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ABSTRACT 
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Neural circuit oscillations are promising targets for investigating changes in brain 

connectivity underlying the association between cannabis use and schizophrenia. 

Reflecting the coordination of multiple neurotransmitter systems implicated in 

schizophrenia, aberrant neural circuit oscillatory activity often corresponds to 

schizophrenia-like changes in behaviour and is also observed after cannabinoid 

exposure. However, the relative effects of vapourized phytocannabinoids on 

schizophrenia-like neural circuit oscillations and cognitive processing remain unknown. 

The studies in this thesis aimed to extend existing preclinical evidence of aberrant 

neural circuit oscillations as an integral mechanism linking cannabis use and 

schizophrenia, by characterizing the influence of phytocannabinoid abundance on 

altered corticolimbic neural circuit oscillatory and sensory filtering deficits relevant to 

schizophrenia. In the second chapter, two within-subject studies were used to determine 

that isolate THC vapour exposure reduces neural circuit oscillatory power and 

coherence in experimentally naïve male rats and cannabis flower vapour exposure 



 

dose-dependently disrupts sensory filtering selectively for rats with reduced baseline 

performance. In the third chapter, two within-subject studies were used to determine 

that cannabis flower vapour exposure reduces oscillatory power in experimentally naïve 

male rats, as well as in a neurodevelopmental rat model of schizophrenia, and exposure 

to a cannabis flower vapour with different amounts of cannabinoids has a differential 

effect, without either exposure disrupting sensory filtering. Taken together, the effects of 

phytocannabinoid exposure on neural circuit oscillations and associated sensory 

filtering are highly dependent on the type, dose, and relative abundance of 

phytocannabinoid exposure, as well as baseline differences in cognition. Altered neural 

circuit oscillations may also be a biomarker for the effects of cannabis when cognitive 

disruptions are not evident. 
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INTRODUCTION 

The collective unconscious contains the whole spiritual heritage of 
mankind's evolution, born anew in the brain structure of every 
individual. […] it is the function of consciousness not only to recognize 
and assimilate the external world through the gateway of the senses, 
but to translate into visible reality the world within us. 

Jung, C. G. (1960). Collected Works. Vol. 8. The structure and 
dynamics of the psyche. Pantheon. 

 

What maketh the mind? 

Complexity is a defining characteristic in the development, organization, and 

function of the human brain (Yang & Tsai, 2013). From the topological organization of 

cortices to the range of dendritic arborization observed across various neuronal cell 

types, functional intricacies in the brain are ever-apparent and the concept of functional 

complexity also applies to brain signal dynamics. Complexity in brain signal dynamics is 

a summative result of numerous electrochemical cellular systems signalling through 

neuronal and non-neuronal circuit connections and over a range of spatial and temporal 

scales; as such, brain signal complexity is often framed within non-linear dynamical 

systems theory, or chaos theory, which aims to understand highly dynamical systems, 

including the human brain, by defining the underlying activity patterns and rules of the 

system (Oestreicher, 2007; Pezard & Nandrino, 2001). Non-linear dynamical systems 

theory positions neuropsychiatric disorders, including schizophrenia, as “dynamical 

disease[s],” or pathologies that result from the disruption of physiological rhythms 

(Pezard & Nandrino, 2001; Yang & Tsai, 2013). Patients with schizophrenia exhibit 

reduced resting-state brain complexity compared to healthy age- and sex-matched 
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controls, measured using functional magnetic resonance imaging (fMRI) and multiscale 

entropy analysis, which assesses irregularity in brain circuit dynamics; this reduced 

complexity also region-dependently associates with the symptoms of schizophrenia 

(Yang et al., 2015). Disruptions in brain connectivity may partially explain the reduced 

complexity, as patients with schizophrenia have dysregulated local and global 

connectivity in networked brain regions that overlap with regions displaying reduced 

complexity and associating with symptoms (Cao et al., 2021; Ho et al., 2019; Karcher et 

al., 2019; Weber et al., 2020). In 1998, Dr. Karl Friston proposed that schizophrenia is, 

fundamentally, a disorder of disconnection, wherein pathophysiological aberrations in 

functional integration across multiple interconnected, dynamical cellular and circuit-level 

systems result in lasting disruptions in functional connectivity; henceforth defined as the 

disconnection hypothesis of schizophrenia (Friston, 1999). While patients with 

schizophrenia have reduced resting-state complexity, the semiological manifestation of 

their pathological state is quite the opposite: patients with schizophrenia often present 

with substantial symptom heterogeneity, such that researchers and clinicians alike are, 

only recently, conceptualizing these symptoms on a multi-dimensional psychosis 

spectrum (Cuthbert & Morris, 2021). 

A mind, “maddened” 

Schizophrenia, originally termed dementia praecox, conceptually delineated from 

other disorders of the mind in 1887 due to work by Dr. Emil Kraepelin, a German 

psychiatrist who established, with others, the nosology of modern psychiatry and 

influenced the development of the American Psychiatric Association Diagnostic and 
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Statistical Manual of Mental Disorders (Ebert & Bär, 2010; Shorter, 2015). Today, the 

diagnostic, nosological concept of schizophrenia categorizes it as a distinct disorder 

having positive symptoms (i.e., functional exaggerations) including delusions and 

hallucinations, as well as perceptual, behavioural, and language abnormalities; negative 

symptoms (i.e., functional reductions) including social withdrawal, emotional blunting, 

and anhedonia; and cognitive symptoms including impaired executive function, working 

memory abnormalities, and attentional deficits (McCutcheon et al., 2020). Five subtypes 

were previously defined for schizophrenia; however, these subtypes were eliminated 

from the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders as 

they poorly represented symptom heterogeneity (Tandon et al., 2013).  

Indeed, the nosological approach to understanding psychiatric disorders is not 

without controversy (van Praag, 2000). In 1920, Kraepelin acknowledged that linking 

specific psychiatric pathologies to unspecific clinical symptomology may be difficult, and 

at the time of his death he had outright abandoned his theory of defining psychiatric 

illnesses as distinct disease entities (Hoff, 2015). Toward an improved conceptual 

framework, the National Institute of Mental Health in the United States of America 

launched the Research Domain Criteria (RDoC) initiative with the goal of understanding 

“the nature of mental health and illness in terms of varying degrees of dysfunction in 

fundamental psychological/biological systems” (NIMH » About RDoC, 2022). The 

principles behind the RDoC framework align with accumulating evidence that individuals 

diagnosed with a psychotic disorder may present with distinguishable clinical 

phenotypes while they exhibit similar cognitive dysfunctions and neurobiological 

abnormalities, thus relating them on a spectrum of typical-to-atypical functioning. 
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Importantly, this dimensionality includes neurodevelopmental trajectories for 

psychopathology, from conception, through risk states (e.g., adolescence), and to a 

detectable psychiatric disorder (Cuthbert & Morris, 2021). Reflecting this updated 

conceptual framework, contemporary psychiatric researchers have proposed the 

replacement of the term “Schizophrenia” with “Psychosis Spectrum Syndrome” or with 

eponyms such as “Kraepelin’s disease” or “Kraepelin’s syndrome;” herein, the term 

“Schizophrenia” is retained (Schizophrenia Does Exist : It Is Kraepelin’s Disease | The 

BMJ, 2016; van Os, 2016). 

On making the maddened mind 

Schizophrenia is a complex neurodevelopmental disorder that affects 0.32 – 

0.75% of the global population, with approximately 21 million cases globally in 2016, 

although exact estimates are difficult to acquire due to the heterogeneity of the disorder 

(Charlson et al., 2018; NIMH » Schizophrenia, 2022; Schizophrenia, n.d.; Saha et al., 

2005). A prevailing theory for the etiology of schizophrenia is the dopamine (DA) 

hypothesis, first proposed in the 1960s after the use of chlorpromazine, a DA D2 

receptor antagonist and the original first-generation antipsychotic (i.e., typical 

antipsychotic), to successfully treat the positive symptoms of schizophrenia (Ban, 2007; 

Stahl, 2018; Yang & Tsai, 2017). Evidence of elevated striatal D2 receptor densities and 

endogenous DA levels in human post-mortem brain samples further bolstered this 

hypothesis, although a subsequent meta-analysis reported that elevated D2 densities 

are an inconsistent biomarker for schizophrenia (Bird et al., 1979; Mackay et al., 1982; 

Zakzanis & Hansen, 1998). The central premise for the DA hypothesis is that 
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hyperactive mesolimbic DA from the ventral tegmental area (VTA) to the ventral 

striatum produces the positive symptoms of schizophrenia, supported by evidence from 

studies on the psychotomimetic effects of amphetamine, a stimulant that increases 

mesolimbic DA; similarly, mesolimbic lesions produce cognitive dysfunctions in humans 

that are akin to schizophrenia, as well as sensorimotor gating abnormalities and other 

schizophrenia-like behaviours in animals (Brady, 2016; Meltzer & Stahl, 1976; Stahl, 

2018; Tseng et al., 2009). The negative and cognitive symptoms of schizophrenia are 

associated with upregulated cortical DA D1 receptors, which is likely a compensatory 

dysfunction resulting from mesolimbic DA dysregulation (Abi-Dargham, 2004; Abi-

Dargham et al., 2002). While antagonising D2 receptor activity with typical 

antipsychotics such as chlorpromazine treats the positive symptoms of schizophrenia, 

these antipsychotics are not as effective at treating the negative and cognitive 

symptoms of schizophrenia and may be limited in their targeting of the underlying 

pharmacology, as they do not target presynaptic DA synthesis and release (Howes et 

al., 2012). Second-generation antipsychotics (i.e., atypical antipsychotics) show efficacy 

for treating the positive and negative symptoms of schizophrenia, which occurs via 

combined mechanisms of D2 antagonism or D2 partial agonism and glutamate or 

serotonin modulation (Mauri et al., 2014). Converging evidence now demonstrates that 

the schizophrenia etiology also involves glutamate and serotonin neurotransmitter 

signalling (Stahl, 2018).  

The glutamate hypothesis of schizophrenia originated when reduced glutamate 

levels were observed in the cerebrospinal fluid of patients with schizophrenia (Kim et al., 

1980). This hypothesis is reinforced by some (not all) post-mortem examinations 
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showing reduced glutamate levels in corticolimbic brain regions and through studies of 

the psychotomimetic effects of dissociative anaesthetics such as phencyclidine (PCP) 

or ketamine, both glutamatergic N-methyl-D-aspartate (NMDA) receptor antagonists 

(Goff & Coyle, 2001; Yang & Tsai, 2017). Hypoactive NMDA receptors on gamma-

aminobutyric acid (GABA) receptor-containing interneurons in the cerebral cortex are 

central to this theory, leading to hyperactive downstream glutamate signalling in cortical 

projections that innervate the VTA and consequent excess DA release (Stahl, 2018). 

Cortical glutamate hyperactivity further dysregulates glutamatergic signalling via excess 

activity at glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors (Moghaddam & Javitt, 2011). While the exact mechanisms through which 

glutamate dysregulation contributes to the symptoms of schizophrenia remain unknown, 

this hypothesis is further supported by evidence that glycine, an allosteric potentiator of 

the NMDA receptor, ameliorates the negative symptoms of schizophrenia (Balu & 

Coyle, 2015; Goff & Coyle, 2001; Heresco-Levy & Javitt, 2004; Javitt et al., 1994).  

Also contributing to the dysregulation of these neurotransmitter systems is the 

downstream release of excess glutamate by cortical serotoninergic 5-hydroxy-

tryptamine 2A (5HT2A) receptor-containing neurons, which is foundational to the 

serotonin hypothesis of schizophrenia (Eggers, 2013; Stahl, 2018). Originating from 

observations that lysergic acid diethylamide, a psychedelic compound and serotonin 

receptor agonist, is psychotomimetic, this hypothesis is further strengthened by 

evidence that pimavanserin, a 5HT2A antagonist, effectively treats psychotic symptoms 

in patients with neurodegenerative diseases such as Parkinson’s disease and dementia 

(Cummings et al., 2014; Igbal & van Praag, 1995; Stahl, 2016, 2018). This theory posits 
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that excessive, stress-induced release of serotonin from the dorsal raphe nucleus 

produces hyperactive serotonergic 5HT2A receptors on cortical glutamate neurons, 

resulting in excess downstream release of cortical glutamate and subcortical DA and 

contributing to the dysregulated neurotransmission mentioned above (Eggers, 2013; U. 

H. Shah & González-Maeso, 2019; Stahl, 2018). With neurotransmitter dysregulation 

comes aberrant neuronal firing and disrupted physiological rhythms, including altered 

brain connectivity. Investigations into circuit-level aberrations are merited to understand 

the contributions of these pathophysiological features to schizophrenia as a “dynamical 

disease,” as they may reveal novel mechanisms, biomarkers, or therapeutic targets that 

reflect dysregulation across multiple systems and scales (Manoach et al., 2020; Phillips 

& Uhlhaas, 2015; Takeuchi & Berényi, 2020; Uhlhaas & Singer, 2013; Whittington et al., 

2018). Compared to healthy controls, patients with schizophrenia present with altered 

neural circuit oscillations, measured using electroencephalography (EEG), commonly 

including reduced amplitudes, power, and synchrony of high-frequency gamma (30-100 

Hz) oscillations (Phillips & Uhlhaas, 2015; Tada et al., 2016; Uhlhaas & Singer, 2010, 

2013). Aberrant neural circuit oscillatory measures are proving to be valuable targets for 

clinicians as a possible prodrome, to demarcate schizophrenia from bipolar disorder and 

other neuropsychiatric illnesses, and for interventional treatment using neuromodulation 

technologies such as transcranial magnetic stimulation (Farzan et al., 2012; Onitsuka et 

al., 2013; Tada et al., 2016). Expectedly, neural circuit oscillations are sensitive to 

environmental factors that alter neurotransmission and neurodevelopmental trajectories, 

including the extensive use of psychoactive substances, which exert their effects 
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through the neurotransmitter systems discussed above and can be psychotomimetic; 

cannabis being one of these psychoactive substances (Ramlakhan et al., 2021). 

CANNABIS USE AND SCHIZOPHRENIA 

Cannabis and the endocannabinoid system 

Cannabis is the third-most widely used psychoactive substance on the planet 

(Peacock et al., 2018). The World Health Organization estimates that approximately 

2.5% of the global population uses cannabis annually, which is approximately 147 

million people worldwide (Alcohol, Drugs and Addictive Behaviours, 2022). Cannabis 

users inhale smoke from crudely burning the unfertilized flower of the Cannabis plant or 

vapour (i.e., “vaping”) from exposing the flower to greater temperatures that produce an 

aerosolized mixture of active cannabinoids and water (Budney et al., 2015; Steigerwald 

et al., 2018). The acute effects of cannabis use that are desired by the user include 

feelings of euphoria and relaxation (Sharma et al., 2012). While smoking is still the most 

popular administration route, both edible and vapourized cannabis are also becoming 

quite popular, with drastic increases in the number of adolescents vaping cannabis, 

particularly highly potent, oil-based cannabis vapour products (Fadus et al., 2019; 

Hamilton et al., 2019; Keyes et al., 2022; Lim et al., 2022; Patrick et al., 2020). This is 

coinciding with an increase in adolescents and young adults using cannabis, although 

rates decreased in 2021 (Harrell et al., 2022; Keyes et al., 2022; Percentage of 

Adolescents Reporting Drug Use Decreased Significantly in 2021 as the COVID-19 

Pandemic Endured | National Institute on Drug Abuse (NIDA), 2021; Terry-McElrath et 
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al., 2020). The first evidence of cannabis use was for medicinal purposes in China and 

can be traced back to 2,700 B.C. (Murray et al., 2007; Touw, 1981; Zuardi, 2006). After, 

recreational cannabis use became widespread in India due to it being associated with 

spiritual and religious practices, with medicinal use beginning in India around 1,000 B.C. 

(Mikuriya & Francisco, 1969; Touw, 1981; Zuardi, 2006). Cannabis use continued to 

spread for centuries across various geographies and cultures worldwide, with the first 

evidence of cannabis use in Western medicine appearing in the 19th century, in 

publications by Dr. Willian B. O’Shaughness (c. 1839) and Dr. Jacques-Joseph Moreau 

(c. 1845) (Russo, 2017; Zuardi, 2006). Moreau, after investigating the effects of various 

cannabis preparations, was astonished by the potential to understand mental illness 

through examining the effects of cannabis on the brain (Zuardi, 2006). 

