked seizures. WIN displayed weak anticonvulsant 

action in this model, but in so doing, protected a significant proportion of animals from 

severe tonic extensor seizures at the highest dose tested. However, ACEA was without 

effect on PTZ evoked seizures. This may be consistent with the shifted anticonvulsant 

dose-response function for ACEA, as compared to WIN, that we found in the DMCM 

evoked seizures. Further, this raises the possibility that CB2 receptors may contribute to 

the anticonvulsant effect of WIN against tonic-clonic seizures. Our data are consistent with 

reports that CB agonists attenuate PTZ evoked tonic-clonic seizures in mice and rats,114,161 

and maximal electroshock seizures in adult rats.184 Of note, the ED50 for WIN reported 

against maximal electroshock was an order of magnitude greater than the doses we found 
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effective.184 This is perhaps not surprising, as there are relatively low levels of CB receptor 

expression in the brainstem regions most closely associated with tonic extension such as 

the midbrain tegmentum.86,87,181 Moreover, the levels of CB receptors in the brainstem and 

cerebellum change substantially over development,185,186 perhaps providing a mechanism 

for the  age-dependent responses. 

 

III. Cannabinoid receptor antagonism exacerbates seizure activity 

Pretreatment with a CB1 antagonist AM-251, was proconvulsant in the P10 DMCM model 

of clonic seizures. However, we were unable to detect an enhancement of seizure activity 

against PTZ evoked seizures, as under baseline conditions animals displayed near maximal 

responses. Although not significant, the CB2 specific antagonist AM-630 demonstrated a 

similar trend in increasing seizure severity. Similar to our findings, AM-251 increased the 

frequency of epileptiform activity in the adult rat penicillin seizure model,187 and another 

CB1 receptor antagonist, SR14176A, increased seizure frequency in the pilocarpine 

model.111 Moreover, CB1 antagonist administration induces seizure-like events in 

developing animals,188 suggesting that, in early postnatal development, the cannabinoid 

system may actively restrain pathological excitation. 

 

IV. Modulating endocannabinoid system activity has no effect on seizure activity 

Brain concentrations of AEA increase over the lifespan until adult levels are reached. 

Moreover, FAAH, which terminates AEA action, peaks in late adolescence with levels 

increasing steadily into adulthood.189 Thus, we hypothesized that URB-597, an FAAH 

inhibitor, would produce anticonvulsant effects in P20 animals, even in the absence of an 
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effect in P10 animals. While there is compelling evidence suggesting the endocannabinoid 

system is functional early in life,188 selective inhibition of FAAH was ineffective in the 

present study. Previous studies have reported mixed effects in adult seizure models ranging 

from no effect against kindling or PTZ seizures,114,176 to increased seizure threshold and 

reduced duration of epileptiform activity in the PTZ model,114,115,173 to anticonvulsant 

action against electroshock seizures.190 Our current findings provide further support for 

minimal efficacy of this treatment, at least in developing animals. 

 

V. Therapeutic potential for cannabinoids in treatment of neonatal seizures 

Here, we have shown that nonselective CB1/2 and selective CB1 agonists can suppress 

seizures in multiple seizure models during postnatal development. These effects were not 

seen with CB2 or GPR55 agonists, CB1 or CB2 antagonists, nor by inhibiting the 

breakdown of an endocannabinoid. The effect of CB agonist administration was more 

robust in the DMCM and hypoxia models in which clonic seizure manifestations 

predominate, as compared to the PTZ model in which tonic-clonic seizures responses 

predominate at this dose range and age. These data provide the first detailed 

characterization of the impact of the cannabinoid system on seizure activity in developing 

rodents. Similar to the synthetic cannabinoids we tested, the Cannabis sativa derived 

phytocannabinoids: cannabidiol (CBD), cannabidivarin (CBDV) and Δ9-THC display 

anticonvulsant action in multiple adult seizure models.191 CBD and CBDV are of particular 

interest as they are devoid of intoxicating effects140,191 and have shown efficacy in a recent 

open-label clinical study for treatment-resistant epilepsy.108 Like CB agonists, CBD and 

CBDV have been shown to exert anticonvulsant effects in adult animal models both in 
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vitro and in vivo, including but not limited to: hippocampal slice, PTZ, pilocarpine, and 

electroshock rodent models.133,134,136,192–194 CBD and CBDV have low affinity for CB1 and 

CB2 receptors and their exact mechanisms of action are not well understood. Within the 

cannabinoid system, CBD is reported to have antagonistic actions at GPR55, which could 

support our finding that agonism of this receptor has no effect on neonatal seizure activity. 

Similarly, little is known about the pharmacology of CBDV. It is reported to inhibit 

diacylglycerol lipase alpha, the key enzyme used in the biosynthesis of 2-AG.195 

Importantly, 2-AG concentrations in rats and humans peak after birth and increase until 

adult levels are reached.162 Therefore, it is possible that CBDV-mediated inhibition of 

diacylglycerol lipase alpha potentially protects against CB receptor downregulation. While 

neither of these compounds have been tested in neonatal models, the diverse mechanisms 

of CBD and CBDV may offer developmental advantages over more highly selective 

therapies. 

 

Building on our present findings, future studies may examine other aspects of this system 

(e.g., inhibition of enzymes involved in synthesis and hydrolysis of 2-AG, DAG and MAG 

lipase, respectively, or a GPR55 antagonist) and/or the effect of phytocannabinoids in 

developing models. Finally, the ontogeny of seizure circuits, neuronal excitability, and the 

endocannabinoid system itself emphasizes the importance of characterizing these drugs not 

only in typical adult models, but also in models spanning developmental periods. 
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CHAPTER III: 
 

NEUROPROTECTIVE ACTION OF THE CB1/2 RECEPTOR AGONIST  
 

WIN 55,212-2 AGAINST DMSO BUT NOT PHENOBARBITAL INDUCED  
 

NEUROTOXICITY IN IMMATURE RATS2 
 

 

 

A. INTRODUCTION 

The developing brain is uniquely susceptible to drug-induced increases in programmed cell 

death or apoptosis. Many compounds, including anticonvulsant drugs, anesthetic agents, 

and ethanol, when administered in a narrow postnatal window in rodents, result in 

increased neuronal pruning. Here, we report that dimethyl sulfoxide (DMSO) triggers 

widespread apoptotic neurodegeneration in the immature (postnatal day, P7) rat brain, an 

effect consistent with a prior report in neonatal mice. We found that the synthetic 

cannabinoid receptor agonist WIN 55,212-2 (WIN) exerts a neuroprotective effect against 

DMSO induced cell death. We extended these findings to determine if WIN is 

neuroprotective against another drug class known to increase developmental cell death, 

namely antiseizure drugs. The antiseizure drug phenobarbital (PB) remains the primary 

treatment for neonatal seizures, despite significantly increasing cell death in the developing 

rodent brain. WIN exerts antiseizure effects in immature rodent seizure models, but 

increases the toxicity associated with neonatal ethanol exposure. We thus sought to 

determine if WIN would protect against or exacerbate PB induced cell death. 

 

 

2 This chapter has been previously published in a slightly modified form (Huizenga, M. N., 
& Forcelli, P. A. Neuroprotective action of the CB1/2 receptor agonist, WIN 55,212-2, 
against DMSO but not phenobarbital-induced neurotoxicity in immature rats. 
Neurotoxicity Research, 2018 in press 
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Unlike either the prior report with ethanol or our present findings with DMSO, WIN was 

largely without effect on PB induced cell death. Furthermore, WIN alone did not increase 

cell death over levels observed in non-DMSO vehicle treated rats. These data suggest that 

WIN has a favorable safety profile in the developing brain, and could potentially serve as 

an adjunct therapy with phenobarbital, albeit one that does not attenuate known PB induced 

toxicity.  

 

Programmed cell death, or apoptosis, is a tightly regulated process that is essential for 

network development and homeostasis in the developing brain. Cells that make appropriate 

synaptic connections are maintained, whereas those that fail to wire appropriately are 

pruned.63 During development, apoptosis in the rodent brain exhibits high temporal 

specificity with peak programmed cell death detected between postnatal day (P) 2 and the 

end of the first postnatal week.64 After P7, the rate of apoptosis dramatically decreases into 

the second week and developmental cell death is undetectable by the end of the first 

month.64  

 

During this period of developmental vulnerability, a variety of compounds that suppress 

synaptic transmission can potentiate ongoing apoptosis. Exposure to several drug classes, 

including ethanol,65–67 anxiolytics,65,67 anesthetics,11,69 and some (but not all) antiseizure 

drugs196,197 significantly increase cell death during the first postnatal week. Similarly, 

dimethyl sulfoxide (DMSO) produces widespread apoptosis in the developing central 

nervous system (CNS) of mice with vulnerability to degeneration peaking at P7.198 This 
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profile is strikingly different from that observed in the adult brain, where these agents do 

not trigger apoptosis, and in some cases, actually exert neuroprotective effects.  

 

For example, in adult animal models of traumatic brain injury, spinal cord injury, and 

stroke, DMSO has been reported to significantly reduce cell death and damage.199–201 

Developmentally restricted increases in cell death by otherwise neuroprotective agents is 

not a wholly new phenomenon. Plant-based and synthetic cannabinoids have demonstrated 

neuroprotective effects in several neurodegenerative disease model,202–206 but CB receptor 

agonists can also potentiate developmental neurotoxicity induced by other compounds. 

Yet, CB agonists have no proapoptotic effect alone despite the early ontogeny of the 

cannabinoid system and reported neuroprotective effects in adult animals.66,162 For 

example, in P7 mice, administration of the mixed CB1/CB2 receptor synthetic agonist WIN 

55,212-2 (WIN) did not increase cell death compared to vehicle controls.66 However, WIN 

dose-dependently increased the apoptotic response induced by ethanol administration in 

these animals.66 Given the increasing interest in cannabinoids as therapeutic agents for 

neonatal seizures, a more detailed toxicity profile is needed.   

 

Provided the pattern of age-dependent toxicity of otherwise neuroprotective agents and the 

report of potentiated cell death by cannabinoid agonists, we aimed to (1) confirm that 

DMSO increases developmental cell death in P7 rats and (2) determine if DMSO or PB 

induced cell death would be altered by co-treatment with the cannabinoid agonist WIN.  
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B. METHODS 

 

I. Animals 

Female Sprague-Dawley rats with male pups were obtained from Harlan/Envigo (Envigo, 

Frederick, MD, USA) and were delivered to the Division of Comparative Medicine at 

Georgetown University at postnatal day (P) 5. On P7, pups were treated, returned to the 

dam and allowed to survive for 24 hours before tissue collection. A total of 120 pups, 

derived from 12 litters were used for the present experiments. 

 

For all experiments, treatments were counterbalanced within and across litters. Animals 

were maintained in temperature-controlled (21°C) rooms with a 12 h light cycle and food 

(Lab Diet #5001) and water available ad libitum in the Georgetown University Division of 

Comparative Medicine. All experimental manipulations occurred during the light phase. 

Experimental procedures were performed in compliance with the Association for 

Assessment and Accreditation of Laboratory Animal Care standards and were approved by 

the Georgetown University Animal Care and Use Committee. 

 
 
II. Drug preparation 

All drug treatments were administered intraperitoneally (ip) at a volume of 10 mL/kg. WIN 

55,212-2 (Cayman Chemical, Ann Arbor, MI, USA) was prepared in either 100% dimethyl 

sulfoxide (DMSO) or a vehicle (VEH) solution of ethanol : Kolliphor : 0.9% saline (2:1:17; 

Sigma-Aldrich, St. Louis, MO, USA) in concentrations of 0.1, 0.3, or 1.0 mg/mL 

(corresponding to doses of 1, 3, and 10 mg/kg, respectively).66,207 We have previously 
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reported that 1-3 mg/kg of WIN protects immature animals from seizures evoked by 

methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate (DMCM) and 

pentylenetetrazole (PTZ).207 Phenobarbital (PB, Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in 0.9% saline at a concentration of 75 mg/mL (corresponding to a dose of 75 

mg/kg). This dose has been demonstrated to exert antiseizure efficacy against PTZ induced 

seizures in P7 rat pups.35,165 Moreover, this dose of PB robustly increases cell death above 

developmental levels.196,197 Drug combination treatments were administered in a single 

injection. 

 
 

III.  Drug treatment 

P7 pups were randomly assigned to receive a single dose of: DMSO, WIN (1, 3, or 10 

mg/kg in DMSO), saline, PB (7 5mg/kg in saline), vehicle (VEH; 2:1:17 ethanol, 

Kolliphor, saline), WIN (1, 3, or 10 mg/kg in vehicle) or a combination of WIN (3 or 10 

mg/kg in vehicle) plus PB (75 mg/kg).  