The characteristic psychoactive effects of cannabis occur primarily through 

interactions between Δ9-tetrahydrocannabinol (THC), the most abundant psychoactive 

constituent derived from the cannabis plant (i.e., a phytocannabinoid), and the 

endogenous G protein-coupled cannabinoid receptor type 1 (CB1R); this receptor is 

broadly distributed throughout the brain, primarily localized to axon terminals, with 

greater densities in the isocortex (including the orbitofrontal cortex [OFC], the prelimbic 

cortex [PrlC], and the cingulate cortex [Cg]), the hippocampus (HIP), the basal ganglia 

(including the dorsal striatum [dStr] and the nucleus accumbens [NAc]), and the 

cerebellum (Iversen, 2003; Jung & Piomelli, 2015). The CB1R is part of the 

endocannabinoid system (eCS), which also comprises the G protein-coupled 

cannabinoid receptor type 2 (CB2R), an endogenous family of lipid ligands (i.e., 

endocannabinoids [eCBs]) that includes anandamide (a partial agonist of CB1R) and 2-
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arachidonylglycerol (a full agonist of CB1R and CB2R), and proteins that regulate on-

demand eCB production and degradation (Jung & Piomelli, 2015). CB1R agonism 

inhibits intracellular adenylyl cyclase activity and regulates various protein kinases, 

including cyclic adenosine monophosphate-dependent protein kinase A which, when 

deactivated, reduces phosphorylation of inward rectifying potassium channels, opening 

these channels and suppressing presynaptic neuron excitability. CB1R agonism also 

acts through coupled Gi/o proteins which activate phospholipase C and, through multiple 

intracellular signalling cascades, close presynaptic voltage-gated calcium channels, 

reducing neurotransmitter release from axon terminals (Boczek & Zylinska, 2021; 

Busquets-Garcia et al., 2017; Castillo et al., 2012; Howlett et al., 2002a; Iversen, 2003; 

Jung & Piomelli, 2015; Mackie & Hille, 1992; Twitchell et al., 1997).  

To bind presynaptic CB1R, eCBs function as retrograde messengers with their 

on-demand synthesis being driven by postsynaptic activity, after which they then move 

backward across the synapse (Castillo et al., 2012). While retrograde signalling is the 

principal eCB mechanism of action, evidence exists for two other eCB signalling 

mechanisms: non-retrograde signalling and autocrine signalling (reviewed by Castillo et 

al., 2012). Their inhibitory action and on-demand synthesis has important implications 

for the precise regulation of neural circuit activity (Iversen, 2003). Endocannabinoid 

signalling is involved in regulating psychomotor balance and control, arousal and sleep, 

food intake and metabolism, motivation and vigilance, as well as working memory, pain, 

emotion, and stress; thus, perturbed eCS signalling produces dose-dependent sedative 

and stimulatory effects on locomotion, impaired balance, drowsiness, enhanced 

appetite, short-term memory and spatial learning deficits, reduced acute and chronic 
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pain, and can be both anxiogenic and anxiolytic (Iversen, 2003; Ruehle et al., 2012). 

Exogenous THC perturbs the eCS as a partial agonist of CB1R. The rewarding effects 

of cannabis use are attributed to THC binding presynaptic CB1R on GABA receptor-

containing neurons in the VTA, reducing GABAergic inhibition of DA neurons and 

enhancing downstream release of DA from projections innervating the NAc (Lupica et 

al., 2004). THC also dose-dependently produces negative effects such as paranoia and 

anxiety, which may manifest as transient periods of psychotomimesis (D’Souza et al., 

2004; Murray et al., 2007). Cannabis use, particularly frequent (i.e., daily or near-daily) 

use of high-THC strains during adolescence, also has long-term consequences related 

to schizophrenia; it is hypothesized that frequent, early-life cannabis use either 

exacerbates existing psychiatric illnesses, precipitates latent psychiatric illnesses, or 

causes psychiatric illnesses (Andréasson et al., 1987; Arseneault et al., 2002, 2004; 

D’Souza et al., 2004; Hall et al., 2004; Hall & Degenhardt, 2008; T. H. Moore et al., 

2007). 

Cannabis use and schizophrenia retrospective: seeding a causality crisis? 

For decades, the notion that “cannabis use causes schizophrenia” has circulated 

the popular media and has inspired scientific investigations in a hunt for causality. 

Seminal observational studies of the association between cannabis use and 

schizophrenia began in 1987, wherein a cohort of 45,570 adult Swedish men 

conscripted to the military were retrospectively studied over 15 years, and those 

reporting greater rates of cannabis use at conscription (i.e., more than 50 occasions) 

had an increased relative risk for being diagnosed with schizophrenia when compared 
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to non-users (Andréasson et al., 1987). While an important first step, these data 

produced numerous uncertainties related to possible confounds including the influence 

of pre-existing psychiatric symptoms or the use of other psychoactive substances 

(reviewed in Negrete, 1989). A second retrospective study from a subsample of this 

cohort was published in 1989, comparing subjects who had reported using cannabis 

more than 10 times and were subsequently diagnosed with schizophrenia to subjects 

who were diagnosed with schizophrenia and had not previously used cannabis. After 

controlling for psychiatric symptoms evident prior to the initiation of cannabis use, 

cannabis users had an increased relative risk for schizophrenia compared to non-

cannabis users, with no influence of other psychoactive substances being used 

(Andréasson et al., 1989). 

While the second study attempted to address the confounds that existed in the 

first study, it was under-powered with a small sample size. To again address the 

possibility that pre-existing psychotic symptoms or use of other psychoactive 

substances may confound the data from earlier studies, another retrospective study 

from this cohort was published in 2002 and reported that cannabis users have an 

increased risk for being diagnosed with schizophrenia that is dependent on their 

frequency of use, and is also observed in subjects who had only used cannabis (i.e., 

had not used other psychoactive substances) or had developed schizophrenia after five 

years in the military (as a way to potentially exclude prodromal cases) (Zammit et al., 

2002). While these results aligned with previous data from this cohort, the possibility of 

psychiatric symptoms preceding the onset of cannabis use could not be ruled out 

completely; thus, a longitudinal prospective study was published in 2002 that queried 
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data from a cohort of 1,037 individuals who were assessed for psychotic symptoms at 

age 11, psychoactive substance use at ages 15 and 18, and psychiatric symptoms at 

age 26 (Arseneault et al., 2002). From this cohort (the Dunedin cohort) they assessed 

759 subjects, and of those using cannabis at age 15 or 18 (N = 265), 10% and 3%, 

respectively, presented with symptoms of schizophrenia at age 26, and this was 

significantly different from controls even after controlling for pre-existing psychotic 

symptoms at age 11. Individuals who used cannabis by age 15 had an increased risk 

for receiving a diagnosis of schizophrenia; however, this effect became statistically 

insignificant after controlling for pre-existing psychotic symptoms. Cannabis use during 

adolescence did not predict the presence of symptoms or diagnoses of depression in 

adulthood and use of other drugs during adolescence did not predict symptoms or 

diagnoses of schizophrenia in adulthood (Arseneault et al., 2002). Taken together, 

these seminal studies indicate that initiating frequent cannabis use, either in adulthood 

or adolescence, increases the risk for a receiving a diagnosis of schizophrenia, and the 

influence of pre-existing psychotic symptoms cannot be discounted. It is worth noting, 

however, that the cohorts investigated in these studies are not fully representative of the 

populations impacted by schizophrenia, with the derivation of their sample populations 

being from communities with primarily European ancestry. Since 2002, similar cohort 

studies have produced results that bolster the central notion that cannabis is a causal 

contributor to the etiology of schizophrenia (Fergusson et al., 2005; Gage et al., 2014; 

Henquet, Krabbendam, et al., 2005; Large et al., 2011; Rössler et al., 2012; van Os et 

al., 2002). Contradicting the earlier studies, these investigations demonstrate that both 

the use of other psychoactive substances and the pre-existence of psychiatric 
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symptoms influence the increased risk for being diagnosed with schizophrenia reported 

in cannabis users (Gage et al., 2014; Rössler et al., 2012; Wiles et al., 2006).  

Today, many accept that cannabis use, particularly frequent use of highly potent 

cannabis during adolescence, is a risk factor for being diagnosed with schizophrenia 

later in life, although further studies are required to determine the magnitude of effect 

and how different strains or administration routes modify this risk (Degenhardt et al., 

2003; Gage et al., 2016; Hall et al., 2004; Hall & Degenhardt, 2008; Murray, Quigley, 

Quattrone, Englund, & Di Forti, 2016). An important paradigm shift that has occurred 

since those initial studies in the late 1980s was the reconceptualizing of cannabis use, 

not as an independent risk factor, but as one of many factors influencing the risk for 

being diagnosed with schizophrenia (Murray et al., 2007; Negrete, 1989). Indeed, 

evidence now supports a bi-directional risk association between cannabis use and 

schizophrenia. In a longitudinal study of 1,580 Dutch subjects, having psychotic 

symptoms was predictive of later cannabis use in cannabis-naïve subjects (Ferdinand et 

al., 2005). A genome-wide association study of lifetime cannabis use also demonstrates 

that, between genetic risk factors associating cannabis use with schizophrenia, the risk 

of developing schizophrenia exerts a “causal positive influence” on lifetime cannabis 

use (Pasman et al., 2018). The duality of this risk relationship lends itself to the 

existence other contributing factors, including a genetic predisposition or shared genetic 

vulnerability for using cannabis and developing schizophrenia, as does the observation 

that most cannabis users do not present with schizophrenia (Bosia et al., 2019; Caspi et 

al., 2005; D’Souza, 2007; Henquet, Murray, et al., 2005; Khokhar et al., 2018; Pasman 

et al., 2018; Shrivastava et al., 2014). The legacy of these investigations and the paucity 
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of data supporting a causal connection between cannabis use and schizophrenia is 

reminiscent of a “causality crisis”; that is, that a causal epistemological framework (e.g., 

concepts explaining mechanisms of phenomena) is being applied to empirical data 

which is only sufficiently explained within a structural epistemological framework (e.g., 

concepts explaining phenomena and their relationship) (Landes et al., 2017; Toomela, 

2010; Uher, 2011). Beyond the hunt for causality, there remains an urgent, unmet need 

to understand the association between cannabis use and schizophrenia with the intent 

of managing cannabis use in vulnerable populations, such as patients with 

schizophrenia, as countries continue decriminalizing or legalizing the use of recreational 

cannabis. 

Co-occurring cannabis use and schizophrenia: etiological theories 

Patients with schizophrenia use cannabis at rates much greater than the general 

population (Lev-Ran et al., 2013; Osuch et al., 2013; Regier et al., 1990). The lifetime 

rate of cannabis use for patients with schizophrenia is reportedly as high as 80%, while 

approximately 50% of patients with schizophrenia being diagnosed with cannabis use 

disorder in their lifetime (G. E. Hunt et al., 2018; Koskinen et al., 2010; Pacek et al., 

2020; Pinto et al., 2019; Volkow, 2009). Having a dual diagnosis presents unique 

clinical challenges and patients often experience worsened clinical outcomes (Błachut 

et al., 2019; Daigre et al., 2017; Dixon, 1999; Lähteenvuo et al., 2021). Why then, are 

patients with schizophrenia using cannabis at such alarmingly high rates? Herein, four 

types of etiological models for the co-occurrence of substance use and psychiatric 

disorders are discussed.  
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Common factor models 

Common factor models frame the co-occurrence of substance use and 

psychiatric disorders as the result of shared risk factors (e.g., genetic vulnerability). 

Supportive evidence from family studies demonstrates that patients with a dual 

diagnosis often have relatives with a substance use disorder, compared to patients with 

a single diagnosis. However, having a genetic risk for schizophrenia is not associated 

with increased risk for a substance use disorder in relatives (Mueser et al., 1998). Thus, 

it may be that other factors, such as socioeconomic status, are also contributing to the 

likelihood that patients with a dual diagnosis have relatives with a substance use 

disorder. 

Secondary substance use disorder models 

Secondary substance use disorder models describe the likelihood for substance 

use by patients with a psychiatric disorder in terms of a vulnerability the patient 

experiences because of their psychiatric disorder. These models are further categorized 

into psychosocial risk factor models or the supersensitivity model. One of the commonly 

discussed psychosocial risk factor models is the self-medication hypothesis, which 

surmises that patients with psychiatric disorders use psychoactive substances to 

ameliorate their symptoms. This hypothesis, proposed by Dr. Edward Khantzian in 

1997, predicates this argument on observations made by Khantzian that patients using 

psychoactive substances report they experience reduced symptoms, and that they have 

a particular ‘drug of choice’ that works best to alleviate symptoms (Khantzian, 1997). 

While it is a prominent theory, it is unsubstantiated in practice as evidence is lacking 
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that patients select psychoactive substances to use based on their symptoms and 

overall, their substance use worsens symptoms (Mueser et al., 1998). Another 

psychosocial risk factor model, known as the cumulative risk model or multiple risk 

factor model, states that patients with psychiatric disorders have an increased risk for 

using psychoactive substances due to an accumulation of risk from poor cognitive and 

socioeconomic status. While there is little evidence in support of this model, studies of 

the various risk factors do commonly report the involvement of some form of 

amotivation (Mueser et al., 1998). 

The supersensitivity model supposes that patients with a psychiatric disorder are 

more vulnerable to the addiction liability of psychoactive substances. Importantly, this 

model focuses on the negative consequences of psychoactive substance use, rather 

than use alone. Evidence from studies showing patients with schizophrenia have 

enhanced sensitivities to these substances, and are dependent on lower quantities, 

supports this model (Mueser et al., 1998). Of interest is evidence that chronic 

antipsychotic may sensitize mesolimbic circuitry to the rewarding effects of psychoactive 

substances (Mueser et al., 1998; Samaha, 2014; Werner & Covenas, 2017). 

Secondary psychiatric disorder models 

Secondary psychiatric disorder models posit that psychoactive substance use 

precipitates a psychiatric disorder in individuals who would otherwise not develop a 

disorder. Given that the etiological hypotheses for schizophrenia are founded on 

observations that psychoactive substances such as amphetamine, lysergic acid 

diethylamide, PCP, ketamine, and cannabis are psychotomimetic, it is not surprising 
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that, albeit still debated, these models describe psychiatric disorders as a product of 

psychoactive substance use. Studies, however, consistently fail to report differences 

between the clinical features of patients with a dual diagnosis and patients with a single 

diagnosis of a psychiatric disorder, making it difficult to understand the contribution of 

their substance use to the development of their psychiatric disorder. Moreover, while 

alcohol use is common in patients with a psychiatric disorder, evidence that it 

precipitates symptoms does not exist. Patients with a latent psychiatric disorder instead 

may be more likely to encounter psychoactive substances and develop a substance use 

disorder. Family studies suggest patients with a substance use disorder who later 

develop a psychiatric disorder and patients with a single diagnosis of a psychiatric 

disorder have stronger family histories of psychiatric disorders than individuals with a 

single diagnosis of substance use disorder (Mueser et al., 1998). Relatedly, the 

commonly investigated diathesis-stress model, or two-hit model, describes a risk for 

developing a psychiatric disorder (i.e., a diathesis) conferred upon individuals by the 

interaction of an environmental stressor (e.g., cannabis use) with a risk vulnerability 

(e.g., a genetic predisposition) (Fowles, 1992). 

Bi-directional models 

Bi-directional models propose a reciprocal interaction between substance use 

and psychiatric disorders, such that each increases the vulnerability for the other. While 

evidence discussed above from genome-wide association studies and epidemiological 

studies of cannabis use and schizophrenia supports these models (see Ferdinand et al., 

2005 and Pasman et al., 2018), further evidentiary support is scarce. Patients have 
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reported that their substance use decreases with symptom decreases, however they 

perceive their substance use as being independent from their symptoms (Pettersen et 

al., 2013).  

The above models may not be mutually exclusive; rather, it is likely that different 

models apply to different individuals and more than one model may apply to any 

individual (Mueser et al., 1998). Implementing the RDoC framework when investigating 

dual diagnoses is appealing given the multi-dimensional nature of these models (Hakak-

Zargar et al., 2022). Toward a unification of these models, the primary addiction 

hypothesis was proposed and is discussed below. 

The primary addiction hypothesis 

The primary addiction hypothesis posits the existence of a ‘reward deficiency 

syndrome’ wherein co-occurring substance use may result from pathological 

dysfunction in corticolimbic reward circuitry of patients with psychiatric disorders, which 

reinforces the rewarding effects of psychoactive substance use while reducing 

executive control over seeking behaviour (Chambers et al., 2001; Green et al., 1999). 

The pathological dysfunction may be driven by genetic risk or early-life environmental 

stressors, leading to dysfunctional corticolimbic circuitry and increased sensitivities to 

the rewarding effects of psychoactive substances, as well as the precipitation of latent 

psychiatric symptoms, which may then lead to continued substance use (Khokhar et al., 

2018). In this manner, the common factor model (e.g., genetic risk) relates to the 

supersensitivity model / diathesis-stress model (e.g., genetic risk plus environmental 

stressor) which results in either of the secondary models or the bi-directional model 
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(e.g., psychiatric disorder precipitates substance use and vice versa). Targeting the 

underlying circuit dysfunction in this ‘reward deficiency syndrome’ may improve clinical 

outcomes for patients with schizophrenia who are actively using psychoactive 

substances, including cannabis (Khokhar et al., 2018). 

Clinical outcomes of cannabis use and schizophrenia 

Evidence regarding the impact of cannabis use on clinical outcomes for patients 

with schizophrenia is mixed, with publications often reporting exacerbated symptoms 

and a worsened clinical course. Regarding the latter, a study using the Swedish 

conscript cohort data found patients with schizophrenia and a history of cannabis use 

had lengthier hospital visits and greater readmission rates, compared to patients who 

did not have a history of cannabis use (Manrique-Garcia et al., 2014). Besides 

increased hospitalization, medication non-compliance also worsens the clinical course 

of schizophrenia and patients with schizophrenia using cannabis have an increased risk 

for medication non-compliance (Foglia et al., 2017). Reduced quality of life and 

worsened psychosocial functioning is also reported for patients using cannabis 

compared to non-users (Bruins et al., 2021). Patients with schizophrenia using cannabis 

also have exacerbated positive symptoms and increased positive symptom relapse 

compared to patients who are not using cannabis, although evidence exists that 

remission rates are sometimes similar between cannabis-using and non-using patients 

(Linszen et al., 1994; Negrete et al., 1986; Scheffler et al., 2021). However, patients 

with schizophrenia only experience improvements in verbal memory and learning after 
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28-day cannabis abstinence, and do not experience a change in positive and negative 

symptoms (measured using the PANSS) (Rabin et al., 2017, 2018). 

Patients with a recent onset of psychotic symptoms who continue to use 

cannabis after also have increased positive symptoms, but not negative symptoms 

(Grech et al., 2005; Helle et al., 2016). Patients with first-episode psychosis using 

cannabis have enhanced delusion severity, enhanced socializing, and no difference in 

cognition, compared to non-users (Pope et al., 2021). Interestingly, patients with first-

episode psychosis using cannabis either have similar or superior cognitive functioning, 

especially with visual memory, compared to patients who are not using cannabis 

(Bogaty et al., 2019; Hájková et al., 2021; Ricci et al., 2021). Enhanced cognitive 

function is reported in other studies of patients with first-episode psychosis using 

cannabis and may represent a subgroup of patients with enhanced resiliency (Bogaty et 

al., 2019; Schnell et al., 2019). In a review of studies comparing clinical outcomes in 

patients with schizophrenia who are using cannabis to patients who are not using 

cannabis, 11 studies reported improved cognitive functions in patients using cannabis 

compared to non-users, whereas five reported no difference between users and non-

users and three reported poorer cognitive functioning. The authors of the review 

attribute these incongruencies to the degree of methodological variance between 

studies (Segev & Lev-Ran, 2012). Taken together, cannabis use in patients with first-

episode psychosis and schizophrenia is associated with exacerbated symptoms, 

namely the positive symptoms, and a worsened clinical course through increased 

hospitalization and medication non-compliance. In some cases, cannabis use is 

associated with enhance socializing and cognitive functioning in patients. A key factor to 
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control for in future studies is the abundance of THC in the cannabis being used by 

patients, as well as the presence of other phytocannabinoids; some of which are also 

psychoactive and are being investigated for possible therapeutic efficacy (Crippa et al., 

2018; Walsh et al., 2020). 

Healthy individuals may choose to use cannabis for the feelings of euphoria and 

relaxation or for a therapeutic benefit. Relevant to schizophrenia, cannabis use by 

healthy individuals may also produce transient periods of psychotic-like symptoms, 

characterized by increased panic, paranoia, mania, and anxiety; these psychotomimetic 

effects are primarily driven by THC (Hollister, 1988). Acute intravenous (i.v.) THC 

(2.5mg and 5mg) administration dose-dependently increases positive- and negative-like 

symptoms in healthy subjects, assessed using the diagnostic Positive and Negative 

Syndrome Scale (PANSS), and these increases return to baseline after 200 minutes 

(D’Souza et al., 2004; Kay et al., 1989). Elevated glutamate levels in the dStr may 

underlie the transient psychotomimetic effects of THC, as acute THC administration 

(1.19mg/2mL, i.v.) in healthy subjects increases glutamate and glutamine metabolites, 

measured using proton magnetic resonance spectroscopy, while lower baseline 

glutamine levels are associated with an increased sensitivity to the psychotomimetic 

effects (Colizzi et al., 2020). Although different administration routes produce different 

effects for the user, the psychotomimetic effects of THC are also not specific to 

intravenous administration (Davidson & Schenk, 1994). In a randomized, double-blind 

cross-over design study, subjects that were administered vapourized THC (8mg) had 

increased positive and cognitive symptom scores on the Psychotomimetic States 

Inventory, increased negative symptoms on the Brief Psychiatric Rating Scale, and 
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impaired verbal and spatial working memory measured using the Prose Recall and 

Spatial N-back tests, respectively (Morgan et al., 2018). Cannabidiol (CBD), another 

psychoactive phytocannabinoid abundant in the cannabis plant which attenuates the 

psychotomimetic effects of THC, was also administered (16mg, vapour) either alone or 

combined with THC and, while CBD alone was not psychotomimetic, co-administration 

of CBD with THC, unexpectedly, had no effect on the THC-induced psychotomimetic 

effects (Colizzi et al., 2020; Englund et al., 2013; Morgan et al., 2010, 2018; Sainz-Cort 

et al., 2021). A possible contributing factor is the historic frequency of cannabis use, 

which was negatively correlated with the reduced antipsychotic efficacy of CBD 

observed in this study (Morgan et al., 2018). 

Historic cannabis use is also associated with reduced subjective and 

psychotomimetic effects of THC, and yet chronic, heavy cannabis users exhibit deficient 

sensory filtering, a hallmark psychotic symptom in patients with schizophrenia (Colizzi et 

al., 2018; D’Souza et al., 2008; Edwards et al., 2009; Freeman et al., 2021). Heavy 

cannabis users and cannabis-naïve controls that underwent testing using the paired-

click paradigm, wherein when two auditory stimuli are presented in succession, showed 

that their brain activity (recorded using EEG) evoked by the second stimulus (S2) is 

reduced (i.e., filtered, or “gated”) by the presentation of the precedent stimulus (S1). 

The ratio of S2:S1, also called the P50 gating ratio, was enhanced in heavy cannabis 

users compared to controls, indicating a deficit in sensory filtering. Heavy cannabis 

users also had reduced neural circuit oscillatory power in the beta (13-29 Hz) and 

gamma (30-50 Hz) frequency ranges, compared to controls, reflecting deficits that are 

commonly reported in patients with schizophrenia as discussed above. Multiple lines of 
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scientific inquiry are converging on evidence that dysfunctional neural circuit oscillatory 

activity is at the crux of the relationship between cannabis use and schizophrenia, 

reflecting the dynamical disconnection posited by Friston’s disconnection hypothesis. In 

a randomized, double-blind, cross-over design study, healthy subjects administered 

THC (0.03 mg/kg, i.v.) had reduced synchrony and a trend for reduced power 

selectively in evoked gamma frequency (40 Hz) oscillations, compared to the low-dose 

(0.015 mg/kg, i.v.) group and placebo controls. Reduced gamma synchrony also 

negatively correlated with increased PANSS scores in these otherwise healthy 

individuals (Cortes-Briones et al., 2015). Human subjects that underwent a similar 

investigation exhibited dose-dependent enhancements in task-evoked neural “noise,” or 

signal randomness, after acute THC (0.015 mg/kg, 0.03 mg/kg, i.v.) administration, 

compared to placebo controls (Cortes-Briones et al., 2015). Recalling non-linear 

dynamical systems theory, complexity is highly non-random; inversely, individuals with 

increased randomness have reduced complexity (Bassett & Sporns, 2017). Thus, acute 

THC exposure is reducing brain signal complexity in otherwise healthy humans, which 

parallels observations of reduced brain signal complexity in patients with schizophrenia 

(Yang et al., 2015). 

Although clinical data provides corroborative evidence for the association 

between cannabis use and schizophrenia commonly reported in epidemiological 

studies, it remains difficult to assign causality because these studies are strictly 

observational. Clinical studies using EEG to detect changes in neural circuit oscillatory 

activity are poised to reveal mechanisms and may hint at targets for further 

investigation. Preclinical research using rodents to model various aspects of cannabis 
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use and schizophrenia remain a primary avenue for experimentation on the 

neurobiological underpinnings of this association, toward revealing causal mechanisms, 

and the results observed in human studies of cannabis users and patients with 

schizophrenia are often reflected in rodent models. 

CANNABIS USE AND SCHIZOPHRENIA: PRECLINICAL MODELLING 

Preclinical modelling of schizophrenia 

Considering the heterogeneity of schizophrenia, a rodent model that singularly 

recapitulates the human condition does not exist. Rather, various manipulations (i.e., 

genetic, pharmacological, and neurodevelopmental) are used to model dysfunctions 

that capture some human pathological features in rodents. Genetic models involve 

mutating genes associated with schizophrenia, such as the disrupted-in-schizophrenia 1 

(DISC1) gene (Jaaro-Peled, 2009; Tomoda et al., 2016). Pharmacological models 

involve administering a compound to modify neurotransmission, such as ketamine or 

PCP (Reynolds & Neill, 2016; Young et al., 2015). Developmental models are created 

by altering rodent early-life developmental trajectories, often via maternal immune 

activation by administering polyriboinosinic:polyribocytidylic acid (the poly I:C model) to 

a pregnant dam (Haddad et al., 2020; Lecca et al., 2019) or via perinatal insult by 

bilateral lesioning of the ventral hippocampi in neonatal rat pups (the neonatal ventral 

hippocampal lesion [NVHL] model) using the excitotoxin ibotenic acid (Brady, 2016; 

Khokhar & Todd, 2018; Tseng et al., 2009). These manipulations produce 

schizophrenia-like behaviours in rodents that reflect the positive (e.g., hyperlocomotion, 
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sensorimotor gating deficits), negative (e.g., social withdrawal), and cognitive symptoms 

(e.g., deficits in spatial and working memory) (Brady, 2016; C. M. Powell & Miyakawa, 

2006). As the pathogenesis of schizophrenia is polygenic and transient pharmacological 

manipulation does not represent the complete dimensionality of the disorder, 

developmental modelling is a valuable preclinical strategy for investigating the 

neurodevelopmental, pathophysiological, and behavioural features related to 

schizophrenia (Brady, 2016; Fromer et al., 2016; C. M. Powell & Miyakawa, 2006; 

Tseng et al., 2009; Wilson & Terry, 2010; Winship et al., 2019). 

Originally developed in the early 1990s by Dr. Barbara Lipska and Dr. Daniel 

Weinberger, the neonatal use of ibotenic acid to model schizophrenia produces, beyond 

the characteristic lesion, a disconnect in the functional integration of forebrain and 

midbrain circuits that manifests as schizophrenia-like behavioural abnormalities in late 

adolescence or early adulthood (Brady, 2016; Tseng et al., 2009). The NVHL rat 

exhibits amphetamine-induced hyperlocomotion (Becker et al., 1999; le Pen et al., 

2000; Lipska et al., 1993; Lipska & Weinberger, 1993), sensorimotor gating deficits 

(Becker et al., 1999; le Pen et al., 2000; Lipska et al., 1993; Lipska & Weinberger, 

1993), which are reversible with typical and atypical antipsychotic treatment (Lipska et 

al., 1994; Tseng et al., 2009), as well as reduced social interaction (Becker et al., 1999) 

and deficits in spatial learning and memory (Chambers et al., 1996; le Pen et al., 2000). 

These deficits are specific to the timing of the perinatal insult, as adult rats with ventral 

hippocampal lesions do not appear with the same behavioural abnormalities (Lipska et 

al., 2002; Swerdlow et al., 2013). Importantly, the strength of the NVHL model as a 

heuristic technique is that it facilitates direct, multi-faceted investigations of underlying 
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mechanisms, which minimizes the risk for bias or error in the translation of results to 

and from clinical investigations of human schizophrenia (Sjoberg, 2017). Reverse 

translating results from clinical studies of cannabis use and schizophrenia by 

administering various cannabinoids to NVHL rats may reveal novel mechanistic insights 

and therapeutic targets to translate into clinical studies. 

Preclinical modelling of cannabis use 

Researchers modeling cannabis use employ various administration routes (i.e., 

injection, oral ingestion, smoke or vapour inhalation) to expose rodents to 

phytocannabinoids including THC or CBD, or synthetic cannabinoids including CB1R 

full agonists CP55,940 and WIN55,212-2. Most preclinical investigations of cannabis 

aim to understand the impact of adolescent exposure on behaviours in adulthood, with 

the results being highly variable. When administered to male Sprague Dawley rats 

during adolescence (between postnatal day [PND]35-65), chronic intraperitoneal (i.p.) 

injections of escalating doses of THC (2.5 mg/kg, 5 mg/kg, 10 mg/kg) produced 

sensorimotor gating deficits, reduced social motivation, and enhanced anxiety-like 

behaviours in adulthood, compared to vehicle-treated controls (Renard et al., 2017). 

Sensorimotor gating deficits in adulthood are also produced with chronic adolescent 

WIN55,212-2 administration (1.2 mg/kg, i.p.), along with deficits in object recognition 

memory (Schneider & Koch, 2003a; Wegener & Koch, 2009). Chronic adolescent 

WIN55,212-2 administration (1.2 mg/kg, i.p.) also reduces social behaviour, produces 

locomotor hyperactivity, and reduces anxiety-like behaviour in adulthood; however, the 

latter two observations contradict studies showing adolescent THC produces locomotor 
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hypoactivity and reduces anxiety-like behaviour in adulthood (Renard et al., 2017; 

Schneider et al., 2008; Wegener & Koch, 2009). Differences in adult locomotor activity 

and anxiety-like behaviour are not observed in male and female Sprague Dawley rats 

chronically administered escalating doses of THC (2.5 mg/kg, 5 mg/kg, 10 mg/kg) 

during adolescence (Rubino et al., 2008). This result is demonstrated again after 

ascending doses of THC (2.5 mg/kg, 5 mg/kg, 10 mg/kg, i.p.) administered during 

adolescence (PND35-45), and after adolescent (PND29-49) cannabis smoke exposure, 

with both not having any affect on anxiety-like behaviour, as well as object recognition 

memory, in adulthood (Bruijnzeel et al., 2019). Interestingly, exposing male Sprague 

Dawley rats to lower escalating doses of THC (0.3 mg/kg, 1 mg/kg, 3 mg/kg, i.p.) during 

adolescence (PND35-45) reduced spatial memory and enhanced spontaneous 

exploration of an open field arena, without producing sensorimotor gating deficits, in 

adulthood. Given the lower dosing regimen selected for this study, the authors caution 

that THC-induced sensorimotor gating deficits may be highly dose-dependent (Poulia et 

al., 2021). Taken together, while adolescent cannabinoid administration certainly alters 

behaviour in adulthood, the magnitude and direction of effect are highly unpredictable, 

which may be due to the age of the adolescent animals when administered, as well as 

the dose or administration route used for the chosen cannabinoid. Future studies may 

benefit from a standardized approach to preclinical investigations using cannabinoids. 

Preclinical studies of cannabinoid administration in adulthood also demonstrate 

inconsistent results that likely relate to the chosen dose or administration route. Adult 

male and female Sprague Dawley rats that were provided access to sucrose water 

bottles with unique flavours corresponding to specific THC doses (0 mg/kg, 0.1 mg/kg, 1 
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mg/kg, 2.5 mg/kg, 5 mg/kg, 7.5 mg/kg, 10 mg/kg), with the doses introduced gradually, 

initially displayed dose-dependent aversions to oral THC, however drinking behaviour 

returned with time. In a parallel cohort, injected THC (0 mg/kg, 0.1 mg/kg, 0.3 mg/kg, 1 

mg/kg, 3 mg/kg, i.p.), with doses also paired to unique flavours of sucrose water, also 

dose-dependently reduced drinking behaviour, however this aversion was subsequently 

sustained and re-exposure to the paired flavour further decreased drinking; thus, dose-

dependent aversion was stronger with injected THC (Barrus et al., 2018). Similarly, 

while exposing male and female adult Long Evans rats to cannabis smoke enhanced 

working memory accuracy selectively in females, a parallel study using injected THC 

(0.0, 0.3, 1.0, 3.0 mg/kg, i.p.) demonstrated that working memory was impaired for all 

rats and at all doses tested (Blaes et al., 2018). Consistencies across administration 

routes are also reported, however, with rats exposed acutely to smoke from either high-

THC/low-CBD cannabis flower (i.e., plant matter) or low-THC/high-CBD cannabis flower 

that were compared to rats receiving injections of THC (3 mg/kg, i.p.). Rats 

administered the THC injections and the high-THC cannabis smoke had impaired 

working memory, while rats administered the low-THC cannabis smoke did not; 

interestingly, neither smoke nor injected THC impacted measures of attention or 

impulsivity (Barnard et al., 2022). Again, while administration of cannabinoids in adult 

rats alters behaviour, the magnitude and direction of effect are highly dependent on the 

chosen dose or administration route. These inconsistencies may be further magnified by 

factors that are meaningful for human studies, including strain (i.e., genetic) differences, 

housing and handling (i.e., environment) differences, as well as innate individual 

differences in cognition and behaviour; factors that are also crucial to consider in 
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preclinical investigations using rodents to model schizophrenia (Peleg-Raibstein et al., 

2013; P. Singer et al., 2013; Uher, 2011).  