 
 
IV. Tissue preparation 

Twenty-four hours after drug treatment, pups were perfused transcardially with phosphate 

buffered saline (pH 7.4, 10mL; Thermo Fisher Scientific, Waltham, MA, USA) followed 

by 4% paraformaldehyde (10mL; Sigma-Aldrich, St. Louis, MO, USA). This survival 

interval was based on prior reports examining drug-related apoptosis in the developing 

brain.70,208 Brains were removed and post-fixed for 24 h before transferred to 30% sucrose 

for at least 72 h before cryosectioning. 40 µm thick coronal sections were mounted and 

stained for Fluoro-Jade B as described below.    
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V. Fluoro-Jade B staining 

40 µm coronal sections were stained using the Fluoro-Jade B histological staining 

protocol209 to fluorescently label neurons undergoing degeneration. Slides were first 

immersed in a solution containing 1% sodium hydroxide in 80% ethanol for 5 min. Next, 

slides were transferred to 70% ethanol followed by distilled water for 2 min each. Then, 

slides were transferred to a 0.06% potassium permanganate solution in distilled water, for 

5-10 min. After a 2 min rinse in distilled water, slides were immersed in the Fluoro-Jade B 

(EMD Millipore, Burlington, MA, USA) staining solution with a final dye concentration 

of 0.0004%, for 15 min. Last, the slides were rinsed 3 times for 1 min each before dried, 

cleared by at least 1 min of xylene immersion and coverslipped using Cytoseal 60 (Thermo 

Fisher Scientific, Waltham, MA, USA) mounting media. 

 
 

VI. Microscopy  

Fluorescent photomicrographs were collected on a Nikon 80i microscope with a QImaging 

QIClick camera. Images at 10x magnification of three sequential sections at 200 µm 

intervals for each brain region were taken. Brain regions were defined using the neonatal 

rat brain atlas of Ramachandra and Subramanian210 and selected based on prior reports of 

antiseizure drug induced enhancements in cell death from our lab72,196,211 and others.197 

Quantification of neurodegeneration within each region was performed by manual 

counting of the Fluoro-Jade B positive cells within the anatomical boundaries for each 

brain regions. Cell counting was performed using IMAGEJ software (National Institutes 

of Health, Bethesda, MD, USA).  For analysis, the mean number of degenerating (Fluoro-

Jade B positive) cells for each region in each animal was calculated from the three 
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sequential sections. Microscopy and analysis was performed by investigators blinded to 

treatment conditions. 

 
 
VII. Statistics 

Statistical analyses were performed using GraphPad Prism 7.0c (GraphPad Software; La 

Jolla, CA, USA). Cell death analyses were analyzed using one-way ANOVA with multiple 

comparisons corrected for by Sidak and Holm-Sidak’s multiple comparisons tests. 

Probability values <0.05 were considered statistically significant. One statistical outlier 

(treated with the highest dose of WIN + DMSO) was identified using the ROUT algorithm 

(Q=0.1%) and was removed. 
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C. RESULTS 

 

I. Effect of WIN on DMSO induced cell death 

DMSO has been shown to induce neuronal toxicity, particularly during vulnerable periods 

of development.198 To determine the effect of CB receptor agonism on DMSO induced cell 

death, we quantified Fluoro-Jade B positive cells after treatment with WIN dissolved in 

DMSO (1, 3, and 10 mg/kg). In line with a prior report that found DMSO increases 

developmental apoptosis,198 we found DMSO alone increases neuronal cell death across 

the developing brain as compared to saline treatment. This effect was striking, with 8 to 

26-fold increases in cell death observed. Administration of WIN resulted in a dose-

dependent decrease in DMSO induced cell death in cortical brain regions (Fig. 5). There 

was a significant treatment effect in the cingulate cortex (ANOVA, F4,37=6.47, p=0.0005; 

Fig. 5A), motor cortex (ANOVA, F4,30=11.99, p<0.0001; Fig. 5F) and somatosensory 

cortex (ANOVA, F4,30=14.73, p<0.0001; Fig. 5K). Sidak’s multiple comparisons test 

revealed that DMSO significantly increased cell death compared to saline treated controls 

in the cingulate (p=0.0004), motor (p<0.0001), and somatosensory (p<0.0001) cortices. 

WIN, when given at a dose of 10 mg/kg, significantly decreased the DMSO induced cell 

death in the cingulate (p=0.0084) and motor cortices (p=0.0005). In the somatosensory 

cortex, WIN reduced DMSO induced cell death at both the 3 mg/kg (p=0.0157) and 10 

mg/kg (p=0.0003) doses.  

 

In subcortical regions, we observed a similar pattern (Fig. 6): there was a significant main 

effect of drug treatment in striatum (ANOVA, F4,29=8.10, p=0.0002; Fig. 6A), lateral 



 

 65 

thalamus (ANOVA, F4,30=24.72, p<0.0001; Fig. 6F), and lateral septum (ANOVA, 

F4,35=6.39, p=0.0006; Fig. 6K). Sidak’s multiple comparisons test confirmed that DMSO 

significantly increased cell death in the striatum (p<0.0001), lateral thalamus (p<0.0001), 

and lateral septum (p=0.0002), as compared to saline treated controls. As in the cortical 

regions, the 10 mg/kg dose of WIN significantly decreased DMSO induced cell death in 

the striatum (p=0.0049) and lateral thalamus (p=0.0005). WIN was without effect on 

DMSO increased cell death in the lateral septum. 
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Figure 5. WIN 55,212-2 dose-dependently decreases DMSO induced cell death across 
cortical regions of developing rat brain. Quantification of cell death as indicated by 
Fluoro-Jade B positive cells in the cingulate cortex (A), motor cortex (F) and 
somatosensory cortex (K) from P7 rat pups treated with DMSO or WIN 55,212-2 (WIN; 
1, 3, and 10 mg/kg, ip). Values are expressed as mean +S.E.M of 3 sequential 40μm tissue 
samples per animal (n=6-10 animals). *p<0.05, ***p<0.005, ****p<0.0001; significantly 
different from SAL or DMSO treated group. Photomicrographs of Fluoro-Jade B stained 
section in cingulate cortex (B-E), motor cortex (G-J), and somatosensory cortex (L-O) by 
treatment. Scale bar in Panels E, J, O = 200 µm. 
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Figure 6. High-dose WIN 55,212-2 decreases DMSO induced cell death in the striatum 
and lateral thalamus of developing rat brain. Quantification of cell death as indicated 
by Fluoro-Jade B positive cells in the striatum (A), lateral thalamus (F), and lateral septum 
(K) from P7 rat pups treated with DMSO or WIN 55,212-2 (WIN; 1, 3, and 10 mg/kg, ip). 
Values are expressed as mean +S.E.M of 3 sequential 40μm tissue samples per animal 
(n=6-10 animals). **p<0.01, ***p<0.0005, ****p<0.0001 significantly different from 
SAL or DMSO treated group. Photomicrographs of Fluoro-Jade B stained section in 
striatum (B-E), lateral thalamus (G-J), and lateral septum (L-O) by treatment. Scale bar in 
Panel E, J, O = 200 µm. 
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II. Effect of WIN alone, and in combination with PB, on cell death 

The neuroprotective effect of WIN against DMSO induced cell death led us to next 

examine if: 1) WIN, when administered in an inert vehicle, impacts basal levels of cell 

death in the developing brain, and if 2) WIN would attenuate the cell death caused by a 

common antiseizure medication, phenobarbital.  

 

When prepared in an inert vehicle solution (VEH, see methods), WIN alone did not modify 

cell death from the levels seen in vehicle treated controls (Figs. 7-9). However, as expected, 

phenobarbital exposure caused a significant increase in the number of Fluoro-Jade B 

positive cells in each region analyzed. This increase in degenerating cells ranged from 2.5 

to 10-fold above saline treated controls. This is a similar increase to that previously 

reported following PB exposure.72,196,197,211   

 

These effects were confirmed by one-way analysis of variance, which revealed significant 

treatment effects in each brain region analyzed (cingulate cortex: F7,55=9.67, p<0.0001; 

motor cortex: F7,48=20.01, p<0.0001, somatosensory cortex: F7,48=21.39, p<0.0001; 

striatum: F7,47=32.72, p<0.0001; lateral thalamus: F7,48=68.32, p<0.0001; lateral septum: 

F7,46=11.48, p<0.0001). These effects were driven by PB exposure, a finding consistent 

with prior reports.  In each region, Holm-Sidak corrected pairwise comparisons revealed 

significant differences between the PB treated group and the saline treated groups for each 

region (cingulate cortex: p=0.0004, Fig. 7A; motor cortex: p<0.0001, Fig. 7J; 

somatosensory cortex: p<0.0001, Fig. 8A; striatum: p<0.0001, Fig. 8J; lateral thalamus: 

p<0.0001, Fig. 9A; lateral septum: p=0.0002, Fig. 9J).  
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Surprisingly, despite the robust effect of WIN against DMSO-induced cell death, the 

effects of WIN against PB-induced cell death were limited. Only within the cingulate 

cortex, and only at the 10 mg/kg dose, did WIN significantly reduce cell death compared 

to PB alone (Holm-Sidak, p=0.0445). The reduction in cell death observed with 3 mg/kg 

dose of WIN approached but did not reach the level of statistical significance (p=0.07). 

The protection observed with WIN was incomplete, as levels of cell death still exceeded, 

although not significantly, the vehicle treated group (WIN 3 + PB 75: p=0.0561; WIN 10 

+ PB 75: p=0.0843) and significantly exceeded the saline treated group (WIN 3 + PB 75: 

p=0.0067; WIN 10 + PB 75: p=0.0148).   

 

In the motor cortex, a different pattern was observed. While PB significantly increased cell 

death above saline control levels (Holm-Sidak, p<0.0001), co-treatment with WIN (10 

mg/kg) produced a small but significant exacerbation of injury (Holm-Sidak p=0.0447; 

Fig. 7J). 

 

In the somatosensory cortex and striatum, PB alone (p<0.0001) and in combination with 

WIN (3 and 10 mg/kg) produced significant increases in cell death compared to vehicle 

(Holm-Sidak, p<0.0001) and saline controls (Holm-Sidak, p<0.0001; Fig. 8A, J). Co-

treatment with WIN did not produce an effect that differed from that of PB alone. The same 

pattern was observed in lateral thalamus and lateral septum. PB alone (p<0.0001) and in 

combination with WIN (3 and 10 mg/kg) produced significant increases in cell death 

compared to vehicle (lateral thalamus: WIN 3 + PB 75: p<0.0001, WIN 10 + PB 75: 

p<0.0001; lateral septum: WIN 3 + PB 75: p=0.0010; WIN 10 + PB 75: p=0.0014) and 
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saline treated controls (lateral thalamus: WIN 3 + PB 75: p<0.0001, WIN 10 + PB 75: 

p<0.0001; lateral septum: WIN 3 + PB 75: p=0.0009, WIN 10 + PB 75: p=0.0013; Fig. 9A, 

J).  
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Figure 7. WIN 55,212-2 modifies PB induced enhancement of developmental cell death levels 
in cortical regions of the developing rat brain. Quantification of cell death as indicated by 
Fluoro-Jade B positive cells in the cingulate cortex (A) and motor cortex (J) from P7 rat pups treated 
with VEH, WIN (1, 3, and 10 mg/kg prepared in VEH), SAL, PB 75 mg/kg, or combination of 
WIN 3 and 10 mg/kg plus PB 75 mg/kg, ip. Values are expressed as mean (+S.E.M) of 3 sequential 
40μm tissue samples averaged per animal (n=7-9 animals). *p<0.05, **p<0.01, ****p<0.001; 
significantly different from SAL, VEH, or PB 75 groups. Photomicrographs of Fluoro-Jade B 
stained section in cingulate cortex (B-I) and motor cortex (K-R) by treatment. Scale bar in Panel E, 
N = 200 µm. 
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Figure 8. WIN 55,212-2 has no effect on PB induced enhancement of developmental cell death 
in the somatosensory cortex and striatum of the developing rat brain. Quantification of cell 
death as indicated by Fluoro-Jade B positive cells in the somatosensory cortex (A) and striatum (J) 
from P7 rat pups treated with VEH, WIN (1, 3, and 10 mg/kg prepared in VEH), SAL, PB 75 
mg/kg, or combination of WIN 3 and 10 mg/kg plus PB 75 mg/kg, ip. Values are expressed as 
mean (+S.E.M) of 3 sequential 40μm tissue samples averaged per animal (n=6-8 animals). 
****p<0.001; significantly different from VEH or SAL control groups. Photomicrographs of 
Fluoro-Jade B stained section in somatosensory cortex (B-I) and striatum (K-R) by treatment. Scale 
bar in Panel E, N = 200 µm. 
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Figure 9. WIN 55,212-2 has no effect on PB induced enhancement of developmental cell death 
in the lateral thalamus and septum of the developing rat brain. Quantification of cell death as 
indicated by Fluoro-Jade B positive cells in the lateral thalamus (A) and lateral septum (J) from P7 
rat pups treated with VEH, WIN (1, 3, and 10 mg/kg prepared in VEH), SAL, PB 75 mg/kg, or 
combination of WIN 3 and 10 mg/kg plus PB 75 mg/kg, ip. Values are expressed as mean (+S.E.M) 
of 3 sequential 40um tissue samples averaged per animal (n=6-8 animals). **p<0.01, ***p<0.005, 
****p<0.001; significantly different from VEH or SAL control groups. Photomicrographs of 
Fluoro-Jade B stained section in lateral thalamus (B-I) and lateral septum (K-R) by treatment. Scale 
bar in Panel E, N = 200 µm. 
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D. DISCUSSION 

Here we evaluated the toxicity and neuroprotective potential of DMSO, phenobarbital, and 

the CB1/2 receptor agonist WIN 55,212-2 in immature (P7) rats. We report: 1) robust 

induction of cell death throughout the developing brain following administration of 

DMSO, 2) a smaller magnitude induction of cell death after treatment with phenobarbital, 

3) a benign profile of WIN 55,212-2, and 4) a divergent neuroprotective effect of WIN 

55,212-2 against DMSO and PB induced cell death.  