Preclinical modelling of cannabis use and schizophrenia 

While preclinical investigations of cannabinoid administration in rodents used to 

model schizophrenia are scarce, some studies using pharmacological and 

developmental models exist. In adult male Wistar rats administered PCP to produce 

schizophrenia-like social withdrawal, THC administration produced a bi-phasic effect 

wherein the low dose of THC (0.1 mg/kg, i.p.) reversed social deficits and the high dose 

of THC (1 mg/kg, i.p.) exacerbated social deficits (Seillier et al., 2020). In adult male 

Lister Hooded rats trained to self-administer WIN55,212-2 (12.5 µk/kg/infusion, i.v.). that 

were subsequently administered PCP to produce schizophrenia-like sensorimotor 

gating deficits, reduced object recognition memory, and reduced social interaction, rats 

that self-administered WIN55,212-2 had attenuated PCP-induced schizophrenia-like 

behaviours, compared to vehicle controls (Spano et al., 2010). These results were 

extended in a follow-up study wherein WIN55,212-2 self-administration attenuated PCP-

induced hyperlocomotion and reduced anxiety-like behaviour, and in parallel cohorts 

wherein WIN55,212-2 was involuntarily administered to rats, indicating that motivation 

was not a factor in the ameliorative effects of WIN55,212-2 (Spano et al., 2010, 2012). 

Chronic CBD treatment (10 mg/kg, i.p.) also has an attenuating effect on schizophrenia-

like behaviours in adult female poly I:C rats (administered 4mg/kg poly I:C [i.v.] on 

gestational day 15), reducing deficits in social interaction and object recognition 

memory. In this study, CBD also inversely affected control rats, reducing social 
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interaction compared to vehicle-treated control rats (Osborne et al., 2019). Given the 

abundance of inconsistent data reported in the preclinical literature on cannabis use and 

schizophrenia, employing highly translational models may reveal novel mechanisms 

that can resolve these inconsistencies and translate into meaningful outcomes for 

clinical studies. Since administering injections does not reflect human use patterns, a 

concerted effort is underway to establish delivery methods reflective of human use, 

such as vapourization (McLaughlin, 2018; J. D. Nguyen et al., 2016; Taffe et al., 2021). 

Vapourization is also a valuable tool for assessing the transient effects of cannabinoids 

due to a rapid onset and offset of effects (Wiley et al., 2021). Inhalation of vapourized 

THC, like smoking, results in rapid increases in plasma THC concentrations, with some 

indications that it produces higher plasma THC levels compared to smoking 

(Grotenhermen, 2003; Spindle et al., 2018). 

Although vaping is becoming a method of choice for recreational cannabis users, 

the effects of vapourized cannabinoids on the brain and behaviour remain relatively 

unexplored, compared with other forms of administration such as smoking or injection. 

While the present focus of the preclinical cannabis vapour literature is on either the 

rewarding and reinforcing properties in adulthood or the outcomes of prenatal exposure, 

evidence exists that adolescent cannabinoid vapour administration produces changes in 

adulthood. Compared to vehicle-treated controls, male and female rats treated 

chronically with vapourized THC (100 mg/ml, twice daily) during adolescence (between 

PND35-39 and again between PND42-46) demonstrate physiological and metabolic 

changes in adulthood; namely, hypothermic tolerance to THC (200 mg/ml) administered 

in adulthood and an increase in the amount of food consumed for males only (J. D. 
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Nguyen et al., 2020). Tolerance to vapourized THC also develops with adulthood 

administration and is both dose- and sex-dependent (J. D. Nguyen et al., 2018). When 

administered in adulthood, female Sprague Dawley rats trained to self-administer 

vapourized cannabis extract with various concentrations of THC (0, 75, 150, 300 mg/ml) 

daily for 30 days demonstrate a dose-dependent reduction in stress-reactivity to post-

administration acute restraint stress, compared to males (Glodosky et al., 2020). Taken 

together, adolescent and cannabinoid vapour exposure sex- and dose-dependently 

alters behaviour, increasing tolerance and decreasing stress-reactivity. Evidence from 

human studies that cannabinoid vapour produces a transient psychotomimetic state 

reminiscent of the symptoms observed in patients with schizophrenia, and that this is 

associated with aberrant corticolimbic neural circuit oscillations, has not yet translated to 

the preclinical literature. 

Preclinical modelling of cannabis use and schizophrenia: involving oscillations 

Neural circuit oscillations are patterns of brain signals that arise from the 

synchronized electrical activity of networked neurons and are primarily mediated by the 

precise control of excitatory glutamatergic signalling by inhibitory GABA interneurons 

(Moran & Hong, 2011; Skosnik et al., 2016). Oscillatory activity is typically measured as 

large-scale cortical activity using scalp EEG in humans and as local field potentials 

(LFPs) using surgically implanted recording electrodes in rodents. Synchronized 

oscillatory activity represents the coordinated activity of neuronal ensembles distributed 

within and between various brain regions that span a functional network (Engel & 

Singer, 2001; W. Singer, 1999; Tallon-Baudry, 2003; Varela et al., 2001). Oscillatory 
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frequencies thus correspond to specific cognitive functions and are simplified as follows: 

delta oscillations (0.5-4 Hz) are associated with signal detection and decision making; 

theta oscillations (4-8 Hz) are associated with episodic memory and memory retrieval; 

alpha oscillations (8-12 Hz) are associated with semantic memory and attention; beta 

oscillations (12-30 Hz) are associated with motor control as well as attention, and 

sensory filtering; gamma oscillations (30-100 Hz) are associated with attention, 

sensation, perception, memory, and conscious awareness (Bates et al., 2009; Haig et 

al., 2000; Koenig et al., 2001; Picton et al., 2003; Uhlhaas et al., 2006). As neural circuit 

oscillations correlate with different cognitive states, aberrant oscillatory activity is often 

associated with alterations in behaviour and cognition, including those resulting from 

cannabinoid exposure or schizophrenia.  

The reduced oscillatory power exhibited by patients with schizophrenia is 

associated with aberrant cognitive control, perceptual abnormalities, working memory 

deficits, and is also evident in preclinical models of schizophrenia (Cho et al., 2006; 

Haenschel et al., 2009; Ruggiero et al., 2017; Uhlhaas et al., 2006). Compared to sham-

surgery controls, lesioned (NVHL) rats have reduced delta, theta, and beta oscillatory 

power in the dorsal HIP which is associated with cognitive control deficits in an active 

avoidance task (Lee et al., 2012). Reduced theta (4-7.5 Hz) power is also apparent in 

the medial prefrontal cortex (mPFC) of anaesthetized adult male Wistar rats 

administered PCP (Young et al., 2015). In Male Lister Hooded rats administered PCP 

as neonates (PND7, PND9, or PND11) and implanted with recording electrodes 

targeting the ventral HIP (vHIP) and mPFC, and a stimulating electrode targeting the 

reticular formation as adults (PND56-80), rats administered PCP had reduced evoked 
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vHIP theta (4-8 Hz) power, compared to saline-treated controls, with intact evoked 

mPFC gamma (20-60 Hz) power for all rats (Kjaerby et al., 2017).  

Cannabinoid administration produces similar aberrations in neural circuit 

oscillatory activity. In male Sprague Dawley rats, administrating escalating doses of 

THC (2.5 mg/kg, 5 mg/kg, 10 mg/kg, i.p.) during adolescence produced in adulthood an 

enhancement of PFC high gamma (61–80 Hz) power during periods of resting-state 

desynchronization (Renard et al., 2017). Administering CP55,940 (0.1 mg/kg, i.v.) to 

adult, anaesthetised male Sprague Dawley rats reduced theta (5-10 Hz) oscillations in 

the HIP and entorhinal cortex (EC), and in awake, freely moving rats CP55,940 (0.3 

mg/kg, i.p.) reduced HIP theta and gamma (30-90 Hz) power, and gamma power in the 

EC (Hajós et al., 2008). In adult anesthetized rats undergoing the paired-click paradigm, 

CP-55940 (0.3 mg/kg, i.v.) reduced both theta (4-7 Hz) and gamma (30-80 Hz) power of 

auditory-evoked LFPs recorded from the HIP and EC, compared to vehicle-treated 

controls, and these changes were associated with disrupted P50 gating ratios. Similar 

results were produced in a parallel study in humans that were administered either 

placebo, THC (0.035 mg/kg, i.v.), CBD (5 mg, i.v.), or THC + CBD (0.035 mg/kg [THC] 

and 5 mg [CBD], i.v.) and underwent the paired-click paradigm with auditory-evoked 

potentials measured using EEG; compared to placebo controls, subjects that were 

administered THC and THC + CBD had disrupted P50 gating ratios that negatively 

correlated with reduced evoked cortical theta (4-7 Hz) power (Skosnik et al., 2018).. 

Given the overlapping reports of altered oscillatory patterns, especially theta and 

gamma power, from studies of rodents used to model schizophrenia or investigate 
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cannabinoid exposure, studying how cannabinoid administration alters neural circuit 

oscillatory activity in rodents used to model schizophrenia is of interest. While there is a 

dearth of published studies, administering THC (1 mg/kg, i.p.) to adult male Sprague 

Dawley rats previously administered PCP did not alter neural circuit oscillatory activity in 

the mPFC or vHIP; moreover, differences in schizophrenia-like neural circuit oscillatory 

activity were not evident in the mPFC or vHIP between rats administered PCP and 

controls. Administration of THC did, however, enhance delta (0.3-4 Hz) coherence (i.e., 

synchrony) between the vHIP and mPFC (Aguilar et al., 2016). Additional investigations 

are required to fully characterize the extent to which neural circuit oscillations are 

altered in preclinical models of co-occurring cannabis use and schizophrenia. 

RATIONALE  

As most patients with schizophrenia use cannabis, which can lead to worsened 

clinical outcomes, and access to legal recreational cannabis is increasing globally, there 

is an urgent, unmet need for alternative approaches to the clinical management of 

cannabis use and schizophrenia, informed by fundamental research aimed at exploring 

causal mechanisms. Aligned with the RDoC framework, contextualizing the spectrum of 

dysfunctions in fundamental neurobiological systems related to schizophrenia, such as 

the disrupted functional integrations posited by the disconnection hypothesis and 

evidenced by clinical and preclinical studies of aberrant neural circuit oscillations, may 

reveal novel mechanisms, biomarkers, or therapeutic targets. In clinical studies, 

aberrant neural circuit oscillations in patients with schizophrenia are emerging as 

meaningful, mechanistic targets for biomarker identification and the development of 
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novel therapeutics. Understanding how cannabinoid exposure modifies biomarkers and 

therapeutic targets for schizophrenia is crucial given the high rates of use by patients.  

This thesis aims to extend preclinical evidence in support of aberrant corticolimbic 

neural circuit oscillatory activity as an integral mechanism linking cannabis use and 

schizophrenia, and to provide additional data on the relative influence of different 

phytocannabinoid quantities, using a highly translational preclinical model of cannabis 

use and schizophrenia. By using a highly translational preclinical model of cannabis use 

and schizophrenia, the investigations herein may provide clinically meaningful insights 

on how oscillatory biomarkers are produced or modified by cannabinoid exposure and 

may provide additional support for hypotheses linking cannabis use and schizophrenia.  

Hypothesis 

Measures of corticolimbic neural circuit oscillations and associated cognitive 

functions are differentially modifiable by exposure to phytocannabinoids with the 

magnitude and direction of effect being dependent on the relative abundance of 

phytocannabinoids, as well as the absence or presence of a schizophrenia-like 

pathophysiological state. 
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Aims and Objectives 

1. Investigate whether exposing experimentally naïve rats to vapourized THC, 

either in isolation or naturally occurring with other phytocannabinoids, produces 

schizophrenia-like changes in corticolimbic oscillatory activity and behaviour 

• These results will establish the contribution of THC and other phytocannabinoids to 

the electrophysiological and behavioural outcomes of cannabis use that relate to 

schizophrenia. 

2. Investigate whether exposure to phytocannabinoids at different relative ratios 

produces distinct schizophrenia-like changes in corticolimbic oscillatory activity 

and behaviour 

• These results will determine whether the effects produced by phytocannabinoids on 

electrophysiological and behavioural outcomes are similar between otherwise 

healthy animals and animals with a schizophrenia-related pathophysiology. 
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CHAPTER 2 

CANNABINOID VAPOUR SUPPRESSES CORTICOLIMBIC 

OSCILLATIONS AND SELECTIVELY ALTERS 

SENSORIMOTOR GATING 
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Abstract 

Over 14% of Canadians use cannabis, with nearly 60% of these individuals 

reporting daily or weekly use. Cannabis vapour inhalation is gaining popularity but the 

mechanistic effects of this exposure on neural circuit oscillatory activity and associated 

cognitive functions remain unknown. In this chapter, we assessed the impact of acute 

cannabinoid vapour exposure on corticolimbic oscillatory measures and sensorimotor 

gating in rats. In a one-week cross-over design study, adult male Sprague Dawley rats 

implanted with recording electrodes targeting the dStr, OFC, and PFC were 

administered either vehicle or isolated THC vapour using a Volcano® vapourizer and 

LFP recordings were acquired as rats freely explored a plexiglass chamber. Compared 

to vehicle-treated controls, rats exposed to THC vapour had reduced gamma (32-100 

Hz) power in the dStr, OFC, and PFC that lasted seven days after exposure; persisting 

decreases in dStr-PFC and OFC-PFC gamma coherence were also detected. Thus, a 

single exposure to vapourized THC suppressed corticolimbic gamma power and 

coherence for at least one week. To associate the THC-induced reductions in gamma 

power and coherence with clinically relevant changes in sensory filtering, a second 

cohort of rats was used to assess the impact of high-THC cannabis flower vapour 

exposure on prepulse inhibition (PPI) of the acoustic startle response. In a within-

subject design study, adult male Sprague Dawley rats were assessed at baseline for 

PPI before administration of high-THC cannabis flower vapour seven days later using a 

Volcano® vapourizer. High-THC cannabis flower vapour dose-dependently disrupted 

sensorimotor gating selectively for rats with high baseline PPI. Together with evidence 
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that aberrant gamma oscillatory activity is associated with schizophrenia-like disruptions 

in sensory filtering, these findings may reflect a mechanism by which THC exerts 

psychotomimetic effects; however, the effects are highly dependent on the type and 

dose of cannabinoid, as well as baseline differences in cognition. Reduced gamma 

oscillations may also be a biomarker for the psychotomimetic effects of cannabis when 

cognitive disruptions are not evident. 

Introduction 

In 2019, the World Health Organization (WHO) reported an estimated 2.5% of the 

global population uses cannabis (Alcohol, Drugs and Addictive Behaviours, 2022). In 

Canada, national census data revealed that 14% of individuals aged 15 years and older 

used cannabis in the third quarter of 2018, and the Canadian Centre for Substance 

Abuse reported that nearly 30% of youth in grades seven to twelve (approximately 12 to 

18 years of age) reported consuming cannabis in the past 12 months (Cannabis Use, 

Harms and Perceived Risks among Canadian Students (Technical Report) | Canadian 

Centre on Substance Use and Addiction, 2019; The Daily — National Cannabis Survey, 

First Quarter 2018, 2018). Considering the high prevalence of cannabis use and the 

ongoing legalization of recreational cannabis world-wide, research investigating the 

effects of cannabis on the brain and behaviour is needed. Another emerging trend is an 

increase in the use of alternative administration routes, such as cannabis vapourization. 