 

This profile of enhanced neurodegeneration with DMSO is consistent with a prior report 

in developing mice.198 In that report, DMSO induced apoptosis (as measured through 

activated caspase-3 immunohistochemistry) was most prominent in the first two postnatal 

weeks. Toxicity was evident with doses of DMSO as low as 0.3 mL/kg, with maximal 

effects seen at 10 mL/kg doses (which is the dose we used in the present study). DMSO is 

an organic solvent often used as a vehicle for drug delivery in preclinical studies, and these 

data indicate that it should not be considered biologically inert.  

 

While the mechanisms by which DMSO induces cell death in developing animals are 

unknown, the phenomena appear similar to that observed after early exposure to sedative, 

anxiolytic, anesthetic, and antiseizure drugs. First, as with these other drugs, DMSO 

induced cell death occurs during a restricted developmental period, primarily during the 

first two postnatal weeks.198 Second, a central hypothesis behind drug induced apoptosis is 

the suppression of network activity. During development, neurons are suggested to require 

synaptic input to allow them to integrate into a functioning neuronal network. Network 
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integration is a requirement for survival and suppression of activity consequently increases 

apoptosis.12 Furthermore, blockade of NMDA receptors triggers apoptotic 

neurodegeneration, supporting the idea that network activity suppresses an apoptotic 

response to encourage functional network development.11,212 Consistent with this 

hypothesis, DMSO suppresses NMDA- and AMPA-mediated currents in cultured 

hippocampal neurons.213 GABA, glutamate, and acetylcholine receptor activity is also 

reduced by DMSO,214,215 suggesting that suppression of synaptic transmission may be a 

mechanism underlying its developmental toxicity.  

 

We found that the CB1/2 receptor agonist WIN 55,212-2, which is commonly dissolved in 

DMSO, produced a dose-dependent neuroprotective effect against DMSO induced cell 

death. This is interesting in light of a prior report of WIN enhancing developmental 

apoptosis triggered by ethanol.66 Cannabinoid receptor agonists have been reported to 

display CB1 receptor mediated neuroprotective effects by lowering extracellular glutamate 

to inhibit excitotoxic release.216–219 WIN specifically, has been shown to protect two-week 

old cultured hippocampal neurons from glutamate toxicity216 and conferred a 3-fold 

decrease in organophophorous compound induced cell death in PC12 cells.220 Further, 

WIN has also been reported to protect against a variety of excitotoxic insults including 3-

nitropropionic acid (3-NP)221 and quinolinic acid toxicity.222 However, these effects are 

unlikely to fully explain the neuroprotective effects of WIN in the present study, as PB and 

DMSO induced damage likely result from suppressed activity rather than excitotoxic 

injury.  
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Together these data provide comprehensive evidence of extensive neuroprotective effects 

via CB receptor activation.  In fact, the endocannabinoid system appears to play a role in 

the brain response to injury: both the CB1 receptor and its endogenous ligand anandamide, 

increase in early postnatal rats following injury or NMDA receptor blockade.110,223,224 

Although principally expressed in peripheral immune cells, CB2 receptors are also 

expressed in select neuronal populations and receptor activation can promote neuronal 

survival by modulating the release of immunomodulators from astrocytes and microglial 

cells to inhibit excitotoxicity, oxidative stress, and neuronal apoptosis.202,224 Therefore, the 

activation of both CB1 and CB2 receptors by WIN are potential contributors to the 

neuroprotective effects that we detected.  

 

A considerable amount of research reveals a strong and consistent proapoptotic effect of 

the antiseizure drug, phenobarbital on the developing rodent brain.72,196,197,211,225,226 PB is a 

positive allosteric modulator of the GABAA receptor, which results in a suppression of 

neuronal activity.  As described above, suppression of neurotransmission during 

synaptogenesis in the developing brain triggers enhanced apoptosis.65,197,225 PB is of 

particular interest, as it is the current first-line treatment for neonatal seizures,17 despite its 

toxicity in the developing brain, even at therapeutically relevant doses.35,196,197 This 

underscores the importance of identifying adjunct therapies that can mitigate the 

neurotoxicity of PB without sacrificing its antiseizure effects.  

 

We recently described the antiseizure efficacy of CB1 receptor agonists in multiple models 

of seizures in developing animals.207 WIN, in particular, significantly reduced seizure 
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severity in three different epilepsy models in P10 rats.207 The antiseizure effect of WIN in 

developing animals, together with its neuroprotective effect against DMSO induced cell 

death, led us to examine if WIN, in combination with PB, would reduce PB induced cell 

death. However, unlike the protective effect WIN exerted against DMSO induced cell 

death, it produced a mixed effect against PB-induced cell death. In one brain region WIN 

increased PB induced cell death, in another it decreased it, and in the remaining regions it 

was without effect. The mechanism behind this region specificity are unknown, but 

unlikely related to CB receptor expression as the receptors are expressed early in 

development, and WIN was effective in all regions examined against DMSO induced cell 

death.  

 

The combined administration of WIN and PB did not exhibit the consistent enhancement 

in cell death similar to the widespread apoptosis seen with PB and Δ9-tetrahydrocannabinol 

(Δ9-THC).66 One reason for this difference could be a result of the multimodal mechanism 

of action of Δ9-THC compared to the CB receptor specificity of WIN. Despite both acting 

at the CB1 receptor, THC is only a partial agonist, and has been shown to transiently 

activate and desensitize the transient receptor potential (TRP) family of receptors.125,227,228 

Additionally, THC is reported to antagonize the action of endogenous ligands, which could 

effectively blunt any otherwise neuroprotective response from endocannabinoid 

production and signaling.125 However, further studies are required to delineate the role of 

the complex cannabinoid signaling during development, in response to pathological 

conditions, and in conjunction with other compounds. 
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Here we have shown the cannabinoid receptor agonist WIN displays neuroprotective 

effects against toxicity induced by neonatal DMSO administration. This effect was 

selective and did not extend to toxicity induced by neonatal PB exposure. These data are 

relevant to both research and clinical practice as WIN is sparingly soluble in aqueous 

solvents and is recommended by the manufacturer to be wholly or initially dissolved in 

organic solvents such as DMSO or ethanol (Caymen Chemical, Ann Arbor, MI, USA). 

However, provided the biological activity of both DMSO and ethanol alone, especially in 

the developing brain, careful attention should be paid to the source of any detected 

experimental outcomes when using either as a drug solvent. Additionally, with a growing 

interest and use of CB targeted compounds for pediatric epilepsy,90 the 

neurodevelopmental toxicity of DMSO limits its clinical use as a solvent. While the precise 

mechanisms of WIN’s neuroprotective action remain unknown, these data underscore its 

potential as a neuroprotective agent against select insults during critical periods of brain 

development.  
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CHAPTER IV: 
 

ANTICONVULSANT AND TOXICITY PROFILE OF CANNABIDIVARIN IN  
 

IMMATURE RATS3 
 
 

A. INTRODUCTION  

Early life seizures are among those most resistant to pharmacotherapy, a resistance that 

persists, despite the availability of over 20 antiseizure drugs (ASDs). Therefore, the 

investigation of non-psychoactive cannabis-based treatments as novel antiseizure 

therapeutics has dramatically increased, revealing the strong anticonvulsant effects of 

cannabidiol (CBD). However, little remains known about the antiseizure profile of 

cannabidivarin (CBDV), an analog of CBD. Further, the nothing is known about the 

preclinically efficacy or safety of CBDV in developing animals, even though cannabis-

based treatments are being targeted for highly refractory seizures in neonates and 

children. To address this knowledge gap, the present study systematically evaluated the 

antiseizure potential of CBDV against multiple models of seizures in developing animals. 

Previously reported anticonvulsant doses of CBDV (50, 100, and 200mg/kg) were tested 

in 6 seizure models in postnatal day (P) 10 rat pups and 4 seizure models in P20 rat pups. 

Interestingly, we identified an age-specific anticonvulsant effect whereby CBDV more 

consistently decreased seizure severity in P20 compared to P10 animals. The significant 

increase in mRNA expression of a putative CBDV target, TRPV1, in the hippocampus 

and amygdala in P20 animals we detected could suggest contribute to the age-dependent 

efficacy.  

 

3Huizenga, M.N., Sepulveda-Rodriguez, A., Forcelli, P.A. Safety and efficacy of cannabidivarin 
for the control of seizures in early life. 2018 in preparation 
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Finally, provided the widespread effect of ASDs to cause significant cell death in the 

developing brain, we evaluated the safety of CBDV in P7 animals and found that CBDV 

is largely devoid of effect of developmental cell death. Together, the efficacy and safety 

profile of CBDV suggest it may have therapeutic value for early life seizures. 

 

Seizure disorders of infancy and childhood are among the most difficult to manage 

medically and represent a significant cause of morbidity.229–231 Up to one third of infants 

with seizures will fail to achieve seizure remission with current antiseizure drugs 

(ASDs)232,233 with less than half of the children treated with the current first or second line 

treatments, phenobarbital or phenytoin,234 achieving adequate seizure control.21 

 

The distinct characteristics of the developing brain, including immature network 

connectivity and divergent ionic homeostasis, likely contribute to the pharmacoresistance 

of early life seizures.235,236 In addition to the inferior efficacy of pharmacotherapy in early 

life, drug treatment also carries a significant risk to the developing brain: early life exposure 

to many ASDs including phenobarbital, phenytoin, and valproate are associated with the 

induction of enhanced neuronal apoptosis.70,71,197,226 Several ASDs likewise produce 

lasting disruptions in synaptic development after even a single exposure during early 

postnatal development.73,237 Moreover, clinical evidence also suggests that gestational and 

early life exposure to ASDs may produce lasting deficits in cognitive function.238–241  

 

The lack of efficacy, as well as concerns about safety of existing ASDs have prompted the 

search for new therapies. The recent FDA approval of Epidiolex (cannabidiol, CBD) for 
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the treatment of Lennox-Gastaut and Dravet syndromes148 underscores the growing interest 

in phytocannabinoids for refractory epilepsies. In two recent clinical trials, CBD displayed 

both efficacy against treatment-resistant epilepsies in children and young adults and a 

favorable side effect profile.108,147 Along with CBD, cannabidivarin (CBDV), a propyl 

analog of CBD, is in current clinical trials around the globe for a range of epilepsy 

indications. These compounds avoid the intoxicating effects of other phytocannabinoids 

(e.g., D9-tetrahydrocannabinol, D9-THC) likely due in part to their lack of activity at the 

orthosteric binding site of CB receptors.140 Both CBD and CBDV have multiple proposed 

mechanisms of action including allosteric modulation of the CB1 receptor, antagonism of 

G protein-coupled receptor 55 (GPR55), and activation of the transient receptor potential 

vanilloid (TRPV) family of receptors.242  

 

Both CBD and CBDV have demonstrated significant antiseizure effects in preclinical 

models of adult epilepsy, but only one preclinical study has evaluated CBD in early 

development.149  While CBD prevented neurodegeneration and reduced seizures after 

hypoxia in piglets,149 CBDV has not been similarly examined. Thus, the anticonvulsant 

efficacy of CBDV treatment in neonates/infants is unknown. Moreover, the 

neuroprotective effects of CBD149,153 raise the possibility that therapy with this class of 

compounds may avoid the acute developmental neurotoxicity seen with many other ASDs. 

To fill this gap, here we sought to determine the preclinical efficacy and safety profile of 

CBDV.    
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B.  METHODS 

For all experiments, treatments were counterbalanced within and across litters. Animals 

were maintained in temperature-controlled (21°C) rooms with a 12:12 h light:dark cycle 

with food (Lab Diet #5001) and water available ad libitum in the Georgetown University 

Division of Comparative Medicine. Experimental manipulations occurred during the light 

phase. Procedures were performed in compliance with the Association for Assessment and 

Accreditation of Laboratory Animal Care standards, the Guide for the Care and Use of 

Laboratory Animals,243 and were approved by the Georgetown University Animal Care and 

Use Committee. 

 

I. P10 seizure testing 

 

i. Animals 

Female Sprague-Dawley rats with male pups were obtained from Harlan/Envigo (Envigo, 

Frederick, MD, USA). For all models (except NMDA evoked spasms), the dams and male 

pups were received when the litters were postnatal day (P) 7 and pups were used for seizure 

testing at P10. 

 

ii. Testing paradigm 

On P10, pups were weighed, numbered, and randomly assigned to a treatment group. Drug 

treatment was coded leaving experimenters blind to group identities at the time of pre-

treatment and testing. The pups were pretreated with CBDV (50, 100, or 200 mg/kg) or 

vehicle and returned to their dam for 60 min before seizure testing. Following seizure 
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induction, pups were placed in clear observation cages and the latency and severity of 

behavioral seizure manifestations were monitored and recorded. During this period, pups 

were not subjected to any passive or active heating, consistent with our prior reports.36,164,207 

 

iii. Cannabidivarin (CBDV) 

Synthetic CBDV (Cayman Chemical, Ann Arbor, MI, USA) was prepared in a 2:1:17 ratio 

of ethanol : Kolliphor : 0.9% saline (Sigma-Aldrich, St. Louis, MO, USA). Drug was 

dissolved at concentrations of 5, 10, or 20 mg/mL and administered intraperitoneally (ip) 

at a volume of 10 mL/k 

g of body weight to deliver 50, 100 or 200 mg/kg of drug. This dose of CBDV was based 

on that observed to be effective in adult models of epilepsy.134,244 The corresponding vehicle 

control solution for all experiments was the same ethanol : Kolliphor : saline solution.  

 

iv. Seizure models 

We compared the efficacy of CBDV against a battery of models to evaluate a spectrum of 

potential anticonvulsant effects. We employed three chemoconvulsant models: 

pentylenetetrazole (PTZ), DMCM, and kainic acid (KA), as well as the classic maximal 

electroshock screening model. These models were utilized in both P10 and P20 rats. We 

also used two etiologically relevant models, graded global hypoxia and NMDA evoked, 

betamethasone primed infantile spasms, in P10 rats. This combination of models was 

selected to provide broad characterization of the range of CBDV effects.  
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v. PTZ evoked tonic-clonic seizures 

Pentylenetetrazole (PTZ) evoked seizures are characterized by tonic-clonic behavioral 

manifestations in developing animals. We selected the PTZ seizure model as it is one of 

the most common models for rapid preclinical ASD screening in both adult and immature 

rodents.30,39 In immature animals, it is far and away the model in which the most drugs have 

been screened.245,246 A wide range of ASDs including phenobarbital, phenytoin, 

lamotrigine, retigabine, and more recently CB1 receptor agonists, display efficacy in this 

model in immature animals.35,164,207,247 

 

PTZ (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline at a concentration 

of 10 mg/ml and administered via subcutaneous (sc) injection at a dose of 100 mg/kg. This 

dose is consistent with that used in our prior reports assessing anticonvulsant drug efficacy 

in developing animals.164,165,207  

 

Following PTZ administration, behavioral manifestations were observed and recorded for 

20 min. Seizure behavior was scored using a 5-point rating system as previously 

described:35,164,207 0 = no change in behavior; 0.5 = scratching, chewing, tremors; 1 = 0.5 + 

myoclonic jerks; 2 = unilateral clonus and back/shuffling; 3 = bilateral facial and forelimb 

clonus; 4 = clonic seizure with loss of righting; 4.5 = clonic seizure with running/bouncing 

or swimming like behavior; 5 = tonic extension (both forelimb and hindlimb). A score of 

0.5 – 3 was considered a clonic seizure, while a score of 4 or above was considered a tonic-

clonic seizure.   

 



 

 90 

vi. DMCM evoked clonic seizures 

Clonic seizures are typically masked by tonic responses with high-dose PTZ treatment in 

immature animals.164,165,207 DMCM, by contrast, can be used to preferentially and reliably 

evoke clonic seizure manifestations in developing rats.36 Phenobarbital, levetiracetam, 

tiagabine, and CB receptor agonists display activity against DMCM evoked seizures in 

immature animals.163,207   

 

DMCM (Tocris, Bristol, UK) was dissolved in a small amount of 1 N hydrochloric acid, 

then diluted in 0.9% saline to a concentration of 0.1 mg/mL (pH 2.0). DMCM was 

administered (ip) at a dose of 600 ug/kg for P10 rat pups. This dose is consistent with our 

prior reports describing the sensitivity of developing rats to seizure evoked by DMCM.9  

 

Following DMCM administration, behavioral manifestations were observed and recorded 

for 20 min. Seizure behavior was scored using the same 5-point rating system for PTZ 

seizures. A score of 0.5 – 3 was considered a clonic seizure and reliably evoked following 

DMCM injection.  

 

vii. Kainic acid evoked seizures 

Acute kainic acid exposure evokes seizures characterized by automatisms, clonic, and 

tonic-clonic behavioral manifestations.42 While commonly used to evoke status epilepticus 

in adult animals, this drug has also been used to evoke seizures in immature animals. 

Several ASDs including phenobarbital, carbamazepine, clonazepam, and valproate display 
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efficacy against kainate evoked seizures in immature animals and is suggested to have 

predictive validity for action against human complex partial seizures.42 

 

Kainic acid (KA, kainate; Cayman Chemical, Ann Arbor, MI, USA) was dissolved in 0.9% 

saline to a concentration of 0.1 mg/mL and administered (ip) at a dose of 4 mg/kg in P10 

animals. This dose was selected based on prior reports in developing animals.42  

 

Following KA administration, behavioral manifestations were observed and recorded for 

20 min. Recorded behavioral seizure manifestations were assigned a score on a 3-point 

rating system: 0 = no behavior; 1 = automatisms; 2 = clonic activity; 3 = clonic-tonic 

activity.  

 

viii. Maximal electroshock evoked tonic seizures 

MES evoked seizures are a prevalent and rapid ASD screening method30,39 and is one of 

the primary compound identification models utilized by the Epilepsy Therapy Screening 

Program (ETSP).25 The primary endpoint of maximal electroshock induced seizures is tonic 

limb extension, modeling tonic seizures in humans. The MES model has been used to 

evaluate the efficacy of several ASDs in adult animals, including (but not limited to) 

phenobarbital, phenytoin, valproate, lamotrigine, and carbamazepine.246 However, little is 

reported about anti-seizure drug efficacy against MES evoked seizures in immature 

animals.  
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Animals received 0.5% tetracaine HCl eyedrops 15-45 min before stimulation and 0.9% 

saline eyedrops immediately prior to transcorneal electrical stimulation. P10 pups received 

a 60Hz sinusoidal train of pulses at 110mA for 200ms according to the electroshock 

thresholds in developing rodents as previously described.38,248 All stimulations were 

administered by the same blinded investigator using a constant current ECT stimulator unit 

(Wahlquist, Salt Lake City, UT, USA). Animals were briefly scruffed, stimulated, and 

immediately placed in a plexiglass observation cage. Seizure responses were scored for the 

presence and duration of tonic extension. In accordance with previous reports, P10 pups 

predominately displayed tonic forelimb extension as the maximal seizure response.38  

 

ix. Hypoxia evoked generalized seizures 

Hypoxia (or hypoxic-ischemia) is the most common cause of neonatal seizures, and thus a 

model of particular interest.31 In immature rodents, hypoxia produces both clonic and tonic-

clonic seizures,31 which display sensitivity to topiramate and talampanel in developing 

animals.166,249 

 

Graded global hypoxia was induced as previously described.207 Pups were placed in 

individual observation boxes within an airtight chamber and subjected to oxygen levels of: 

7% for 8 min, 5% for 6 min, and 4% for 1 min.31 The hypoxic insult was induced by 

nitrogen infusion into the chamber regulated by an OxyCycler Oxygen Profile Controller 

(Model A84XOV; BioSpherix; Redfield, NY USA). The resulting behavioral seizure 

manifestations presented as automatisms, clonic, and tonic-clonic activity which were 
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scored using a 3-point rating system: 0 = no behavior, 1 = automatisms, 2 = clonic activity; 

3 = tonic-clonic activity.  

 

x. Infantile spasms 

Sprague-Dawley rat pups were born to timed-pregnant dams with P0 designated as the date 

of parturition and both male and female pups were tested at P10. 

 

Betamethasone-primed NMDA induced infantile spasms were induced as previously 

validated.37,51 In brief, timed pregnant dams were injected on gestational day 15 with two 

doses of betamethasone 10 hr apart (0.4 mg/kg, ip, at 07:00 and 17:00 hours). On P10, 

flexion spasms were induced in the prenatally primed offspring with a single injection of 

NMDA (7.5 mg/kg, ip). Following NMDA injection, the number and latency of flexion 

spasms were observed and recorded for 75 min. The spasms evoked in this model mimic 

the primary motor flexion spasms and responsiveness to hormonal therapy (ACTH, 

adrenocorticotropic hormone) seen in clinical infantile spasms.51 

 

Betamethasone (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline and 

two doses (0.4 mg/kg) were administered to timed pregnant dams 10 hours apart.37,51 

NMDA (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% saline to a 

concentration of 0.1 mg/mL and administered (ip) at a dose of 7.5 mg/kg in P10 animals 

consistent with previously described methods for evoking spasm events in developing 

animals.37,51  
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II. P20 seizure testing 

 

i. Animals  

Female Sprague-Dawley rats with male pups were obtained from Harlan/Envigo (Envigo, 

Frederick, MD, USA). The dams and male pups were received when the litters were 

postnatal (P) day 7 and pups were used for seizure testing at P20. Testing and CBDV 

pretreatment was performed as described above. 

 

ii. PTZ evoked tonic-clonic seizures 

PTZ evoked seizures were induced, observed, and scored as described above. 

 

iii. DMCM evoked clonic seizures 

DMCM was administered intraperitoneally (ip) at a dose of 900 ug/kg for P20 animals, per 

our prior reports.36,163,207 DMCM evoked seizures were observed and scored as described 

above.  

 

iv. Kainic acid evoked generalized seizures 

KA was prepared as described above and administered ip at a dose of 7mg/kg for P20 

animals, per prior reports. KA-evoked seizures were observed and scored as described 

above. 
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v. Maximal electroshock (MES) tonic seizures in rats and mice 

P20 rat pups (as described above) and P20 mice were used for MES seizure testing. 

Heterozygous TRPV1-null mice (Trpv1tm1Jul)250,251 from Jackson Laboratory, JAX stock 

#003770 (Bar Harbor, ME, USA) were bred and both male and female wildtype and 

TRPV1-null mice were used for seizure testing at P20. 

 

Following 1 hour VEH or CBDV (200 mg/kg in rat; 100 mg/kg mouse) pretreatment, P20 

male rat pups received a 200Hz train of 0.9ms-wide square pulses at 50mA for 300ms 

and P20 TRPV1 mice received a 200Hz train of 0.9ms-wide pulses at 17mA for 0.9s with 

an ECT stimulator unit (#57800, Ugo Basile, Milan, Italy). In accordance with previous 

reports, the behavioral manifestation for tonic seizure activity in P20 pups predominately 

display tonic hindlimb extension.38  

 

III. mRNA expression level of CBDV targets 

 

i. RNA extraction and reverse transcription  

RNA was extracted from dissected prefrontal cortex, hippocampus, amygdala, and 

thalamus tissue from P10 and P20 rat pups using Direct-zol RNA Miniprep Kit (Zymo, 

Irvine, CA, USA) according to manufacturer’s instructions. iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA, USA) was used to generate cDNA according to manufacturer’s 

instructions. Reverse transcription reactions were performed using CFX96 Real-Time 

System (C1000 Thermal Cycler; Bio-Rad, Hercules, CA, USA) under the recommended 
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reaction protocol: priming (25C for 5 m), reverse transcription (46C for 20 m), and RT 

inactivation (95C for 1 m). 