The Monitoring the Future survey reported in 2019 that the frequency of vaping 

cannabis in high school students increased by 50-60% since it was first measured in 

2017 (Hamilton et al., 2019). The effects of cannabis vary greatly depending 
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on the administration route and the frequency of use, as well as the relative 

concentration of phytocannabinoids such as THC and CBD (Davidson & Schenk, 1994; 

Feeney, 1976). Greater amounts of THC in cannabis often produce psychotomimetic 

effects including paranoia and anxiety, and prolonged use during adolescence may lead 

to an increased risk for being diagnosed with schizophrenia (Colizzi et al., 2018; Morgan 

et al., 2018; Sharma et al., 2012). 

Clinical and preclinical studies report altered neural circuit oscillations after 

exposure to phytocannabinoids or synthetic cannabinoids, including reduced of theta (4-

12 Hz) and gamma (30-90 Hz) oscillatory power and coherence in cortical and limbic 

brain regions, suggesting this is a possible mechanism for the psychotomimetic effects 

of cannabis due to similar findings in patients with schizophrenia (Cortes-Briones et al., 

2015; Hajós et al., 2008; Robbe et al., 2006; Spencer et al., 2003). However, human 

studies often recruit subjects with prior, albeit minimal, cannabis use, making it difficult 

to assess the acute impacts of cannabinoid exposure in cannabis-naïve individuals 

(D’Souza et al., 2004; Morgan et al., 2018). Furthermore, the responsiveness of 

individuals to THC, including the appearance of psychotomimetic effects, varies greatly 

depending on genetics, age, sex, socioeconomic status, and education, amongst other 

environmental factors (Bassir Nia et al., 2018; Bergen et al., 2008; de Hert et al., 2011; 

Khokhar et al., 2018; J. O. Lee et al., 2015; Legleye et al., 2012). These confounding 

factors make it difficult to assess the mechanistic effects of cannabinoids on brain 

circuitry and cognition in human subjects.  
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To investigate the effects of acute cannabinoid vapour exposure on neural circuit 

oscillatory activity and cognition in cannabis-naïve animals, we employed an 

established rodent model of cannabinoid vapour exposure across two studies to 

measure 1) corticolimbic LFPs after isolated THC vapour exposure and 2) sensorimotor 

gating after high-THC cannabis flower vapour exposure (Churchwell et al., 2010; 

Hazekamp et al., 2006; L. Manwell et al., 2014; L. A. Manwell et al., 2014). In the first 

study, we targeted the dStr, PFC, and OFC for in vivo LFP recordings because these 

regions are often implicated in the cognitive and psychotomimetic effects of THC. 

Specifically, cannabis alters decision-making, attention, and memory, which are 

cognitive tasks involving the OFC and PFC, and THC produces aberrant neural circuit 

oscillatory activity in these regions that are also often associated with its 

psychotomimetic effects (Blaes et al., 2018; Churchwell et al., 2010; Cortes-Briones et 

al., 2015; D’Souza et al., 2004; Grant et al., 2012). The dStr was targeted because it is 

involved in the rewarding and addiction liable effects of cannabis use and is functionally 

connected to both the PFC and OFC (Bloomfield et al., 2016; Goodman & Packard, 

2015; McCutcheon et al., 2019; Zhou et al., 2018). In the second study, we used two 

high-THC cannabis flower strains with varying amounts of THC to evaluate clinically 

meaningful dose-dependent effects, and we assessed sensorimotor gating by 

measuring PPI of the acoustic startle response because aberrant neural circuit 

oscillatory activity in our target brain regions is associated with sensory filtering 

disruptions in both clinical and preclinical investigations of cannabis use, as well as 

schizophrenia (Edwards et al., 2009; Skosnik et al., 2018). We hypothesize that acute 
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cannabinoid vapour exposure reduces corticolimbic neural circuit oscillatory power and 

coherence and this is associated with dose-dependent deficits in sensory filtering. 

Materials and Methods 

Animals 

Adult male Sprague Dawley rats weighing between 350 – 400 grams at the start 

of the experiments were used. Rats were housed in polyethylene cages in a colony 

room maintained on a 12-hour light:dark cycle with ad libitum access to food and water. 

Rats were handled for two minutes daily for five days before the start of experiments to 

habituate them to the experimental manipulations. All treatments were performed during 

the dark phase of the 12-hour reverse light:dark cycle. All procedures complied with the 

guidelines described in the Guide to the Care and Use of Experimental Animals 

(Canadian Council on Animal Care, 1993) and the Animal Care Committee at the 

University of Guelph.  

Electrode implantation surgeries 

In the first study, eight adult (PND60) rats were anesthetized with isoflurane, 

administered the analgesic carprofen (5 mg/kg, subcutaneous [s.c.] injection) and 

secured in a stereotaxic frame. Body temperature was maintained at 37 °C with a 

warming pad. Electrodes were implanted bilaterally into the dStr (AP: +1.9, ML: ±2.6, 

DV: -4.4), OFC (AP: +3.2, ML: ±2.6, DV: -5.5), and PFC (AP: +3.2, ML: ±0.6, DV: -

3.8), and grounded by attaching with silver paint a reference wire to a screw fixed into 

the skull below lambda. Additional anchor screws were attached to the skull and 
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electrodes secured with dental cement to the anchor screws. The animals received an 

additional injection of carprofen 24- and 48-hours following surgery and 

recovered individually in their home cage for a minimum of seven days before the 

recordings were performed. Electrode placement was validated post-mortem with 40-

micron brain slices stained using cresyl violet.  

Vapourized cannabinoid administration 

In the first study, effects of vapourized THC on corticolimbic neural circuit 

oscillatory activity was evaluated using a cross-over design as has previously been 

performed in human subjects (Morgan et al., 2018). Rats were randomized to two 

groups (N = 4/group), receiving either vehicle (1:1:18 TWEEN-80:ethanol:saline; VEH) 

or vapourized THC in the first session. After a seven-day washout period, rats that 

initially received THC were administered vehicle, and rats that initially received vehicle 

received THC (Figure 1 A). Rats were administered THC or vehicle vapour individually 

and LFP recordings were collected for 30 minutes beginning 10 minutes post-

administration. In the second study, effects of vapourized high-THC cannabis flower on 

sensorimotor gating (i.e., PPI) was evaluated using a within-subject design (Figure 1 B). 

Rats (N = 24) underwent baseline PPI testing before being administered cannabis 

vapour seven days later. Rats were administered cannabis flower vapour in groups of 

four and testing for PPI began 10 minutes post-administration. In both studies, a 

Volcano® vapourizer (Storz and Bickel, GmbH and Co., Tuttlingen, Germany) was used 

as described previously (Hazekamp et al., 2006; L. Manwell et al., 2014; L. A. Manwell 

et al., 2014): THC in vehicle suspension (10 mg/pad; 250µL of 40mg/mL solution for two 
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rats) or cannabis flower vapour (Summer Fling strain with 8%–18% THC and 0% CBD 

from Aurora Cannabis for the “THC-10” group; Wedding Mint strain with 25%-30% THC 

and 0% CBD from Truro Cannabis for the “THC-25” group) was vapourized at 

approximately 226 °C. In the first study, THC vapour was channeled into detachable 

plastic bags (with a total volume of approximately 25L) and bags were manually 

constricted to expel the vapour into an enclosed Plexiglas chamber (with approximate 

dimensions of 15 × 10 × 15 cm3) using a small port in one face of the chamber. In the 

second study, cannabis flower vapour was channeled through a plastic tube connected 

to a port in the top of an enclosed plastic chamber (approximate dimensions 45 × 45 × 

30 cm3) segmented into four quadrants, with each quadrant housing a single rat.  

Local field potential recordings 

In the first study, all LFPs were acquired using a wireless electrophysiology 

recording system (W2100, Multichannel Systems) and were performed in awake, freely 

moving animals. Data were recorded for 30 minutes and sampled at a rate of 1000 

samples/second. The spectral power of LFP oscillations and coherence was analyzed 

using routines from the Chronux software package for MATLAB. LFP data were 

segmented, detrended, and low-pass filtered to remove frequencies greater than 100 

Hz. Continuous multitaper spectral power (tapers = [5 9]) for each region was calculated 

for each segment in the following frequency bands: delta (1–4 Hz), theta (>4–12 Hz), 

beta (>12–32 Hz), slow gamma (>32–60 Hz), and fast gamma (>60–100 Hz). The LFP 

spectral power from each group was normalized to the respective total spectral power 

for each rat within each treatment.  
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Prepulse inhibition of the acoustic startle response 

In the second study, acoustic startle response testing was completed as previously 

described (Azzopardi et al., 2013). Animals were habituated to the restraint tubes, 

startle chambers, and background white noise (70 dB) for two five-minute sessions 

before testing began. Each test session started with a five-minute acclimation period 

during which only the background white noise was presented; after, three trial blocks 

were presented. Block one and block three assessed habituation across the testing 

protocol and consisted of five trials, wherein for each trial a startle-eliciting stimulus (120 

dB auditory tone) was sounded, and the rat startle reflex response was measured using 

a piezoelectric platform beneath the animal. Block two assessed PPI and comprised five 

different trial conditions: 1) null trial (i.e., no stimulus presented), 2) startle-only trial (i.e., 

the startle-eliciting 120 dB tone), 3) 73 dB prepulse + startle trial (i.e., the 120 dB tone 

preceded by a 73 dB prepulse), 4) 76 dB prepulse + startle trial, and 5) a 82 dB 

prepulse + startle trial. All trials were presented 10 times in pseudorandom order. A 

variable inter-trial interval of between 5 and 15 seconds was used throughout testing. 

The following formula was used to calculate PPI: 

PPI = 100 − [(
𝜌𝜌𝑥

𝜌𝐴
) × 100%] 

Where 𝜌𝜌𝑥 = prepulse + startle responses 

    𝜌𝐴 = startle-only responses 
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Figure 1. Experimental design for Chapter 2 studies. A. In the first study, a one-week, cross-over design 
was used to compare within- and between-subject effects of acute THC vapour exposure to vehicle-
treated controls on corticolimbic LFPs. B. In the second study, a within-subject design was used to 
compare baseline and post-treatment PPI after acute high-THC (THC-10 or THC-25) cannabis flower 
vapour exposure. 

Data Analysis 

Quantification of LFP power and coherence data at each frequency, as well as 

measures of PPI (%), are reported as the mean ± SEM. In the first study, comparisons 

were performed to evaluate between- or within-subject changes in LFPs after THC or 

VEH treatment using a Student’s t-test or paired t-tests, respectively. In the second 

A 

B 
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study, comparisons were performed to evaluate within-subject changes between 

baseline and post-vapour PPI with multiple prepulse intensities using a repeated-

measures analysis of variance. Computations were performed using the SPSS/PC+ 

statistical software package for the first study and Jeffrey’s Amazing Statistics Program 

(JASP) for the second study. 

Results 

Vapourized THC lastingly reduces corticolimbic gamma oscillatory power 

In the first study, exposure to vapourized THC reduced gamma oscillation 

amplitudes in the dStr, the OFC and the PFC, compared to vehicle (Figure 2A). Acute 

THC vapour exposure also reduced gamma power in all three brain regions (Figure 2B-

D). Quantification of the power spectra demonstrated an approximate 35% decrease in 

low gamma (>32-60 Hz) power in the dStr and OFC (Figure 2E and F) with a 22% 

decrease in the PFC (Figure 2G). Similarly, a 40% to 50% reduction in high gamma 

(>60-100 Hz) power following THC vapour exposure was observed in each of 

the three brain regions (Figure 2B-G). A cross-over order effect on spectral power at 

each frequency was not observed between the two groups exposed to THC vapour, in 

that the group that was exposed to THC vapour in week one was not different from the 

group that was exposed to THC vapour in week three (Figure 2E-G). However, unlike 

the two groups exposed to THC vapour, a cross-over order effect was evident in rats 

that were exposed to THC vapour in week one and VEH in week three, indicative of a 

lasting effect of THC vapour on gamma oscillations (Figure 2H-J). One week after THC 
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vapour exposure, only dStr high gamma deficits appeared to normalize (Figure 2H), 

whereas significant increases in gamma power were not observed in any of the other 

regions (Figure 2I and J).  

 

 

Figure 2. THC vapour suppresses corticostriatal gamma power. A. Representative gamma frequency 
tracing from dStr showing reduced amplitude following THC exposure. B-D. Power spectral density (PSD) 
curves for LFPs from dStr, OFC and PFC showing reduced gamma power following THC administration 
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(blue and red lines, W1 = Week 1 THC, W2 = Week 2 THC) compared to VEH-treated animals (black 
line). E-G. Quantification (mean ± SEM) of low and high gamma power for each treatment in all three 
regions. (n=8; *p<0.05, ** p<0.01, *** p<0.001, between-subject comparison to vehicle-treated group in 
week one [students t-test], #p<0.05, ##p<0.01 within subject comparison to baseline (vehicle) treatment 
[paired t-test]). H-J. Within subject comparison showing the long-lasting effects (7 days) of THC on 
suppression of gamma power. Normalization of high gamma power was observed in the dStr only (** 
p<0.01) compared to THC administration (paired t-test). 

Vapourized THC reduces corticolimbic theta and gamma coherence 

Due to the cross-over order effect observed, oscillatory coherence between brain 

regions was evaluated within-subjects for those animals that received VEH in week one 

and THC in week three. Vapourized THC did not affect dStr-OFC coherence (Figure 3A 

and B) and selectively reduced dStr-PFC high-gamma coherence (Figure 3C and D) 

and OFC-PFC theta and low-gamma coherence (Figure 3E and F). Like observations of 

reduced spectral power, THC-induced differences in oscillatory coherence occurred 

predominantly within the gamma frequency range. 
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Figure 3. THC vapour suppresses corticostriatal gamma coherence. A-B. Coherence curves and 
quantification (mean ± SEM) showing no effects of THC (blue or black) on dStr-OFC coherence (mean ± 
SEM) compared to VEH (grey or white). C-D. THC administration reduced dStr-PFC coherence 
selectively in the high gamma range compared to baseline (vehicle) treatment. E-F. Reduced OFC-PFC 
theta and gamma coherence was observed following THC treatment (n=4 with bilateral electrodes; 
*p<0.05, ** p<0.01). 
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Vapourized high-THC cannabis flower dose-dependently disrupts PPI 

In the second study, rats exposed to ~10% THC (i.e., the THC-10 group) via the 

Summer Fling cannabis flower vapour had post-vapour PPI values that were not 

statistically different from baseline PPI values (F[1,14] = 1.835, p = 0.197, ηp
2 = 0.116). 

Given evidence that rats demonstrate individual differences in baseline PPI, baseline 

data was separated into tertiles, and differences between the lower (i.e., low PPI rats) 

and upper (i.e., high PPI rats) tertile rats were statistically different (F[1,14] = 11.970, p 

= 0.004, ηp
2 = 0.461; Figure 4A; (Feifel, 1999; Oral & Göktalay, 2021). Differences in the 

THC-10 group between baseline and post-vapour PPI were not statistically significant 

for either low PPI (F[1,7] = 0.114, p = 0.746, ηp
2 = 0.016) or high PPI (F[1,7] = 2.931, p = 

0.131, ηp
2 = 0.295) rats (Figure 4A). In rats exposed to ~25% THC (i.e., the THC-25 

group) via the Wedding Mint cannabis flower vapour, low- and high-PPI baseline values 

were statistically different (F[1,22] = 55.956, p < 0.001, ηp
2 = 0.718; Figure 4B). 

Compared to baseline %PPI, exposure to the ~25% high-THC cannabis flower vapour 

reduced PPI in high-PPI rats (F[1,14] = 10.232, p = 0.015, ηp
2 = 0.594; Figure 4B). High-

THC cannabis flower vapour did not reduce PPI for low-PPI rats (F[1,14] = 0.322, p = 

0.588, ηp
2 = 0.044; Figure 4B). 
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Figure 4. Cannabis vapour dose-dependently disrupts %PPI in high-PPI rats. A. The THC-10 cannabis 
vapour exposure group did not display altered PPI for either high- or low-PPI rats, which exhibited 
differences in baseline PPI (p = 0.004) B. The THC-25 cannabis vapour exposure group displayed 
reduced PPI selectively in high-PPI rats (p = 0.015), reducing significant differences exhibited in baseline 
PPI between low- and high-PPI rats (p < 0.001). * = p < 0.05. 

THC-10 

THC-25 
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Discussion 

The results of our first study demonstrate that acute THC vapour exposure in rats 

reduces gamma power in the dStr, OFC, and PFC and gamma coherence between 

OFC-PFC and dStr-PFC. Interestingly, the THC-induced decreases in gamma power 

lasted for at least one week after exposure. The results of our second study 

demonstrate that acute high-THC cannabis vapour exposure dose-dependently disrupts 

PPI, and selectively for rats with high-PPI baseline values. Taken together, while 

isolated THC vapour lastingly reduces corticolimbic gamma oscillations, exposure to a 

similar amount of THC from vapourized cannabis flower does not disrupt sensory 

filtering. It was only after administering cannabis containing a higher dose of THC that 

PPI was disrupted, and only for the group that already had high-PPI baseline values. 