 

ii. RT-qPCR  

mRNA expression levels of CBDV targets was determined using real time quantitative 

PCR (RT-qPCR). The following primers were used to quantify target expression: TRPA1 

All-in-One qPCR Primer for NM_207608.1, TRPV1 All-in-One qPCR Primer for 

NM_031982.1, TRPV2 All-in-One qPCR Primer for NM_017207.2, TRPV3 All-in-One 

qPCR Primer for NM_001025757.1, and GAPDH All-in-One Primer for NM_017008.3 as 

a reference gene (GeneCopoeia, Rockville, MD, USA). Primer sequences for GPR55 were 

created as previously validated252 (Eurofins Genomics, Louisville, KY, USA). Quantitative 

real time PCR was performed in an a CFX Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA, USA) with the use of PowerUp SYBR Green Master Mix (Applied 

Biosystems, Foster City, CA, USA). Reactions were incubated at 95C for 10 min followed 

by 45 cycles (95C for 10 s, 60C for 20 s, and 72C for 15 s). Threshold amplification cycle 

numbers (CT) were determined using CFX software (Bio-Rad, Hercules, CA, USA) and 

mRNA levels were normalized to GAPDH mRNA levels. 

 

To determine targets that were upregulated at P20 as compared to P10, data were analyzed 

using the ΔΔCt method with GAPDH as the reference gene. Data are expressed as fold 

change. For all regions and targets, with the exception of TRPV3 in the amygdala, frontal 

cortex and hippocampus, results were normally log-normally distributed and thus the log-

transformed values were analyzed using a one-tailed, one-sample t-test. We selected a one-
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tailed (fold change > 1) as we were interested in identifying targets that were increased at 

P20 as compared to P10. For the non-normally distributed data, the data were analyzed 

using a one-sample Wilcoxon Sign Rank test. In all cases, P values were adjusted for 

multiple comparisons (Holm-Sidak) within each family of comparisons.  

 

IV. Drug induced neurotoxicity 

 

i. Animals 

Female Sprague-Dawley rats with male pups were obtained from Harlan/Envigo (Envigo, 

Frederick, MD, USA) when the litters were P5 and pups were treated at P7. P7 was selected 

for these experiments as it is the time point at which the peak sensitivity of ASD induced 

neuronal apoptosis has been observed.70   

 

ii. Drugs 

Phenobarbital (PB; 75 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% 

saline and a concentration of 7.5 mg/mL was administered ip at a volume of 10 mL/kg. PB 

was used a positive control in cell death analyses because it consistently induces a 

significant increase in developmental cell death at this dose.70,71,208,253  

 

iii. Drug treatment 

P7 pups were randomly assigned to receive a single dose of CBDV (100 or 200 mg/kg), 

vehicle solution, PB (75 mg/kg in saline), or saline. All drug treatments were administered 

in a volume of 10 mL/kg ip. 
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iv. Tissue preparation 

Twenty-four hours after drug treatment, pups were perfused transcardially with phosphate 

buffered saline (pH 7.4, 10mL; Thermo Fisher Scientific, Waltham, MA, USA) followed 

by 4% paraformaldehyde (10mL; Sigma-Aldrich, St. Louis, MO, USA). This survival 

interval was based on prior reports examining drug-related apoptosis in the developing 

brain.70,208 Brains were removed and post-fixed for 24 h before transferred to 30% sucrose 

for at least 72 h before cryosectioning. 40 µm thick coronal sections were mounted and 

stained for Fluoro-Jade B as described below.  

 

v. Fluoro-Jade B staining 

40 µm coronal sections were stained using the Fluoro-Jade B histological staining 

protocol254 to fluorescently label neurons undergoing degeneration. Slides were first 

immersed in a solution containing 1% sodium hydroxide in 80% ethanol for 5 min. Next, 

slides were transferred to 70% ethanol followed by distilled water for 2 min each. Then, 

slides were transferred to a 0.06% potassium permanganate solution in distilled water, for 

5-10 min. After a 2 min rinse in distilled water, slides were immersed in the Fluoro-Jade B 

(EMD Millipore, Burlington, MA, USA) staining solution with a final dye concentration 

of 0.0004%, for 15 min. Last, the slides were rinsed 3 times for 1 min each before dried, 

cleared by at least 1 min of xylene immersion and coverslipped using Cytoseal 60 (Thermo 

Fisher Scientific, Waltham, MA, USA) mounting media. 
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vi. Microscopy 

Fluorescent photomicrographs were collected on a Nikon 80i microscope with a QImaging 

QIClick camera. Images at 10x magnification of three sequential sections at 200um 

intervals for each brain region were taken. Brain regions were defined using the neonatal 

rat brain atlas of Ramachandra and Subramanian210 and selected based on prior reports of 

anti-seizure drug induced enhancements in cell death from our lab71,211 and others.70,197 

Quantification of neurodegeneration within each region was performed by manual 

counting of the Fluoro-Jade B positive cells within the anatomical boundaries for each 

brain regions as previously described.255 Cell counting was performed using IMAGEJ 

software (National Institutes of Health, Bethesda, MD, USA). Microscopy and analysis 

was performed by investigators blinded to treatment conditions. 

 

V. Statistics 

Statistical analyses were performed using GraphPad Prism 7.0c (GraphPad Software; La 

Jolla, CA, USA). Behavioral seizure scores were analyzed using a Kruskal-Wallis non-

parametric test with multiple comparisons corrected for using Dunn’s multiple 

comparisons test. Latencies to seizure onset were analyzed using analysis of variance 

(ANOVA) followed by Dunnett’s test to correct for multiple comparisons. The number of 

spasms produced by the infantile spasm model were not normally distributed data and thus 

analyzed using the non-parametric Mann Whitney U test and latency to spasm onset was 

analyzed with an unpaired t-test. mRNA expression results were normally log-normally 

distributed and the log-transformed values were analyzed using a one-tailed, one-sample t-

test. For the non-normally distributed data, the data were analyzed using a one-sample 
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Wilcoxon Sign Rank test. In all cases, P values were adjusted for multiple comparisons 

(Holm-Sidak) within each family of comparisons. Probability values <0.05 were 

considered statistically significant. 

 

C.  RESULTS 

 
I. Effect of CBDV on DMCM and kainic acid evoked seizures in P10 and P20 animals 

To evaluate the anti-seizure efficacy of CBDV in models of clonic seizures, we examined 

the effect of CBDV on DMCM evoked seizures in both P10 and P20 animals. The DMCM 

model of clonic seizures reliably evokes seizures characterized by clonic behavior and is 

sensitive to traditional (e.g. phenobarbital) and newer anti-seizure drugs (e.g. levetiracetam 

and tiagabine).163 In vehicle-treated P10 animals, DMCM administration produced a 

median seizure score of 3, corresponding to bilateral facial and forelimb clonus. CBDV 

administration was without effect on seizure severity in this age group, as revealed by 

Kruskal-Wallis test (H=0.85, p=0.84; Fig. 10A). As another measure of anti-seizure 

efficacy, we also analyzed the latency to first clonic seizure behavior (characterized as a 

score of 0.5-3; Fig. 10B). Vehicle treated rats displayed a mean latency to clonic seizure 

activity of 196s. As with seizure severity, latency to seizure onset did not differ as a 

function of CBDV treated groups (F3,28=0.24, p=0.86, ANOVA).  

 

By contrast to the lack of efficacy against DMCM observed at P10, CBDV treatment in 

P20 animals resulted in a significant decrease in behavioral seizure severity (Fig. 10C). In 

vehicle-treated animals, the median seizure score was 3. Kruskal-Wallis test revealed a 

significant difference between the groups (H=11.62, P=0.0088, followed by Holm-Sidak-
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correction for multiple comparisons). Animals treated with CBDV at a dose of 200 mg/kg 

displayed significantly reduced seizure severity (p=0.038) to a median score of 2, which 

was characterized by unilateral forelimb clonus or shuffling behavior. CBDV at a dose of 

100 mg/kg similarly decreased seizure although not significantly due to a more 

conservative 2-tailed analysis (p=0.0852). The mean latency to clonic seizure activity in 

vehicle animals (331s) and CBDV treated animals did not differ (F3,34=0.40, p=0.76, 

ANOVA, Fig. 10D).  

 

We next assessed the anti-seizure efficacy of CBDV against kainic acid evoked seizures in 

P10 and P20 animals. Under control conditions, vehicle-treated P10 animals exhibited a 

median seizure score of 2.5 characterized by clonic behavior manifestations such as: facial 

and/or forelimb clonus. Kruskal-Wallis test revealed no significant difference in seizure 

score between treatment groups (H=5.24, p=0.15; Fig. 11A) in P10 animals. Likewise, the 

latency to first seizure manifestation did not differ between groups (F3,28=1.91, p=0.16, 

ANOVA; Fig. 11B). While not statistically significant, latency to seizure onset was 

numerically increased and substantially more variable in CBDV-treated groups, perhaps 

indicative of two populations (e.g., responders and non-responders). 

 

 In P20 animals, the vehicle treated group exhibited a median seizure score of 2. As in P10 

animals, seizure severity did not differ between groups (H=0.68, p=0.89, Kruskal-Wallis; 

Fig. 11C). Likewise, latency to seizure onset did not differ between groups (F3,36=0.70, 

p=0.10, ANOVA, Fig. 11D). As in P10 animals, latency to seizure onset was numerically 
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increased in the group treated with 100 (p=0.19) or 200 (p=0.18) mg/kg CBDV, again 

indicative of a responder and non-responder population within these groups.  
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Figure 10. CBDV attenuates the severity of DMCM evoked seizures only in 
postnatal day 20 rats. Mean (+standard error of the mean [SEM]) seizure score as a 
function of drug treatment and dose in P10 (A) and P20 animals (C). Mean (+SEM) 
latency (in seconds) to first behavioral seizure manifestation in P10 (B) and P20 (D) 
animals. Asterisks indicate significant difference from vehicle control group at *p<0.05, 
Dunn’s tests for multiple comparisons.  
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Figure 11. CBDV has no significant effect on seizure severity or latency to seizure 
onset in KA evoked seizures in developing rats. Mean (+SEM) seizure score as a 
function of drug treatment and dose in P10 (A) and P20 (C) animals. Mean (+SEM) 
latency to first behavioral seizure manifestation in P10 (B) and P20 (D) animals.  
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II. Effect of CBDV on PTZ and MES evoked tonic seizures in P10 and P20 animals 

We next tested CBDV for efficacy in two models of tonic seizures: those evoked by PTZ 

or MES. In the PTZ model, vehicle treated P10 animals displayed a median seizure score 

of 4.5, characterized by running-bouncing behavior. Kruskal-Wallis test revealed a 

significant difference in seizure score between groups (H=12.03, p=0.0073; Fig. 12A), 

which was driven by a significant decrease in seizure severity in animals treated with the 

highest two doses of CBDV. When treated with 100 or 200 mg/kg CBDV median seizure 

score decreased to 4, characterized by tonic-clonic swimming behavior (p=0.0093, Dunn’s 

test). Neither the latency to exhibit the first minimal (score 0.5-3) nor the first maximal 

(score 4-5) seizure behavior differed across groups (F3,32=1.35, p=0.27, ANOVA; Fig. 12B; 

F3,32=2.17, p=0.11, Fig. 12C, respectively). 

 

Vehicle treated P20 animals displayed a median seizure score of 5, characterized by tonic 

limb extension (fore- and/or hindlimbs). There was a near-significant effect of drug 

treatment (Kruskal-Wallis test, H=7.47, p=0.059, Fig. 12D), which was driven by a 

significant decrease in seizure score in animals treated with 200 mg/kg CBDV, as 

compared to vehicle (median seizure score of 3 and 5, respectively). The average latency 

to minimal seizure behavior did not differ as a function of treatment (F3,34=0.28, p=0.84, 

ANOVA), however, latency to onset of maximal seizure behavior did differ between 

groups (F3,34=4.30, p=0.011, ANOVA; Fig. 12F). This effect was driven by increased 

latency in the 200 mg/kg CBDV group (p=0.0045).  

We further assessed the effect of CBDV against tonic seizures using the MES model. In 

P10 animals, the endpoint of MES is tonic forelimb extension, whereas in P20 animals it 
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is tonic hindlimb extension.38 CBDV did not protect against maximal electroshock seizures 

in P10 pups. The number of animals with tonic forelimb extension did not differ 

statistically between vehicle and CBDV treated groups (p=1.000, Fisher’s exact test, Fig. 

13A). By contrast, In P20 animals, CBDV provided significant protection against tonic 

hindlimb extension (p<0.0001, Fisher’s exact test; Fig. 13B).  
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Figure 12. CBDV attenuates the severity of PTZ evoked seizures in both postnatal 
day 10 and 20 rats. Mean (+SEM) seizure score as a function of drug treatment and dose 
in P10 (A) and P20 (D) animals. Asterisks indicate significant decrease compared to 
vehicle control, *p<0.05, **p<0.01, Dunn’s test for multiple comparisons. Mean (+SEM) 
latency (in seconds) to first behavioral clonic seizure manifestation in P10 (B) and P20 (E) 
animals. Mean (+SEM) latency (in seconds) to first behavioral tonic or tonic-clonic seizure 
manifestation in P10 (C) and P20 (F) and animals. 
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Figure 13. CBDV protects against MES evoked tonic seizures in postnatal day 20 
rats. Total number of P10 animals exhibiting tonic forelimb (A) and P20 animals 
exhibiting tonic hindlimb (B) extension as a behavioral endpoint for tonic seizures as a 
function of drug treatment. Asterisks indicate significant reduction in tonic seizures in 
P20 animals compared to vehicle control, ****p<0.0001, Fisher’s exact test.   
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III. Effect of CBDV on hypoxia and NMDA evoked infantile seizures in P10 animals 

CBDV displayed consistent antiseizure effects in P20 animals but was only effective 

against PTZ evoked seizures in P10 animals. Therefore, we sought to determine if CBDV 

would display efficacy in etiologically relevant models in P10 animals: hypoxia evoked 

generalized seizures and NMDA evoked flexion spasms.  