The selective effect of high-THC cannabis vapour on high-PPI rats provides additional 

evidence of existing deficits or vulnerabilities influencing outcomes related to cannabis 

use. Concerningly, the use of isolated THC in preclinical and clinical investigations of 

cannabis use, while important to precipitate an effect and understand cannabinoid 

pharmacology, may only partially reflect the whole-plant effects of cannabis. 

 

Reduced gamma power and coherence in this study corroborates results from 

other studies in rodents and humans. Acute CP55,940 administration reduces HIP theta 

and gamma power and coherence in rats and acute THC administration reduces cortical 

theta power in humans; both of which are associated with disrupted sensory filtering 

(Skosnik et al., 2018). Reduced gamma power and coherence after THC administration 
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is also associated with increased scores on the PANSS in humans (Cortes-Briones et 

al., 2015). Previously, psychotomimetic behaviours have been associated with a 

dysfunctional gamma signal: 1) directly, as recorded in patients with schizophrenia 

compared to healthy controls (Cohen et al., 2008; Spencer et al., 2003) and 2) 

indirectly, through shared behavioural manifestations such as sensory filtering 

deficits in heavy cannabis users (Edwards et al., 2009) and in patients with 

schizophrenia (Hajós et al., 2008). Thus, gamma hypofunction arising from acute THC 

exposure may explain some of the psychotomimetic effects of THC and provide a 

potential mechanistic commonality between acute negative consequences of cannabis 

use (especially high THC dose variants) and schizophrenia phenotypes. Subsequent 

studies will be designed to explore this relationship and to determine whether gamma 

hypofunction contributes causally to the psychotomimetic effects of cannabis. 

 

Neural circuit oscillations result from competing precise inhibitory control over 

excitatory signaling (Atallah & Scanziani, 2009), with an association between GABA 

concentrations and gamma activity (Duncan et al., 2014). Gamma activity is also 

associated with glutamate neurotransmitter concentrations, including in the lateral 

occipital cortex and the anterior cingulate cortex (Schmaal et al., 2012; Walter et al., 

2009). Similarly, HIP glutamate activity is predictive of PFC theta activity (Gallinat et al., 

2006). Recent studies have revealed that glutamate levels in the striatum decrease after 

exposure to THC and relate to its psychotomimetic effects (Colizzi et al., 2019). 

Combined with the results of our study, it is plausible that corticostriatal gamma 

hypofunction resulting from acute cannabinoid exposure could possibly be a product of 
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changes in glutamatergic signalling; future studies combining LFP recordings with 

microdialysis or using magnetic resonance spectroscopy (see McCunn et al., 2022) will 

help to characterize the relationship between glutamatergic and GABAergic signalling 

with the gamma hypofunction and psychotomimetic effects produced by vapourized 

cannabinoid exposure.  

The cross-over effect observed in our study indicates that the THC-induced 

gamma suppression may last at least up to one week after a single exposure to THC 

vapour in otherwise naïve animals, and lasting disruptions of  gamma oscillatory 

activity are also observed in chronic cannabis users (Skosnik et al., 2014). These 

findings provide important considerations for designing cross-over studies with THC in 

animals and in humans to ensure sufficient wash-out durations. One important caveat in 

attributing the source of these oscillations to the anatomical targets of electrodes is that 

there are known limitations in localizing the source of the LFP signal (Bastos & 

Schoffelen, 2016; Carmichael et al., 2017), which is mitigated by the consistent effects 

seen across the anatomical targets of the electrodes. Taken together, these studies 

indicate that acute exposure to vapourized cannabinoids in naïve animals can produce 

lasting changes in brain circuit dynamics that relate to disruptions in sensory filtering 

and the overlap between these signatures and those observed in patients with 

schizophrenia may provide a potential mechanism for the psychotomimetic effects of 

THC.   
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CHAPTER 3  

CANNABIS VAPOUR SUPPRESSES CORTICOLIMBIC 

OSCILLATIONS WITHOUT ALTERING BEHAVIOUR IN RATS 

USED TO MODEL SCHIZOPHRENIA 
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Exploring the Differential Impact of Cannabis Constituents. Schizophr Bull Open. 
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Abstract 

Cannabis use is highly prevalent in patients with schizophrenia and worsens the 

course of the disorder. To understand the extent to which different cannabis vapour 

exposures modulate aberrant neural circuit oscillations and sensory filtering deficits in 

schizophrenia, we exposed NVHL rats and sham-surgery controls to two vapourized 

cannabis flower strains and through two studies measured changes in corticolimbic 

neural circuit oscillatory activity and sensorimotor gating. To create the NVHL model of 

schizophrenia and surgery controls, male Sprague Dawley rats underwent lesion or 

sham surgeries on PND7. In the first of two, two-week cross-over design studies, adult 

NVHL and control rats were implanted with recording electrodes targeting the Cg, the 

prelimbic cortex (PrLC), the HIP, and the NAc. LFP recordings were obtained after rats 

were administered either a high-THC/low-CBD cannabis vapour or a low-THC/high-CBD 

cannabis vapour. Compared to controls, NVHL rats had reduced baseline gamma 

power in the Cg, HIP, and NAc, and reduced HIP-Cg high-gamma coherence. The 

THC-only vapour exposure broadly suppressed high-frequency oscillatory power, even 

beyond the baseline deficits observed in NHVL rats. The Balanced THC:CBD vapour, 

however, selectively suppressed oscillatory power in NVHL rats and in some instances 

enhanced power. For NVHL rats, THC-only vapour reduced HIP-NAc high-gamma 

coherence and both exposures enhanced cortical delta coherence above Sham 

baseline. Further, NHVL rats demonstrated a 20 ms delay in HIP theta to high-gamma 

phase coupling, which was not apparent in the PrLC and NAc after both exposures. To 

associate changes in neural circuit oscillatory activity with deficits in sensory filtering, a 
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second two-week cross-over design study was performed wherein NVHL rats and 

sham-surgery controls were exposed to the same cannabis flower vapour used in the 

first study, and PPI was measured at baseline and after vapour exposure. Compared to 

controls, NVHL rats had reduced PPI at baseline; unexpectedly, PPI was not disrupted 

by either of the cannabis vapour exposures for all rats. In conclusion, cannabis flower 

vapour exposure has differential effects on oscillatory activity in NVHL rats compared to 

controls that may result from the relative abundance of phytocannabinoids in the 

cannabis plant, and while vapour exposure disrupted oscillatory activity, sensorimotor 

gating disruptions were not apparent. 

Introduction 

Lifetime rates of cannabis use and cannabis use disorder in patients with 

schizophrenia are reported to be as high as 80% and 50%, respectively (Volkow, 2009). 

Concerningly, this use is associated with worsened clinical outcomes for patients 

through symptom exacerbation and relapse, medication non-compliance, and increased 

hospitalization (Drake & Brunette, 1998; Foti et al., 2010; Volkow, 2009); however, 

patients also report positive outcomes including enhanced socializing and reduced 

anxiety (Buadze et al., 2010; Dekker et al., 2009; Khantzian, 1997). The varying 

outcomes of cannabis use for patients with schizophrenia may reflect different methods 

of use or the phytochemical diversity of the cannabis plant (D’Souza et al., 2009; 

Spindle et al., 2018; Wall et al., 2019). With over 113 cannabinoids in the cannabis 

plant, their relative composition dictates the effects produced (Amin & Ali, 2019).  
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Scientific investigation has mainly focused on two cannabinoids due to their 

abundance in the plant and relevance for biomedical research: THC, the main 

psychoactive constituent that binds CB1R to produce the rewarding and 

psychotomimetic effects (Amin & Ali, 2019; Gaoni & Mechoulam, 1964; Howlett et al., 

2002b), and CBD, which has some psychoactive effects but does not produce the 

psychotomimetic effects seen with THC (de Gregorio et al., 2019; Schier et al., 2012). 

CBD also acts as a negative allosteric modulator of CB1R and may also act as a partial 

agonist of both the CB2R and DA D2 receptors, with growing evidence that it may, at 

least partially, interact agonistically with serotonin 1A receptors (Galaj & Xi, 2020; 

Laprairie et al., 2015; Rock et al., 2012; Russo et al., 2005; Seeman, 2016; Thomas et 

al., 2007). The independent effects of these cannabinoids differ from the combined 

effects, and these differential effects further vary by administration route (Morgan et al., 

2018; Rohleder et al., 2020). Interestingly, CBD often mitigates the psychoactive effects 

of THC and may have antipsychotic properties (Kozela et al., 2019; McGuire et al., 

2018; Osborne et al., 2019; Solowij et al., 2018). Consistent with this, Wall et al. 

recently used magnetic resonance imaging (MRI) to measure functional connectivity 

changes in the default mode network (DMN, measured as increased functional 

connectivity of the posterior cingulate cortex), executive control network (ECN, 

negatively correlated with DMN activity and measured as reduced connectivity in the 

posterior cingulate cortex), and salience network (SAL, measured as increased 

connectivity within the anterior insula), after healthy subjects were administered either 

vapourized placebo cannabis, cannabis with THC (8 mg) and CBD (10 mg), or cannabis 

without CBD (THC: 8 mg). Cannabis vapour reduced DMN connectivity relative to 
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placebo, while not significantly affecting ECN connectivity. Only vapour without CBD 

impacted SAL connectivity, reducing it relative to vapour with CBD. Reduced DMN 

activity was correlated with the self-reported psychoactive effects of THC (Wall et al., 

2019).  

Altered neural circuit oscillatory activity is also apparent in corticolimbic brain 

regions of rodents used to model schizophrenia and in experimentally naïve rats after 

cannabinoid exposure (Jenkins & Khokhar, 2021). LFP recordings from Wistar rats 

selectively bred as a model of schizophrenia to exhibit maximal disruptions after post-

weaning social isolation and subchronic ketamine administration reveal enhanced theta 

(4–8 Hz) and beta (13–30 Hz) spectral power in the parietal cortex, as well as reduced 

delta (0.6–4 Hz) and high-gamma (71–100 Hz) power (Horvath et al., 2016). In contrast, 

LFP recordings from NVHL rats demonstrate reduced evoked delta, theta, and beta 

power compared to controls, as well as reduced theta (5–15 Hz) and beta (20–30 Hz) 

coherence in the HIP, with intact coherence in the mPFC (Gruber et al., 2010; Lee et 

al., 2014). Additionally, NVHL rats do not exhibit stereotypical increases in phase-

locking of auditory evoked potentials to increasing stimulus frequencies, measured in 

the temporal cortex (Vohs et al., 2012). Importantly, the dysfunctions modeled in NVHL 

rats are not singularly due to the lesion but are instead the result of the 

neurodevelopmental insult produced by the lesion. Compared to controls, NVHL rats 

demonstrate impaired working memory measured using a T-maze decision making 

task, whereas adult rats that underwent ventral hippocampal lesions demonstrate intact 

working memory (Lipska et al., 2002). NVHL rats also demonstrate enhanced neuronal 

activity in striatal and cortical regions, measured as enhanced ΔFosB expression 
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compared to controls, while this difference was absent in rats lesioned in early 

adulthood (K. J. Powell et al., 2006). NVHL rats also demonstrate enhanced firing of 

medial PFC pyramidal neurons in response to electrical stimulation of the ventral 

tegmental area (VTA), an effect that is absent in rats lesioned in adulthood (O’Donnell 

et al., 2002). Like observations from rodents used to model schizophrenia, we 

previously published data demonstrating an acute THC (10 mg/kg) vapour exposure in 

experimentally naïve rats suppresses LFP gamma (>32–100 Hz) power and coherence 

in the dStr, the PFC, and the OFC (Nelong et al., 2019). LFP recordings from the HIP 

and EC of experimentally naïve rats administered CP-55,940 (0.3 mg/kg, IP) also 

demonstrate reduced evoked theta (4–7 Hz) and gamma (30–80 Hz) power, which was 

corroborated in healthy humans administered THC (0.035 mg/kg, IV) using whole-brain 

EEG; human subjects were also administered CBD (5 mg, IV), either alone or combined 

with THC, and while the combined treatment produced similar effects to THC alone, 

CBD alone had no effects on brain activity (Skosnik et al., 2018).  

Considering the preclinical evidence of altered neural circuit oscillatory activity 

associated with cannabinoid exposure and related to the symptoms of schizophrenia, as 

well as reports that CBD attenuates the psychoactive effects of THC, we herein aimed 

to (1) assess baseline differences in corticolimbic LFPs between NVHL rats and sham-

surgery controls (i.e., Sham rats), and (2) assess changes in LFPs in NVHL and sham 

rats resulting from cannabis vapour exposure, with and without CBD.  
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We hypothesize that NVHL rats have reduced corticolimbic oscillatory activity, 

reflecting observations from preclinical and clinical studies of schizophrenia, and that 

exposure to cannabis vapour without CBD will worsen oscillatory dysfunctions in NVHL 

rats compared to sham rats, while exposure to cannabis vapour with CBD may 

ameliorate some of the lesion-induced deficits. We targeted the Cg, the prelimbic cortex 

(PrLC), the HIP, and the NAc due to their involvement in corticolimbic signaling 

pathways, drug-seeking behaviour, and the pathophysiology of schizophrenia. To 

maintain translational relevance, we administered cannabinoids as they naturally exist 

in the cannabis plant, by exposing NVHL and sham rats to vapourized cannabis flower 

using a consumer-grade, hand-held cannabis vapourizer. 

Materials and Methods 

Animals 

Male Sprague Dawley rat pups with lactating dam were purchased from Charles 

River. Rats were housed in a colony room maintained on a 12-hour light:dark cycle with 

ad libitum access to food and water. Prior to the start of experiments, rats were 

habituated to the experimental environment for two min daily for a total of five days. All 

treatments were performed during the light phase of the 12-hour reverse light:dark 

cycle. All procedures complied with the guidelines described in the Guide to the Care 

and Use of Experimental Animals (Canadian Council on Animal Care, 1993) and set by 

the Animal Care Committee at the University of Guelph. 
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Neonatal ventral hippocampal lesion rat model of schizophrenia 

The NVHL rat was produced as previously described (Brady, 2016; Khokhar & 

Todd, 2018). Considered a valuable heuristic model of schizophrenia and co-occurring 

substance use, including in the context of cannabis use and schizophrenia, this 

neurodevelopmental model involves bilaterally lesioning the ventral hippocampi of rat 

pups using ibotenic acid (Gallo et al., 2014; Ng et al., 2013; Tseng et al., 2009). This 

model has (a) face validity, in that it produces behavioural and neural circuit changes 

reflecting those observed in schizophrenia, on a similar neurodevelopmental timeline; 

(b) construct validity, as it is based on the neurodevelopmental hypothesis of 

schizophrenia and involves an early neurodevelopmental insult to the ventral 

hippocampus, consistent with anterior hippocampal dysfunctions in patients; and (c) 

predictive validity, in that NVHL rats respond to antipsychotics in a manner reflective of 

outcomes observed in humans with schizophrenia (Brady, 2016; Tseng et al., 2009). On 

PND7, rat pups were anesthetized via hypothermia, injected with either 0.3 μL of 

ibotenic acid (for NVHL rats) or artificial cerebrospinal fluid (aCSF, for sham rats) into 

the ventral hippocampus (anterior–posterior [AP]: −3 mm; medial-lateral [ML]: ± 3.5 mm; 

dorsal-ventral [DV]: −5 mm) at a rate of 0.1 μL/min over 3 min, followed by a two-minute 

wait period. Animals were housed with dam in polyethylene cages until weaning, and 

pair-housed until electrode implantation surgeries in adulthood. 

Electrode implantation surgeries 

In the first study, electrode implantation was performed as previously described 

(Theriault et al., 2021). Custom-built, 10-channel electrode microarrays were 
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constructed using Delrin templates (Doucette et al., 2018; Dwiel et al., 2019) and 

polyimide-insulated stainless-steel wires attached to a single-row connector. All arrays 

had an electrode impedance of less than 2 MΩ. Rats were anesthetized with isoflurane 

(5%), affixed in a stereotaxic apparatus, and electrode arrays were implanted bilaterally 

into the PrLC (AP: +3.24 mm, ML: ±0.6 mm, DV: −3.8 mm), the Cg (AP: +1.9 mm, ML: 

±0.5 mm, DV: −2.8 mm), the CA1 region of the HIP (AP: −3.5 mm, ML: ±2.5 mm, DV: 

−2.6 mm), and the NAc (AP: +1.9 mm, ML: ±1.2 mm, DV: −6.6 mm). Animals recovered 

in their home cage for a minimum of seven days prior to experimentation. 