 

In the graded global hypoxia model, vehicle treated animals exhibited a median seizure 

score of 3, characterized by tonic-clonic activity. Kruskal-Wallis test revealed no 

significant difference in seizure score between treatment groups (H=6.24, p=0.10; Fig. 14).  

 

Finally, we assessed the effect of CBDV at a dose of 200 mg/kg in the betamethasone-

primed, NMDA evoked model of infantile spams. Under control conditions, NMDA 

evoked an average of 33 spasms in vehicle treated animals, which did not differ from the 

average of 34 spams in CBDV treated animals (U=12.0, p=0.94, Mann-Whitney; Fig. 

15A). Similarly, there was no difference in the latency to the first spasm between vehicle 

and CBDV treated animals (t(8)=0.76, p=0.46, unpaired t-test; Fig. 15B). We observed no 

difference in the clustering pattern of spasms (Fig. 15C). 
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Figure 14. CBDV has no effect on the severity of hypoxia induced seizures in 
postnatal day 10 rats. Mean (+SEM) seizure score as a function of drug treatment and 
dose in P10 animals. 
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Figure 15. CBDV has no effect on the number, latency, or clustering of spasms in 
the NMDA evoked infantile spasms in postnatal day 10 rats. Mean (+SEM) number 
of spasms (A) and latency (in seconds) to first flexion spasm (B) as a function of drug 
treatment in P10 animals. Incidence of each spasms as a function of animal, over the 
testing period (C). 
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IV. Age-specific mRNA expression of CBDV targets between P10 and P20 animals 

CBDV displayed more striking anticonvulsant effects in older as compared to younger 

animals. To determine if developmental increases in receptor expression between P10 and 

P20 could contribute to this, we compared the relative mRNA transcript levels of several 

putative targets of CBDV action. We evaluated TRPV1, TRPV2, TRPV3, TRPA1, and 

GPR55 transcript levels in the frontal cortex, hippocampus, amygdala, and thalamus (Fig. 

16). Data are expressed as fold change in P20 animals as compared to P10 animals. TRPV1 

was increased in the amygdala and hippocampus (P=0.052 and P=0.021 Holm-Sidak 

corrected one-sample t-test, Fig. 16A), TRPV3 was significantly increased in thalamus 

(P=0.25, Holm-Sidak corrected one-sample t-test, Fig. 16C), and GPR55 was significantly 

increased in the amygdala (P=0.01, Holm-Sidak corrected one sample t-test, Fig. 16E). We 

did not statistically evaluate decreases in P20 as compared to P10 animals, as this was not 

relevant to our a priori hypothesis, although numerically, decreases were evident. For 

TRPV2, despite the striking fold change in hippocampus, this did not reach the level of 

statistical significance as half of the samples displayed decreases, and half increases (Fig. 

16B).   
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Figure 16. mRNA expression levels of TRPV1, TRPV3, and GPR55 are increased in 
postnatal day 20 rats. Scatter plot illustrating the distribution of sample variance for the 
fold change in TRPV1 (A), TRPV2 (B), TRPV3 (C), TRPA1 (D), and GPR55 (E) mRNA 
expression in P20 animals over P10 expression with line at mean (+SEM). *Significant 
increase over P10 levels, one-sample t-test, Holm-Sidak corrected.  
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V. TRPV1 knockout mice show reduced anticonvulsant effect of CBDV in the MES 

model 

TRPV1 was the one transcript to show significant increases in multiple brain regions 

implicated in seizure generation as a function of postnatal day. Additionally, the strongest 

current mechanism-based evidence for CBDV’s neuroactive site of action remains 

TRPV1.135,244 Therefore, we one potential mechanism driving the consistent anticonvulsant 

effect of CBDV in P20, but not P10 animals, could be the developmental increase of 

TRPV1 expression. We hypothesized CBDV would lose its anticonvulsant activity in P20 

animals in the absence of the TRPV1 receptor. To test this, we pretreated P20 

heterozygous, wildtype, and TRPV1 knockout mice with either CBDV or vehicle prior to 

MES seizure testing. Provided the MES model displayed to strongest protective effect in 

P20 rats, it was selected as the model most likely to detect an effect in the P20 TRPV1 

mice. We have found that loss of the TRPV1 receptor abolishes CBDV protection against 

maximal tonic extensor seizures in P20 mice (Fig. 17). In the vehicle control condition, 

100% (7/7) wildtype mice exhibited tonic hindlimb extension. Pretreatment with CBDV 

protected the majority of wildtype animals (Chi-square=16.50, df=3, p=0.0009). Fisher’s 

exact test (Holm-Sidak corrected) revealed a significant protection in CBDV treated 

wildtype animals (p=0.018) with only 37.5% (3/8) exhibiting tonic extension. There was 

no difference between TRPV1 knockout animals (p>0.9999), as 100% of vehicle treated 

(8/8) and CBDV treated (7/7) animals exhibited tonic extension.  
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Figure 17. CBDV protection against MES evoked tonic seizures in postnatal day 20 
mice is TRPV1 mediated. Proportion of tonic seizures as a function of drug treatment and 
genotype. *Significant decrease in wildtype vs. knockout CBDV treated animals 
(p=0.018), Chi-Square followed by Fisher’s exact test (Holm-Sidak corrected). 
 

 

 

 

 

 

 

 

 



 

 118 

VI. Effect of CBDV on developmental cell death in P7 animals 

The developing rodent brain is uniquely susceptible to drug induced enhancement in 

apoptosis, an effect that is most pronounced at P7.  Drug induced increases in 

developmental apoptosis are a widely characterized effect of many antiseizure drugs, 

including phenobarbital which we used here as a positive control. As shown in Figures 9 

and 10, the number of Fluoro-Jade B positive cells did not differ between the two vehicle 

conditions (saline vs. ethanol-Kolliphor-saline); thus, the small amount of ethanol present 

in the vehicle for CBDV did not cause cell death itself. As expected, PB treatment resulted 

in significant increases in the number of Fluoro-Jade B positive cells in all brain regions 

surveyed (Figs. 18-19). By contrast, CBDV, at doses that produced anticonvulsant effects 

(100 and 200 mg/kg) was largely devoid of effects on developmental apoptosis. Only in 

the lateral thalamus did CBDV increase the number of Fluoro-Jade B positive cells, and 

did so to a much lesser degree than that observed after PB treatment (Fig. 19M).  

 

In the cingulate cortex, there was a significant difference between treatments (F4,31=9.87, 

p<0.0001, ANOVA; Fig. 18A) which was driven by a significant increase in cell death in 

the PB treated group as compared to control group (PB vs. saline, p=0.0001; Holm-Sidak). 

Similar profiles were evident in the motor and somatosensory cortices (F4,29=19.67, 

p<0.0001, ANOVA; Fig. 18G and F4,29=29.7, p<0.0001, ANOVA; Fig. 18M, respectively); 

these group differences were again due to increased cell death following PB treatment, as 

compared to saline (Ps<0.0001, Holm-Sidak corrected).  

We also assessed the pattern of cell death in subcortical regions. In the striatum and lateral 

septum there was a significant difference between groups (F4,31=20.62, p<0.0001, 
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ANOVA; Fig. 19A and F4,31=14.28, p<0.0001, ANOVA; Fig. 19G, respectively). As with 

the cortical regions, these effects were driven by significant increases in cell death in the 

PB treated group as compared to saline (Ps<0.0001, Holm-Sidak). As in all other regions, 

in the lateral thalamus there was a significant difference between groups (F4,29=125.6, 

p<0.0001, ANOVA; Fig. 19M). This was due in part to the significant increase in cell death 

observed after PB exposure (P<0.0001, Holm-Sidak). Unlike other regions, we observed a 

small but significant increase in cell death in the lateral thalamus following the higher (200 

mg/kg) dose of CBDV (P=0.007), although the magnitude was smaller than that observed 

with PB (2-fold vs. 11-fold increases, respectively).  
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Figure 18. CBDV does not increase developmental cell death in cortical regions of the 
developing rat brain. Quantification of cell death as indicated by Fluoro-Jade B positive cells in 
the cingulate cortex (A), motor cortex (G), and somatosensory cortex (M) from P7 rat pups treated 
with SAL, PB 75 mg/kg, VEH, or CBDV (100 or 200 mg/kg). Values are expressed as mean 
(+S.E.M.) of 3 sequential 40 µm tissue samples averaged per animal. ***p=0.0001, ****p<0.0001; 
significantly different from SAL control group. Photomicrographs of Fluoro-Jade B stained section 
in cingulate cortex (B-F), motor cortex (H-L) and somatosensory cortex (N-R) by treatment. Scale 
bar in panels B, H, N = 200 µm. 
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Figure 19. CBDV does not increase developmental cell death in most subcortical regions of 
the developing rat brain. Quantification of cell death as indicated by Fluoro-Jade B positive cells 
in the striatum (A), lateral septum (G), and lateral thalamus (M) from P7 rat pups treated with SAL, 
PB 75 mg/kg, VEH, or CBDV (100 or 200 mg/kg). Values are expressed as mean (+S.E.M.) of 3 
sequential 40 µm tissue samples averaged per animal. *p<0.05, ***p=0.0001, ****p<0.0001; 
significantly different from SAL or VEH control group. Photomicrographs of Fluoro-Jade B stained 
section in striatum (B-F), lateral septum (H-L) and lateral thalamus (N-R) by treatment. Scale bar 
in panels B, H, N = 200 µm. 
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D.  DISCUSSION 

Despite the success of CBD as a novel, FDA approved, antiseizure medication for early 

life refractory seizures, little is known about the potential antiseizure effects of the CBD 

analog cannabidivarin (CBDV). Ongoing clinical trials of CBDV for indications ranging 

from epilepsy to autism, underscore the need for further characterization of this compound. 

Historically, ASDs “migrate” in use from initial approval in adult patients with refractory 

epilepsy, to first-line therapies in adults, and eventually to child, infant, and neonatal 

populations.5,39 However, the efficacy and safety of ASDs differs dramatically across the 

lifespan. Likewise, ASDs are screened almost exclusively in adult models of epilepsy. The 

poverty of information regarding CBDV effects in the immature brain was the primary 

motivator for this study.  

 

We found that CBDV displayed anticonvulsant efficacy against clonic and tonic seizures, 

with effects substantially more striking in P20, as compared to P10 animals. This 

anticonvulsant effect paralleled a developmental increase in the expression of a target of 

CBDV action, the TRPV1 receptor. Moreover, genetic deletion of the TRPV1 receptor 

reduced the efficacy of CBDV. Beyond efficacy, CBDV displayed a generally benign 

profile in an established assay of ASD induced neurotoxicity, although modest cell death 

was detected in one of six regions surveyed.  

 

The anticonvulsant effects we observed were both model- and age-specific. In P10 rats, 

which approximate the developmental stage of a human neonate,256 we only observed an 

anti-seizure effect of CBDV against PTZ induced seizures, and not in the other models. 
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This is consistent with a prior report in adult rats,134 with preferential suppression of tonic 

seizure components following CBDV pretreatment. Surprisingly, however, the tonic 

forelimb extension following MES was unaltered at this same age. This differs both from 

our findings in P20 rats and mice, and with prior reports of CBDV efficacy against MES 

seizures in adult animals.134 However, P10 animals display an immature motor response to 

electroshock, characterized primarily by tonic extension of the forelimbs, rather than the 

hindlimbs. This phenotype changes progressively with age into the characteristic tonic 

hindlimb extension observed in P20 and adult animals,38 and this difference in seizure type 

may underlie the apparent discrepancy in CBDV action. Second, this may more broadly 

reflect the general decreased efficacy of CBDV in younger animals, which may be 

secondary to differences in TRP receptor expression.  

 

CBDV was also without effect against hypoxia induced seizures or in the infantile spasm 

model, which represent two common seizure types in infancy. While clinical trials of CBD 

reported a significant seizure reduction in refractory seizures, none of the participants 

enrolled exhibited seizures as a result of hypoxic-ischemic events or presented with 

infantile spasms.108 Our current data suggest that these seizure types may not be amenable 

to therapy using CBDV, and may provide guidance for selection of patient populations in 

future clinical studies.  