Vapourized cannabinoid administration 

Cannabis flower vapour administration was performed using our custom-built 

OpenVape apparatus with a Utillian 420 dried herb vapourizer (Frie et al., 2020; L. 

Manwell et al., 2014; L. A. Manwell et al., 2014). A randomized, within-subject cross-

over design was used as previously performed in human subjects and in our past work 

with experimentally naïve rats (Figure 5A) (Morgan et al., 2018; Nelong et al., 2019). In 

both studies, rats were randomly assigned to two groups for exposure to either 

cannabis vapour with 8%–18% THC and 0% CBD (the Summer Fling strain from Aurora 

Cannabis for the “THC-only” group) or 4%–11% THC and 8.5%–15.5% CBD (the 

Balance strain from Solei for the “Balanced THC:CBD” group). Ground cannabis flower 

was vapourized at 200°C and channeled into a mouse cage (40 × 20 × 20 cm3) holding 

two rats at a time. For each minute of the first five minutes the rats were in the chamber, 

10 puffs were delivered for two seconds total with a four-second inter-puff interval. Rats 

remained in the chamber for another five minutes such that the duration of exposure 
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was 10 minutes total. The chamber was vented with clean air by removal of the cage lid. 

All vapour administration procedures occurred under a fume hood to remove any side-

stream vapour.  

Local field potential recordings 

In the first study, LFP recordings were performed using a wireless 

electrophysiology recording system in awake, freely moving rats exploring clear 

plexiglass boxes (45 × 45 × 45 cm3). Recordings were taken from five animals with two 

electrodes/animal/region resulted in a final sample size of 10. Baseline recordings were 

collected 24 hours before the first vapour exposure, and immediately before each 

cannabis vapour exposure, for 30 min at a rate of 1000 samples/s. MATLAB routines 

using the Chronux software package were used to analyze the spectral power of each 

brain region, as well as coherence and theta–gamma cross-correlation between brain 

regions. Five-minute epochs were used, with epochs segmented, detrended, denoised, 

and low-pass filtered to remove frequencies greater than 100 Hz. Continuous multi-

taper spectral power for data normalized to total spectral power and coherence (tapers 

= [5 9]) was calculated for delta (1–4 Hz), theta (>4–12 Hz), beta (>12–30 Hz), low 

gamma (>30–60 Hz), and high gamma (>60–100 Hz). 

Prepulse inhibition of the acoustic startle response 

In the second study, acoustic startle response testing was completed as 

previously described (Azzopardi et al., 2013). Animals (N = 16) were habituated to the 

restraint tubes, startle chambers, and background white noise (70 dB) for two five-
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minute sessions before testing began. Each test session started with a five-minute 

acclimation period during which only the background white noise was presented; after, 

three trial blocks were presented. Block one and block three assessed habituation 

across the testing protocol and consisted of five trials, wherein for each trial a startle-

eliciting stimulus (120 dB auditory tone) was sounded for the rat and their startle reflex 

response was measured using a piezoelectric platform beneath the animal. Block two 

assessed PPI and thus comprised six different trial conditions: 1) null trial (i.e., no 

stimulus presented), 2) startle-only trial (i.e., the startle-eliciting 120 dB tone), 3) 76 dB 

prepulse + startle trial (i.e., the 120 dB tone preceded by a 76 dB prepulse), 4) 79 dB 

prepulse + startle trial, 5) a 82 dB prepulse + startle trial, and 6) a 85 dB prepulse + 

startle trial. All trials were presented 10 times in pseudorandom order. A variable inter-

trial interval of between 5 and 15 seconds was used throughout testing. The following 

formula was used to calculate PPI: 

PPI = 100 − [(
𝜌𝜌𝑥

𝜌𝐴
) × 100%] 

Where 𝜌𝜌𝑥 = prepulse + startle responses 

    𝜌𝐴 = startle-only responses 

 

Histology  

After experimentation, rats were euthanized by carbon dioxide + isoflurane before 

their brains were extracted and flash frozen. Brains were subsequently sectioned (at 40 

μm) using a cryostat, mounted on slides, and stained with thionin. The Cg, PrLC, HIP, 
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and NAc were examined microscopically to confirm electrode placement and bilateral 

lesioning. Rats with unilateral or extrahippocampal lesions or misplace electrodes would 

be removed from the analyses. 

Data analysis 

Quantification of LFP power and coherence data at each frequency, as well as 

measures of PPI (%), are reported as the mean ± SEM. In the first study, comparisons 

were performed to evaluate between- or within-subject changes in LFPs between 

baseline and post-vapour exposures using a Student’s t-test or paired t-tests, 

respectively. In the second study, comparisons were performed to evaluate between- or 

within-subject changes between baseline and post-vapour PPI with multiple prepulse 

intensities using a repeated-measures analysis of variance. Computations were 

performed using the SPSS/PC+ statistical software package for the first study and 

Jeffrey’s Amazing Statistics Program (JASP) for the second study. 

Results 

Rats confirmed histologically to have lesions and electrodes in target structures 

Lesions  and  electrode  placements  were  verified  microscopically in NVHL and 

sham rats. All NVHL rats showed bilateral lesions of the ventral hippocampus and the 

electrodes were verified to be in the correct locations (figure 5B). No animals were 

removed from the study nor were the electrodes ever inactive.  
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Figure 5. Experimental design and histology for Chapter 3 studies. A. Cross-over design with a two-week 
wash-out period between exposures. For the second study, PPI was assessed instead of LFP recordings. 
B. Electrode placements (top) and lesion (bottom) showing electrode termini (blue) in the PrLC (left), Cg + 
NAc (middle), and HIP (right), as well as lesion extent in all NVHL rats (purple represents size of  smallest 
and pink represents size of  largest lesions), compared to sham controls. C. Representative tracings from 
the Cg showing changes in theta and gamma frequencies at baseline and after cannabis vapour 
exposure for both sham and NVHL rats. Figures were made using the brain schematics available from 
Paxinos and Watson (2007). 

Vapourized cannabis flower differentially disrupts corticolimbic oscillatory power 

Representative traces of theta and gamma oscillations obtained from the Cg are 

shown (Figure 5C). To confirm that our study was appropriately powered, we evaluated 

effect sizes for high gamma power and coherence in each brain region, where we saw 

the largest variations in the data. We had large effect sizes (>1.1, N = 8–10, power = 

0.95) that were associated with a minimum 25% change in power/coherence.  

Baseline deficits in gamma spectral power exist in the Cg, HIP, and NAc of NVHL 

rats, when compared to Sham rats, and these deficits are selectively modified by 

cannabis vapour exposure (Figure 3.2). In the Cg, the only baseline deficit apparent 

between Sham and NVHL rats was with high-gamma power (p = 0.021, Figure 6A). 

Balanced THC:CBD vapour exposure attenuated this high-gamma baseline deficit in 

NVHL rats to levels above baseline (Figure 6A). THC-only vapour exposure reduced Cg 

beta (p = 0.001) and low-gamma power (p = 0.019) only in NVHL rats, as well as high-

gamma power in Sham rats (p = 0.016), effects that were not apparent after Balanced 

THC:CBD vapour exposure. Both exposures enhanced delta power and reduced theta 

power in the Cg of all rats (Sham delta: F[2,14] = 6.7, p = 0.009, theta: F[2,14] = 9.2, p = 

0.003; NVHL delta: F[2,14] = 3.5, p = 0.059, theta: F[2,14] = 7.5, p = 0.008; Figure 2A).  
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In the PrLC, baseline power was similar between NVHL and Sham rats across all 

frequency bands (Figure 6B). For NVHL rats, THC-only vapour exposure suppressed 

PrLC beta power while Balanced THC:CBD vapour exposure did not have this effect 

(NVHL beta: F[2,14] = 8.9, p = 0.003). For all rats, both exposures reduced theta power, 

and delta power selectively for Sham rats (Sham delta: F[2,14] = 5.6, p = 0.016, theta: 

F[2,14 = 32.3, p < .001; NVHL theta: F[2,14] = 20.6, p < .001), while THC-only vapour 

exposure reduced low-gamma power for all rats and high-gamma power for Sham rats 

only (Sham low gamma: F[2,14] = 6.7, p = 0.009, high gamma: F[2,14] = 4.4, p = 0.032; 

NVHL low gamma: F[2,14] = 4.0, P = 0.042). Balanced THC:CBD vapour exposure did 

not have any effect.  

In the HIP of NVHL rats, baseline deficits in low-gamma (p = 0.044) and high-

gamma (p = 0.047) power were observed, compared to Sham controls (Figure 6C). 

Significant differences between Sham and NVHL rats were no longer present after 

Balanced THC:CBD vapour exposure and THC-only vapour exposure did not produce 

any differences from baseline for either NVHL or Sham rats. Similarly, both exposures 

did not affect delta power in NHVL or Sham rats. Both exposures, however, robustly 

suppressed theta power in all rats (Sham theta: F[2,14] = 32.3,  < .001; NVHL theta: 

F[2,14] = 20.6, p < .001). 

In the NAc, NVHL rats had baseline deficits in low-gamma power, compared to 

Sham controls (p = 0.001, Figure 6D). THC-only vapour exposure increased NAc delta 

power for all rats while Balanced THC:CBD vapour exposure enhanced delta power for 

Sham rats only (Sham delta: F[2,14] = 4.7, p = 0.027; NVHL delta: F[2,14] = 6.6, p = 
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0.010). Notably, THC-only vapour exposure reduced spectral power across all other 

frequencies in both NVHL and Sham rats, while Balanced THC:CBD vapour exposure 

did not produce any significant change from baseline for NVHL rats across all 

frequencies, or for Sham rats in the gamma frequency band; this exposure, however, 

reduced theta power in Sham rats (sham theta: F[2,14] = 13.2, p = 0.001; low gamma: 

F[2,14] = 4.8, p = 0.026; high gamma: F[2,14] = 9.9, p = 0.002; NVHL theta: F[2,14] = 

7.8, p = 0.005; beta: F[2,14] = 10.3, p = 0.002; low gamma: F[2,14] = 8.0, p = 0.005; 

high gamma: F[2,14] = 15.6, p = 0.001). 
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Figure 6. Cannabis vapour suppresses power in all rats. A. Spectral power tracing (left) and 
quantification (right) in the Cg showing baseline deficits in high-gamma power for NVHL rats (N = 5 rats, 
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10 recordings per region) compared to sham rats (N = 5 rats, 10 recordings per region); THC-only vapour 
reduced Cg beta and low-gamma power only in NVHL rats, an effect that was no longer apparent after 
Balanced THC:CBD vapour exposure; Balanced THC:CBD vapour exposure also attenuated the high-
gamma baseline deficit in NVHL rats; both exposures enhanced delta, and reduced theta, power in the 
Cg of  all rats; B. In NVHL rats, THC-only vapour exposure suppressed PrLC beta power while the 
THC:CBD-vapour exposure did not; for all rats, both exposures reduced theta power, and delta power to 
a lesser degree, while THC-only vapour exposure reduced both low- and high-gamma power; Balanced 
THC:CBD vapour exposure did not have any effect; C. In the HIP, NVHL rats showed baseline deficits in 
low- and high-gamma power, compared to sham rats whereas Balanced THC:CBD vapour exposure 
appeared to marginally improve baseline deficits; both exposures did not affect delta power and robustly 
suppressed theta power in NHVL and sham rats. D. In the NAc, NVHL rats showed baseline deficits in 
low-gamma power, compared to sham controls; THC-only vapour exposure reduced spectral power 
across all other frequencies in both NVHL and sham rats; THC:CBD exposure did not change from 
baseline measures any frequencies for NVHL rats, and selectively changed the gamma frequency band 
for sham rats. *P < .05; **P < .01 compared to sham control baseline; ##P < .05 compared to NVHL rat 
baseline; φP < .05 compared THC-only treated rats to THC:CBD treated rats. 

Vapourized cannabis differentially disrupts corticolimbic coherence in NVHL rats 

Assessing oscillatory coherence between target brain regions reveals that 

baseline differences exist between Sham and NVHL rats and are modifiable by 

cannabinoid exposure (Figure 3.3). Compared to Sham rats, NVHL rats exhibited 

reduced high-gamma power between the HIP-Cg (p = 0.041, Figure 7A). THC-only 

vapour exposure reduced HIP-NAc high-gamma coherence in NVHL rats (p = 0.018, 

Figure 7B). Both cannabis vapour exposures enhanced Cg-PrLC delta coherence in 

NVHL rats to levels above Sham baseline coherence (THC: p = 0.005; THC:CBD: p = 

0.039; Figure 7C). Cannabis vapour exposure did not alter HIP-PrLC (Figure 7D), NAc-

Cg (Figure 7E), or NAc-PrLC (Figure 7F) coherence.  
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Figure 7. Cannabis vapour disrupts corticolimbic coherence in NVHL rats. A. Both vapour exposures 
enhanced HIP-Cg high-gamma coherence in the NVHL rats (N = 5 rats, 10 recordings per region) to 
levels that were no longer different from sham (N = 5 rats, 10 recordings per region) baseline coherence; 
B. THC-only vapour exposure reduced HIP-NAc high-gamma coherence in NVHL rats; C. Both types of 
cannabis-vapour exposures enhanced Cg-PrLC delta coherence in NVHL rats to levels above baseline 
coherence in sham rats; Cannabis vapour exposure did not alter D. HIP-PrLC, E. NAc-Cg, or F. NAc-
PrLC coherence. *P < .05; **P < .01 compared to sham control baseline. 

Vapourized cannabis flower enhances corticolimbic oscillatory phase-coupling 

Cross-correlation analysis revealed baseline deficits in phase coupling between 

HIP theta and gamma in the Cg, PrLC, or NAc of NVHL rats that are sensitive to the 

effects of cannabis vapour exposure (Figure 3.4). Comparing theta-gamma coupling 

strength between Sham and NVHL rats revealed similar baseline values for all region-

pair comparisons; however, compared to Sham rats, NVHL rats exhibited a 20 ms delay 

in coupling of HIP theta to Cg, PrLC, and NAc high-gamma. This delay was not 
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apparent in the PrLC and NAc region-pairs after both vapour exposures (Figure 8B,C) 

but was observed in the Cg (Figure 8A). For all rats, the THC-only vapour exposure also 

enhanced theta-gamma coupling strength between all region-pairs. This effect was also 

observed to a lesser extent after Balanced THC:CBD vapour exposure. 

 

Figure 8. Cannabis vapour enhances corticolimbic phase-coupling in all rats. A–C. NVHL rats (N = 5 rats, 
10 recordings per region) exhibited a 20 ms delay in coupling of  HIP theta to high-gamma in the Cg, 
PrLC, and NAc; both vapour exposures reversed this delay in the B. PrLC and C. NAc, but not in the A. 
Cg; For all rats, the THC-only vapour exposure also enhanced the HIP theta–gamma coupling strength in 
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all regions, an effect that was also observed to a lesser extent after Balanced THC:CBD vapour 
exposure; NVHL rats exhibited baseline theta–gamma coupling strength similar to sham rats (N = 5 rats, 
10 recordings per region), for all pairwise comparisons. *P < .05; **P < .01 compared to sham control 
baseline. θ = theta frequency band; γ = gamma frequency band. 

Vapourized cannabis does not disrupt PPI in controls or deficient NVHL rats 

In the second study, compared to Sham rats, NVHL rats displayed characteristic 

reductions in PPI (F[1,14] = 5.596, p = 0.033, ηp
2 = 0.286; Figure 9). Rats exposed to 

either THC-only vapour or Balanced THC:CBD vapour did not exhibit any disruptions in 

PPI compared to baseline, and a significant main effect of cannabis vapour exposure 

was not detected (p = 0.175). Considering individual differences in baseline PPI values, 

Sham and NVHL rats were split into lower (i.e., low-PPI rats) and upper (i.e., high-PPI 

rats) tertile groups and a significant main effect was detected (F[1,7] = 74.295, p < 

0.001, ηp
2 = 0.914), wherein for NVHL rats, low-PPI rats had lower baseline PPI values 

compared to high-PPI rats (p < 0.001, data not shown) while for Sham rats, the 

difference between low- and high-PPI rats at baseline was not statistically different (p = 

0.076, data not shown). A significant effect of cannabis vapour exposure was not 

detected.  
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Figure 9. Cannabis vapour did not disrupt %PPI in all rats. NVHL rats exhibit characteristic deficits in PPI 
compared to Sham controls. Compared to baseline PPI, both the THC-only and the Balanced THC:CBD 
cannabis flower vapour exposure did not disrupt PPI. * = p < 0.05. 