 

In contrast to the weak anticonvulsant effects observed in P10 animals, we found a more 

robust response in P20 animals. The third postnatal week in rodents corresponds to late 

childhood in humans,256 and thus more closely mirrors the age of patients enrolled in prior 
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clinical trials. In the PTZ, DMCM, and MES models, CBDV decreased the severity of 

evoked seizures. These effects were primarily evident against tonic seizures in the PTZ and 

MES models. The effects against MES were particularly striking with 100% of animals 

displaying protection. This effect mirrors what has been reported in adult animals134 for 

PTZ and MES.   

 

Our data suggest that CBDV also displays efficacy against clonic seizures (e.g., limbic 

motor seizures evoked by DMCM), as we also observed a dose-dependent decrease in 

clonic seizure responses following CBDV treatment.  CBDV has not been previously 

evaluated against DMCM evoked seizures in adult animals, however, it is without effect 

against pilocarpine evoked limbic seizures in adult animals.134 Pilocarpine, like DMCM 

and kainate is primarily associated with limbic (e.g., temporal lobe) seizures, and not tonic 

(e.g., brainstem-mediated) responses. Interestingly, in P20 animals, there was a trend 

toward increased latency to onset of kainate evoked seizures following the higher doses of 

CBDV, whereby 80% of vehicle treated animals displayed seizure activity within five 

minutes of kainite administration. However, the seizure activity ranged from 30-40% of 

animals treated with higher doses of CBDV, and they displayed longer latencies (e.g., 10-

20 min).  Together, these data suggest that CBDV may be efficacious against temporal lobe 

epilepsies.  

 

The endogenous, or endocannabinoid (eCB), system is an intricate network composed of 

two primary G protein-coupled receptors (GPCRs), cannabinoid receptors 1 and 2 (CB1 

and CB2), their endogenous ligands, and the enzymes involved in their synthesis and 
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degradation.79 CB1 receptors are the most widely expressed GPCR in the brain and largely 

expressed on presynaptic GABAergic boutons in the cortex and hippocampus, while CB2 

receptors are predominately expressed on peripheral immune cells and only scarcely on 

neurons.88,89,91 Therefore, one of the primary roles of the eCB system is to regulate 

excitatory and inhibitory balance through tight control of GABA and glutamate release.89 

This function positions the eCB signaling system as an ideal target for seizure control. 

Accordingly, abundant preclinical evidence demonstrates that targeting the CB1 receptor 

decreases seizure incidence and severity in both developing and adult animal 

models.118,207,257 Activation of CB1 receptor with synthetic agonists, WIN 55,212-2 and 

arachidonyl-2’-chloroethylamide (ACEA), or the cannabis plant derived phytocannabinoid 

D9-tetrahydrocannabinol (D9-THC), produces antiseizure effects in multiple animal models 

and ages.207,257 However, recent evidence suggests that CBD and CBDV share a 

mechanism or target pathway and that this pathway is CB receptor independent.244 

Isobolographic analyses of drug interactions revealed only linear additive interactions 

between these drugs, and minimal CB receptor affinity of CBDV.244  

 

Several other targets have been suggested for CBD/CBDV action, including activity at the 

TRP family of receptors and at GPR55, a putative “CB3” receptor with pharmacology 

distinct from that of CB1 and CB2.137,258 Both CBD and CBDV are partial agonists at 

TRPV1,228 2, and 3 and TRPA1 channels,137,259,260 and both TRPV1 agonists and 

antagonists have been reported to display anticonvulsant properties.261–264 Consistent with 

this, the TRPV1 selective antagonist SB366791 reverses the anticonvulsant effects of CBD 

in adult rats.265 Moreover, CBD induced decreases in hippocampal epileptiform activity 
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have been proposed to be mediated through activation and desensitization of TRPV1.135 

Similarly, CBDV induced antiepileptiform effects were partially, but not completely, 

counteracted by the selective TRPV1 antagonist IRTX.135 This restricted reversal suggests 

multiple mechanisms contribute it its antiseizure effects. 

 

While the transcript levels of all these targets was low across brain regions surveyed, we 

identified several regions and transcripts that displayed increases between P10 and P20. 

TRPV1, in particular, was increased in the hippocampus and amygdala of P20 animals, 

key regions involved in seizure generation and propogation.180 Additionally, we found a 

substantial increase in the mRNA expression of TRPV2 in the hippocampus of P20 

animals. In support of our findings, TRPV1 and TRPV2 transcripts have been shown to be 

expressed in rat hippocampal tissues and both receptors are activated by CBDV.137,228,266 

We observed a striking (but incomplete) decrease in the anticonvulsant effect of CBDV in 

TRPV1 knockout mice, suggesting that 1) increased TRPV1 expression may contribute to 

the developmental change in sensitivity to CBDV, and 2) that CBDV actions may be 

partially TRPV1 independent. Future studies examining TRPV1/TRPV2 double knockout 

mice would be positioned to address this issue.   

 

There is a well-documented effect of current ASDs (including phenobarbital, phenytoin, 

clonazepam, vigabatrin, lamotrigine, and diazepam) increasing programmed cell death 

during the first week of postnatal development in rodents.65,70,71,226 Given the tendency of 

ASDs to make their way into neonatology from other indications, assessing the safety of 

putative therapies in the developing brain is of high importance. Prior studies of 
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cannabinoid effects on the developing brain have shown that D9-THC avoids induction of 

apoptosis in developing animals, although it does potentiate apoptosis triggered by ethanol. 

Synthetic cannabinoids, such as WIN also avoid induction of apoptosis and may in fact 

exert neuroprotective effects against some injuries.154,155,255 Here we found that CBDV 

produced a small but significant increase in the number of Fluoro-Jade B positive cells in 

the lateral thalamus of animals. While the thalamus was the only region with increased cell 

death as a result of CBDV treatment, it has been previously reported that in the developing 

brain, ASD induced increases in cell death in regions of the thalamus are among the most 

prominent.208 However, the increase in cell death from the highest dose of CBDV in the 

thalamus remains significantly lower than that seen with PB and many other ASDs. We 

did not evaluate co-treatment with other compounds in the present study, and it is important 

to note that aside from D9-THC (described above) several ASDs that avoid toxicity when 

administered as part of a monotherapy regimen significantly exacerbate toxicity as part of 

polytherapy.70,197,208,267  Whether this holds true for CBDV remains to be determined.  

 

Early life exposure to ASDs are also associated with long-term behavioral alterations in 

both preclinical75,76,78 and clinical populations.22,23,268 While it remains to be seen if there 

are any later life social, cognitive, or behavioral impairments resulting from long term 

CBDV administration, preliminary reports of three year CBD treatment are promising. 

Cognitive gains in patients with seizures and intellectual disabilities as a result of tuberous 

sclerosis146 offers promising support for the potential use of CBDV during development. 
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Together, the low efficacy we observed in P10 animals suggests that CBDV may hold less 

promise for seizures in infancy, although examining other models (e.g., Dravet syndrome) 

may reveal effects not detected in our screen. However, the prominent anti-seizure effects 

in P20 rats and relatively safe profile with respect to neuronal apoptosis suggests 

therapeutic value of CBDV as a novel treatment for childhood epilepsy.  
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CHAPTER V: 

CONCLUSIONS, CLINICAL IMPLICATIONS, AND FUTURE DIRECTIONS 

 

A. CONCLUSIONS 

Drug testing in developing animal seizure models is essential to uncovering strong 

candidate ASDs that will prove efficacious for neonatal and childhood seizures for three 

primary reasons: 1) the immature brain is more susceptible to seizures than the adults 

brain,29,256 2) the response of the immature brain to ASDs is more variable than the 

antiseizure effects in adults,21 and 3) prolonged ASD treatment in early life can adversely 

impact brain development. Moreover, early life seizures present a major challenge in that 

they are highly refractory to current ASD treatments and despite the wide availability of 

different ASDs, many act through similar mechanisms. For example, most conventional 

ASDs primarily act to block sodium channels or enhance GABAergic signaling (e.g. 

phenobarbital, phenytoin, primidone, ethosuximide, diazepam, etc.). Increased ASD 

discovery together with a lack of mechanistic variability has left clinical drug development 

for epilepsy a field that needs to “differentiate or die,” in order to identify new therapeutics 

that address unmet clinical needs.269 

 

To address the therapeutic gap in the availability of effective and safe drug treatments for 

neonatal and childhood epilepsy, my thesis work investigated the antiseizure potential of 

targeting the cannabinoid system as a new approach to gaining pediatric seizure control. 

Although attention and research of the role of cannabinoid system in epilepsy has 

dramatically increased, there is little to no preclinical evidence to support cannabis-based 
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treatments in representative models of the targeted population: neonates through 

adolescents. Therefore, while investigating the role of the cannabinoid system for seizure 

control may not be entirely novel, systematic evaluation of cannabinoid-targeted 

compounds against seizures in developing animal models is. 

 

Together, the broad hypothesis of my thesis work was that compounds targeted to enhance 

cannabinoid signaling would reduce seizure severity without effect on programmed cell 

death in immature animals. More specifically, my two driving hypotheses were that: 1) 

activation of the cannabinoid 1 receptor with a synthetic cannabinoid agonist would 

significantly reduce seizure severity in P10 and P20 rat pups without increasing 

developmental cell death, and that 2) receptor independent modulation of the cannabinoid 

system with the synthetic compound cannabidivarin would similarly reduce seizure 

severity in P10 and P20 pups without increasing developmental cell death.  

 

My findings partially support my two specific hypotheses in that both CB1 receptor 

agonists and CBDV decrease seizure severity, although in an age-dependent manner, and 

are largely, although not completely, devoid of effect on neuronal cell death. First, I found 

that synthetic CB1 receptor agonists decreased seizure severity in P10 pups. Both the mixed 

CB1/ CB2 agonist WIN 55,212-2 and CB1 specific agonist ACEA significantly attenuated 

severity of DMCM evoked clonic seizures and increased the latency to seizure onset. 

Surprisingly, the mixed agonist WIN decreased seizure score after pretreatment with both 

the moderate and higher dose, whereas ACEA only had an effect at the higher dose tested. 

Further, all three doses of WIN significantly increased the latency to seizure onset, 
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compared again to the only the highest dose of ACEA. This effect may suggest a role of 

the CB2 receptor in neonatal seizure control. However, there was no significant effect of 

specifically activating the CB2 receptor alone with the agonist HU-308. Yet, there was a 

trend with HU-308 pretreatment toward a dose-dependent decrease in seizure severity and 

increase in latency to onset in DMCM evoked seizures. Therefore, there is likely an 

additive effect of activating both putative cannabinoid receptors compared to targeting 

either alone. Indeed, CB1 and CB2 receptors have been reported to interact synergistically 

to promote enhanced analgesia in a model of tumor pain,270 suggesting that mixed receptor 

agonists may have a therapeutic advantage over more selective compounds. 

 

Interestingly, the differential efficacy between the mixed CB1/CB2 agonism compared to 

CB1 activation alone was highlighted in the PTZ model of tonic-clonic seizures. Only WIN 

significantly attenuated PTZ seizure severity again suggesting a potential role of the CB2 

receptor. In fact, seizures can increase cytokine levels in the brain, and a single injection 

of PTZ in adult mice has been shown to significantly increase levels of proinflammatory 

cytokines.271 Therefore, in PTZ evoked seizures, activation of the CB2 receptor may play 

a role in modulating seizure induced increases in cytokine release to enhance seizure 

control. 

 

Despite their antiseizure effects in the P10 animals, neither WIN nor ACEA modified 

DMCM evoked seizures in P20 animals. It is possible that developmental expression and 

composition of neurotransmitter receptors could influence the earlier antiseizure effect of 

CB1 activation. The CB1 receptor is located presynaptically on GABAergic and 
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glutamatergic interneurons and therefore acts to modulate excitation by inhibiting GABA 

and/or glutamate release.88,89,162 However, until the third postnatal week, the GABAA 

receptors are responsible for membrane depolarization compared to the hyperpolarization 

of mature GABAergic synapses.15,272 Therefore, with the highest density of CB1 receptors 

on presynaptic GABAergic boutons, CB1 activation may decrease GABA-mediated 

excitation in the P10 animals, but not the P20 animals. Further, CB1 receptors are also 

expressed, although to a lesser degree, at presynaptic glutamatergic synapses which are 

transiently increased throughout the brain during synaptogenesis in the first and second 

postnatal weeks.273 Yet, given the reported antiseizure effects of CB1 receptor agonists in 

adult animals, these maturational alterations in receptor composition are unlikely the only 

factor that could influence our early age-dependent effect. Together, these findings 

accentuate that the ontogeny of seizure circuits, neuronal excitability, and the 

endocannabinoid system is not only relevant between developing and adult animal models, 

but also throughout developmental periods. 

 

Given the antiseizure efficacy of WIN against both clonic and tonic-clonic evoked seizures 

in the P10 animals, I next assessed the safety of WIN administration during development. 

Many ASDs used clinically for early life seizures can impart similar anticonvulsant effects, 

but most will increase cell death in the developing rodent brain. Furthermore, preclinical 

evidence suggests that some ASDs, when used during sensitive developmental periods can 

have lasting physiological and cognitive effects. Although the comorbidity between 

epilepsy and developmental delays is not uncommon in children, the impact of seizures 

versus ASDs during development remains to be determined. But the ASD specific effect 
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in naïve rodents suggests a robust contribution of some ASDs alone in later life 

impairments. Thus, I next quantified the relative amount of cell death in multiple brain 

regions following WIN treatment. Encouragingly, when administered in an inert vehicle, 

WIN did not have any effect on neuronal cell death in any brain regions analyzed. Further, 

when administered in combination with a developmentally toxic vehicle, DMSO, WIN had 

a neuroprotective effect as seen in the dose-dependent decrease in DMSO enhanced cell 

death. Although the exact mechanism of action by which DMSO induces cell death in the 

developing brain is not clear, most drug induced cell death in early postnatal development 

results from a suppression of network activity that prevents neurons from integrating into 

functional networks.12,68,212 It is likely that activation of both the CB1 and CB2 receptors 

by WIN exerts a neuroprotective effect against the suppressed synaptic transmission by 

DMSO.214,215  

 

The ability of WIN to augment drug induced increases in developmental cell death 

suggested that WIN may have potential as an adjunct therapy to quell other ASD 

enhancements in cell death. Therefore, cell death was next quantified following 

administration of phenobarbital and WIN at therapeutically relevant preclinical doses. 

Unlike the neuroprotective effect against DMSO, WIN had mixed effects but largely did 

not decrease PB induced death. This may not be surprising as combined administration of 

PB and Δ9-tetrahydrocannabinol (Δ9-THC), results in an exacerbation of PB induced cell 

death.66 Although WIN does not consistently increase PB induced cell death, this may be 

due to the different mechanisms of action of Δ9-THC, including antagonism of 

endocannabinoids that could offer a neuroprotective effect.  
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From a toxicity standpoint, the drug combination experiments may refute a role for WIN 

as an adjuvant treatment with PB. However, the antiseizure effect of WIN in P10 animals 

and its benign effect on neuronal pruning and survival place it in a small group of ASDs, 

including levetiracetam and carbamazepine, that are both preclinically anticonvulsant and 

devoid of neurodegenerative effects. The age-dependent efficacy of WIN could indicate a 

limited therapeutic window, but with the greatest incidence of seizures occurring in 

neonates, WIN may provide a safer short-term option for seizures during early 

developmental periods. The pronounced preclinical efficacy in younger animal models 

supports further investigation of WIN as a novel ASD in animals modeling both the age 

and etiology of neonatal seizures, such as hypoxic-ischemia, infantile spasm, and febrile 

seizure models. 

 

To further evaluate the role of the cannabinoid system in developing animals, I addressed 

my second hypothesis of determining the effect of cannabinoid receptor independent 

modulation with CBDV in multiple seizure models. In earlier experiments, I used the 

compound URB-597 to modulate CB signaling by increasing levels of the endogenous 

ligand anadamide, through inhibition of its degrading enzyme FAAH, without effect. 

However, CBDV presents a multimodal mechanism of action unique to most ASDs, which 

may offer advantages over highly selective therapies. Following the FDA approval of CBD 

for use in patients two years and older, preclinical evaluation of the structurally similar 

compound CBDV for seizure control during development is both appropriate and timely. 

To counter with the higher potential for detecting false negative drug effects in limited 

immature animal testing, the comprehensive evaluation of CBDV utilized 4-6 seizure 
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models in two representative age groups. I found that similar to the anticonvulsant effect 

of WIN, CBDV also exerts a strong yet largely age-dependent attenuation in seizure 

severity. However, in contrast with WIN, the anticonvulsant effect of CBDV predominated 

in the older, P20 animals. In fact, in P10 animals, CBDV only attenuated seizure severity 

in PTZ evoked seizures, a model with predictive validity for absence seizures. This 

warrants further investigation into the effect of CBDV in non-convulsive seizure models 

such as the Genetic Absence Epilepsy in Rats from Strasbourg (GAERS) and WAG/Rjj 

genetic rat models. Interestingly, focal injections of WIN and anadamide both reduced 

absence seizures independently in adult WAG/Rjj rats,274 stressing both the prominent role 

of the cannabinoid system in seizure control and the need for additional testing in 

developing animals. Furthermore, in the two age-restricted seizure models tested in P10 

pups, hypoxia induced seizures and infantile spasms, CBDV had no effect. Taken together, 

these data suggest the efficacy of CBDV against clinical neonatal seizures may be limited.  

 

However, CBDV pretreatment reduced seizure severity in three of the four models tested 

in P20 animals, including complete protection from the severe tonic extensor seizures that 

characterize the MES model. The efficacy profile of CBDV against seizures in P20 rats 

suggests a broad applicability as a therapeutic agent against both minimal (complex partial) 

and maximal (tonic-clonic) motor seizures in children. It remains to be seen if CBDV could 

have disease modifying effects as the models used here are widely used for ASD screening 

but represent acute seizure models and not animal models of epilepsy.  
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The striking difference in CBDV efficacy as a factor of age raised questions of both the 

mechanisms of action underlying the anticonvulsant effect and ontogeny of proposed 

CBDV targets. Unlike the known receptor targets and specificity of WIN and ACEA, 

CBDV is reported to at least inhibit they enzymatic synthesis of the endogenous ligand for 

GPR55 receptor, l-α-lysophosphatidylinositol (LPI), and act as an agonist at TRPA1, 

TRPV1, and TRPV2 channels.137,259 However, the developmental expression of TRP 

receptors in the CNS is not well-characterized and the expression of TRPV1 specifically 

varies widely during development.266 

 

Therefore, to elucidate potential mechanistic underpinnings for the age-related 

anticonvulsant effect, I measured mRNA expression levels of TRP channels and GPR55 in 

brain regions from naïve P10 and P20 rats. My findings include significant increases in 

TRPV1 mRNA expression in two key brain regions implicated in seizures: the amygdala 

and hippocampus. These results are supported by the TRPV1 mediated anticonvulsant 

effects of CBD and CBDV in vitro.135,244 To test the role of TRPV1 in mediating the 

anticonvulsant effect of CBDV in vivo, we assessed MES induced seizure severity in 

TRPV1 knockout and wildtype P20 mice. Absence of TRPV1 abolished the anticonvulsant 

effect of CBDV against MES evoked tonic seizures in wildtype animals. In particular, the 

finding that CBDV was without effect in mice with a heterozygous genotype for TRPV1 

could reflect TRPV1 activation as a primary mechanism underlying the anticonvulsant 

effect at P20. Although, co-administration of CBDV and a TRPV1 antagonist was not 

tested in wildtype animals, evidence from similar experiments using CBD propose that the 

anticonvulsant effect would likely be blocked.135,228 
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In vitro, the efficacy of CBDV against epileptiform activity decreased in the presence of a 

selective TRPV1 antagonist in vitro, but is not fully reversed.133 This suggests that CBDV 

activation of the TRPV1 receptor may not be its sole anticonvulsant mechanism and is 

support by CBDV’s partial agonism at the receptor.137 The significant increases in TRPV3 

and GPR55 we detected in P20 animals could contribute to anticonvulsant mechanisms of 

CBDV, but remain to be seen.  

 

In further support of my second hypothesis, CBDV exerts an antiseizure effect in immature 

animals, without greatly enhancing cell death in the developing brain. Due to the sparing 

solubility of CBDV in most aqueous solvents, the typically reported solvent is a 

combination of saline, ethanol, and Kolliphor. Kolliphor, or cremophor, has been reported 

to have some biological activity alone and can overcome low solute solubility through drug 

encapsulation in cremophor micelles.275 This mechanism has been proposed to be 

associated with unexpected changes in drug disposition and pharmacokinetics. However, 

in our hands, the small volume of cremophor used did not appear to have a behavioral 

effect on seizure activity or a toxic effect on the developing brain. It is possible that the 

plasma levels of CBDV may have been affected, however in clinical trials, the CBD is 

prepared in sesame oil-based solution to overcome this potential confound clinically.108 

 

Therefore, not only did the CBDV vehicle treatment not differ from saline, but across 

cortical regions analyzed, both anticonvulsant doses of CBDV (100 and 200 mg/kg) did 

not increase cell death above vehicle control levels. This effect was maintained in most 

subcortical regions as well, with no difference in the amount of neuronal cell death in the 
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striatum and lateral septum following CBDV treatment. However, there was a small but 

significant increase the cell death in the lateral thalamus of animals treated with 200 mg/kg 

CBDV. However, this 2-fold increase does not compare to the 8-fold increase of cell death 

in thalamus following phenobarbital treatment. Additionally, the thalamus has been 

reported to be uniquely sensitive to ASD enhanced apoptosis in the developing brain, as 

one of the regions with the greatest amount of cell death.208 Therefore, while this single 

observed increase in cell death following CBDV treatment might not be completely 

unexpected. However, it is unknown what the long-term effects of the CBDV exposure are 

on later life development. But, there is promising safety data from children who have been 

using CBD as part of an extended open-label trial for 3 years. Most participants in the study 

experience cognitive gains, including those with seizures resulting from tuberous sclerosis 

complex, which often results in intellectual disability and developmental delays.146 While 

the effects of CBDV on development and the effect of repeated administration are 

unknown, the preliminary results from extended CBD clinically use are more favorable 

than most later life outcomes following early ASD administration preclinically.  

 

B. CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS 

The data presented here indicate strong potential for the use of cannabinoids in the 

symptomatic treatment of early life seizures and support future clinical investigation, with 

two key caveats. First, both CB1 receptor agonists and CBDV displayed age specific 

anticonvulsant effects. However, neither compound increased the severity of behavioral 

seizure manifestations which could advocate for clinical trials without age restriction 

criteria but may result in age specific indications. Second, it is important to note that the 
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models employed here are well suited for rapid ASD screening, but they are acute seizure 

models in physiologically normal animals. Thus, they do not recapitulate the chronic 

seizures that characterize epilepsy nor the neurological pathology that may underlie or be 

induced by seizure disorders. Interestingly, while successful clinical trials and subsequent 

FDA approval was granted for use of CBD in specific childhood seizure disorders, CBDV 

failed a recent Phase 2 proof of concept study in adults with focal seizures. However, 

CBDV treatment did result in a 40% reduction in focal seizures, but the placebo treatment 

produced a similarly sharp decline, effectively foregoing the study’s primary endpoint.276 

The CBDV mediated reduction in seizures still holds promise, but the similar therapeutic 

effect of the placebo treatment raises questions. A meta-analysis of adjuvant therapy trials 

for epilepsy revealed that placebo response rates have almost doubled over time.277 It is 

possible that perceived benefit of cannabinoid therapies following pervasive media 

attention and clinical advancement in cannabis-based drugs could play a role, especially in 

adult participants versus children. That said, the role of anticipated or perceived benefit 

could be just as likely in clinical trials with children for whom primary caregivers likely 

provide symptom histories that factor into efficacy outcome measures.  

 

Taken together, numerous avenues of research persist in both our understanding of 

cannabinoid-based therapies and their utility in the treatment of epilepsy. First, the 

promising preclinical and clinical data of CBDV use for seizure control calls for an 

increased understanding of its mechanisms of action, with a goal of optimizing the 

anticonvulsant response. This includes identification and verification of CBDV’s 

interaction with novel and proposed targets in addition to assessment of CBDV signaling 



 

 144 

cascades under normal and pathophysiological conditions. Although CBDV displays weak 

affinity for the CB1 and CB2 receptors, the allosteric modulation of CBD at the CB1 

receptor supports similar investigation of CBDV binding affinities at those receptors. 

Second, one of the fundamental issues that persists in epilepsy research is determining 

preclinical models that best recapitulate each human condition. The use of genetic models 

may provide more effective treatments by increasing the construct validity of seizure 

disorders arising from genetic abnormalities, such as Dravet syndrome and tuberous 

sclerosis complex. Similarly, a pluripotent stem cell approach from patients with highly 

refractory seizures could provide a more selective, but highly individualized, model to test 

novel therapeutics where most others have failed. In pediatric epilepsy, there is a critical 

need for better understanding of the relationship been brain development, seizures, and the 

development of epilepsy. Thus, current studies should increase use of developing animals 

to screen compounds to treat early life seizures, followed by the development of developing 

animal models that best mimic various etiologies of pediatric epilepsy. 
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