Discussion 

This study assessed differences in baseline oscillatory activity between the NVHL 

rat model of schizophrenia and sham animals, as well as changes in oscillatory activity 

after exposure to THC-containing cannabis vapour with or without CBD and related 

these changes to possible disruptions in PPI. Our results demonstrate that NVHL rats 

have reduced baseline gamma power and coherence compared to sham-surgery 

controls, mirroring observations from clinical studies in patients with schizophrenia. 

Interestingly, baseline measures of delta, theta, and beta power from NVHL rats were 

not different from Sham rats. This contradicts existing preclinical evidence of reduced 

theta (5–15 Hz) and beta (20–30 Hz) coherence in the HIP of NVHL rats, along with 

intact PFC coherence (which was corroborated in this study), as well as reduced theta 
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(4–12 Hz) power in the PrLC and HIP of DISC1 knock-out mice or the enhanced theta 

and beta power in the parietal cortex of selectively bred Wistar rats that was reported 

above (Horvath et al., 2016; Lee et al., 2014; Sigurdsson et al., 2010). Given that 

alterations observed in NVHL rats are not due directly to the lesion but are instead a 

result of the neurodevelopmental insult during the neonatal period (Lipska et al., 2002; 

O’Donnell et al., 2002; K. J. Powell et al., 2006), it could be that the contradictory results 

are caused by different neurodevelopmental trajectories influenced by varying genetic 

and environmental factors. The discordance between the present study and existing 

preclinical studies may also be due to the use of different rodent strains to produce 

these models (Long Evans rats, C57BL/6J mice, and Wistar rats, respectively, in the 

papers cited above). Head-to-head studies are required to completely characterize the 

strain-related differences. For all rats in this study, the THC-only vapour exposure 

suppressed spectral power in all brain regions and across all frequencies except delta, 

while the Balanced THC:CBD vapour exposure reduced theta power in all brain regions 

(except the NAc for NVHL rats), delta power in the PrLC, and beta power in the NAc 

(selectively in Sham rats).  

THC modulates brain signals and behaviour in otherwise healthy subjects, and in 

patients with schizophrenia. When administered to healthy subjects, THC (2.5 mg, 5 

mg, i.v.) produces transient states of psychosis (D’Souza et al., 2004; Morrison et al., 

2009; Murray et al., 2017) that dose-dependently (at 0.03 mg/kg, but not 0.015 mg/kg, 

i.v.) correlate with reduced coherence of gamma frequency oscillations (30–100 Hz) 

(Cortes-Briones et al., 2015). When THC (1.25 mg; i.v.) is administered to patients with 

schizophrenia, it differentially alters cortical oscillations, reducing low-frequency spectral 
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power (below 27 Hz) and enhancing gamma frequency power (above 27 Hz) (Nottage 

et al., 2015), while also transiently exacerbating the positive, negative, and cognitive 

symptoms of schizophrenia including learning, memory, and perceptual deficits (2.5 mg, 

5 mg; i.v. THC) (D’Souza et al., 2005, 2009). This is contrasted by evidence that 

synthetic THC (dronabinol; 5 mg to 20 mg/day) reduces psychotic symptoms in patients 

(Potvin et al., 2008; Schwarcz et al., 2009). To further characterize the changes in 

neural circuit activity correlated with cannabis use and the symptoms of schizophrenia, 

DMN functional connectivity in patients with co-occurring schizophrenia and cannabis 

use disorder was compared to healthy controls, using MRI scans taken before and after 

subjects smoked cannabis (3.6% THC) or ingested THC (15 mg) (Whitfield-Gabrieli et 

al., 2018). Before cannabis exposure, patients exhibited DMN hyperconnectivity 

compared to controls, and this hyperconnectivity was correlated with positive symptom 

severity; patients also exhibited reduced anticorrelation between the DMN and ECN. 

Cannabis exposure reduced hyperconnectivity and increased anticorrelation. Working 

memory performance was also assessed and found to be positively correlated with the 

magnitude of anticorrelation in controls and patients that were administered cannabis 

(Whitfield-Gabrieli et al., 2018).  

In NVHL rats, gamma power remained largely unchanged by the Balanced 

THC:CBD vapour exposure, although this exposure enhanced Cg and NAc gamma 

power in NVHL rats toward Sham baseline levels, and enhanced Cg delta power for all 

rats. Interestingly, the enhancing or neutral effects of the Balanced THC:CBD vapour 

exposure was most pronounced in NVHL rats, compared to Sham rats, which did not 

display the baseline deficits observed in the NVHL rats. After both exposures, Cg-PrLC 
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delta coherence was enhanced for NVHL rats, whereas the THC-only exposure 

exacerbated HIP-NAc coherence. The baseline 20 ms-delay deficit in phase coupling 

observed in NVHL rats was also no longer apparent after both exposures, for all regions 

but the Cg. Taken together, while the exposure to THC-containing cannabis vapour 

without CBD broadly suppressed oscillatory power similarly for all rats, NVHL rats may 

be differentially susceptible to shifts in oscillatory power and coherence induced by 

THC-containing cannabis vapour exposure when CBD is present in the plant matter. 

These data support past observations that CBD opposes some of the effects of THC. 

Intracranial infusion of THC (100 ng) directly into the ventral HIP (vHIP) of anesthetized 

male Sprague Dawley rats enhances down-stream VTA neuronal firing and bursting 

rates, as well as beta and gamma power. Rats that were infused with CBD (100 ng) or 

co-infused with THC + CBD (100 ng each) demonstrated no difference in oscillatory 

power when compared to vehicle-treated controls (Hudson et al., 2019). Phosphorylated 

ERK was up-regulated after THC administration and down-regulated after THC + CBD 

administration, whereas CBD alone did not change phosphorylated ERK expression. 

That said, more research is needed to fully characterize the causal mechanisms 

underlying this oppositional effect and the relative contribution of each cannabinoid (as 

well as other potential constituents of the cannabis plant (e.g., terpenes) that could have 

differed between the two cannabis strains we used).  

Interestingly, data from the second study demonstrate that exposure to cannabis 

flower vapour, either with or without CBD, does not disrupt sensorimotor gating in Sham 

or NVHL rats, even though the same cannabis flower vapour exposures disrupted 

oscillatory power and coherence in these rats and worsened existing oscillatory deficits 
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in NVHL rats. Reductions in evoked beta (20–30 Hz) and gamma (30–50 Hz) power are 

associated with P50 gating deficits in patients with schizophrenia and is reportedly 

disrupted in studies administering isolated THC to otherwise healthy humans (A. T. 

Nguyen et al., 2020; Skosnik et al., 2018). Some variance between our results and 

existing preclinical literature may also arise from the use of different administration 

routes (C. F. Moore et al., 2020) or the doses administered, as previous research 

demonstrates through single-unit recordings from the VTA in rats administered PCP, 

before and after two doses of THC (0.1 mg/kg and 1 mg/kg, i.p.), that baseline deficits in 

the number of active VTA neurons in rats administered PCP are reversed only by 

exposure to the low dose. Both the low and high dose decreased the number of active 

neurons in control rats (Seillier et al., 2020). Data from the second chapter in this thesis 

also present a dose-dependent effect of cannabinoid vapour exposure, where only the 

higher THC dose (i.e., the THC-25 group) produced observable deficits in sensorimotor 

gating. 

PCP rats administered THC (1 mg/kg, i.p.) also demonstrate dysfunctional PrLC 

activity, evidenced by an absence of the THC-induced disinhibition of neuronal firing 

observed in controls rats (Aguilar et al., 2016). Our results corroborate existing clinical 

observations of oral CBD (600 mg) normalizing mediotemporal, mediotemporal-striatal, 

and prefrontal cortical activity, measured using fMRI in patients with schizophrenia; 

importantly, this normalization of brain activity corresponded with improvements in self-

reported symptom severity (O’Neill et al., 2020), extending the growing body of literature 

on the antipsychotic potential of CBD (Seillier, 2021). Preclinical evidence also 

demonstrates that antipsychotic administration normalizes aberrant PFC delta (1–4 Hz) 
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and theta (4–12 Hz) power and coherence in the methylazoxymethanol rat model of 

schizophrenia (Foute Nelong et al., 2019). Considering this, we plan to investigate the 

electrophysiological changes produced after exposure to a “CBD-only” cannabis flower 

vapour (i.e., exposure to cannabis flower vapour containing a moderate to high amount 

of CBD and near-zero amounts of THC) in future studies. We expect that the CBD-only 

exposure will not reduce oscillatory power and coherence in NVHL and sham rats, while 

it may in some instances enhance activity; particularly for NVHL rats.  

Relevant to this study, the oppositional effects of CBD on THC-induced changes are 

evident in our target brain regions (recently reviewed by Gunasekera et al. (Gunasekera 

et al., 2021)). CB1R activation in the PrLC of rats via administration of CP-55,940 (0.7 

mg/kg, i.p.) and agonist WIN55,212-2 (1.2 mg/kg, i.p.) alters local excitatory and 

inhibitory signaling while administration of THC (0.3–10 mg/kg, i.p.) and CBD (15, 30, or 

60 nmol, intracranial infusion; 1 and 3 mg/kg, i.p.) attenuates schizophrenia-like 

behaviours, including fear memory and anxiety-related behaviours (den Boon et al., 

2015; Marinho et al., 2015; Stern et al., 2015). Although preclinical studies of 

cannabinoid activity in the Cg remains focused on analgesia and pain mechanisms, 

evidence exists showing CB1R activation in the Cg via local injection of agonist 

arachidonyl-2-chloroethylamide impairs decision-making in rats, reducing motivation for 

seeking large rewards, measured using a T-maze decision-making task (Khani et al., 

2015). In clinical studies, MRI assessments of Cg volume in patients with schizophrenia 

using or abstaining from cannabis reveals patients using cannabis have reduced grey-

matter volume, compared to patients not using cannabis and to healthy controls 

(Szeszko et al., 2007). Furthermore, post-mortem analysis of brain samples from 
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patients with schizophrenia reveal increased CB1R binding in the anterior Cg 

(Zavitsanou et al., 2004), although this is contested (Koethe et al., 2007). Numerous 

preclinical and clinical investigations implicate the HIP in the effects of cannabis and of 

schizophrenia, with reproduced evidence that CP-55,940 administration (0.3 mg/kg, IP; 

0.1 mg/kg, IV) in rats reduces HIP theta (4–10 Hz) and gamma (30–90 Hz) oscillatory 

power (Hajós et al., 2008; Skosnik et al., 2018). Furthermore, NVHL rats demonstrate 

shifts in baseline oscillatory coherence in favor of low-frequency oscillations, with 

reports of enhanced HIP theta (10 Hz) and reduced gamma (50 Hz) phase-locking in 

the HIP (Vohs et al., 2012), mirroring clinical observations cited above (Nottage et al., 

2015); however, reduced HIP theta (5–15 Hz) power in NVHL rats is also reported (Lee 

et al., 2014). Finally, preclinical evidence demonstrates that rats used to model 

schizophrenia have aberrant, high frequency (>100 Hz) oscillations in this region, and 

this is mediated by the eCS (Goda et al., 2015; M. J. Hunt et al., 2010). Additionally, 

eCS modulation via CB1R antagonism with rimonabant (0.3 mg/kg, IV) reduces 

stereotypical enhancements of NAc gamma power (30–70 Hz) in a rat model of 

amphetamine-induced psychosis (Morra et al., 2012). Additionally, the differential 

sensitivity of patients with schizophrenia to cannabinoid exposure may be due in part to 

the involvement of the eCS in the etiology of the disorder.  

Patients with schizophrenia have altered eCS functioning, evidenced by elevated 

levels of the endocannabinoid anandamide and post-mortem CB1R expression in 

patients (Leweke et al., 2018; Navarrete et al., 2020). Exposure to exogenous 

cannabinoids may shift the homeostatic norm in patients such that it acutely restores 

system function in some regions to levels associated with typical functioning, while 
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concurrently exacerbating dysfunctions in other regions. Importantly, our results posit a 

question of whether advising patients to consume cannabis with balanced THC:CBD 

levels could be a viable harm reduction strategy. This study is limited in that the slightly 

lower (yet overlapping) THC concentration in the Balanced THC:CBD strain, as 

compared to THC-only strain, may have contributed to some of the differences between 

the two strains. Since the cannabis products on the market only provide an approximate 

range for the concentrations of THC and CBD, matching THC concentrations between 

strains proved difficult; thus, the exposures were matched by the total amount of 

cannabis flower that was vapourized. Similarly, the other constituents in the selected 

cannabis strains were not matched and could have contributed to the differential effects 

of the strains (Cabral et al., 2015), where the differences between the THC-only and 

Balanced THC:CBD vapour exposures may be related to the presence of another 

phytocannabinoid or terpene and not purely due to the higher CBD concentration in the 

Balanced flower. Additionally, our selection of a within-subject design means that rats 

were exposed to cannabis vapour twice and there could be residual effects of prior 

exposure (Nelong et al., 2019); however, for this study we selected a two-week washout 

period, and we did not observe any significant differences between the baseline 

recordings and recordings captured before the vapour exposure two weeks later, thus 

confirming that the washout period duration was sufficient. Lastly, only male rats were 

used in this study. Although cannabis use in schizophrenia is primarily observed in male 

patients (Lindamer et al., 2003), previous studies have suggested that considerable sex 

differences exist in the oscillatory biomarkers associated with psychopathology 

(Theriault et al., 2021), warranting the assessment of sex as a biological variable in the 
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measures assessed here in future studies. To conclude, the results of this study reveal 

that cannabis has a varying impact on oscillatory activity and the administration route, 

dose, and relative composition of natural or synthetic cannabinoids may be partly 

responsible for the varying cannabis-related outcomes reported in patients with 

schizophrenia. 
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CHAPTER 4 

SYNTHESIS AND DISCUSSION 
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Summary and Future Directions 

This thesis extends existing preclinical evidence that supports aberrant 

corticolimbic neural circuit oscillations as an integral factor in the relationship between 

cannabis use and schizophrenia. With evidence that THC vapour exposure lastingly 

suppresses oscillatory activity in otherwise healthy rats, high-THC cannabis vapour 

dose-dependently disrupts sensory filtering, and cannabis vapour exposure differentially 

alters neural circuit oscillatory activity in rats used to model schizophrenia versus 

controls, this work provides critical evidence that neural circuit oscillatory dysfunction is 

at the crux of cannabis use and schizophrenia. With that said, repeating these studies 

using multiple preclinical models of schizophrenia to investigate core neuropathological 

and behavioural features of schizophrenia is necessary to characterize the full extent of 

effects, given the heterogeneity attributed to the effects of cannabis and the symptoms 

of schizophrenia (Howland et al., 2019). 

Chapter 2 – Aim 1 

In the second chapter of this thesis, two studies were presented that investigated 

the effects of vapourized cannabinoid administration on corticolimbic neural circuit 

oscillatory activity and sensorimotor gating in experimentally naïve rats, with the aim of 

determining whether exposing experimentally naïve rats to vapourized cannabinoids 

produces schizophrenia-like changes in corticolimbic circuit activity and behaviour. The 

results demonstrate that acute exposure to isolated THC vapour reduced gamma 

frequency neural circuit oscillatory power and coherence in the dStr, the PFC, and the 
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OFC; changes that reflect those reported in clinical studies of cannabis administration in 

otherwise healthy humans as well as patterns of oscillatory dysfunction in patients with 

schizophrenia. Moreover, reduced gamma power lasted for at least seven days after a 

single exposure to THC vapour. In parallel, acute exposure to high-THC cannabis flower 

vapour dose-dependently (at ~25% but not ~10% THC) disrupted sensorimotor gating 

selectively in rats that exhibited high-PPI values at baseline.  

These findings have important implications for both preclinical and clinical 

investigations into cannabis use and schizophrenia. First, it is warranted to consider the 

duration of the washout period selected for cross-over design studies of cannabinoid 

administration, as our data demonstrates that the effects of THC exposure on neural 

circuit oscillatory activity lasts at least seven days. Second, while numerous preclinical 

studies use isolated THC administration to investigate the effects of cannabinoid 

exposure and often report that injected THC disrupts sensorimotor gating, data from the 

second study in Chapter 2 indicate that exposure to high-THC cannabis flower vapour 

only disrupts sensorimotor gating when the flower contains higher concentrations of 

THC (~25%), which calls into question the inferences made about human cannabis use 

from preclinical studies using isolated THC injections. Moreover, the cannabis flower 

with a higher concentration of THC selectively disrupted behaviour for Finally, while an 

acute exposure of THC was enough to disrupt gamma oscillatory activity, a similar 

amount of THC in cannabis flower vapour did not disrupt sensorimotor gating, which 

could hint at the potential for aberrant gamma oscillatory activity to act as a biomarker 

for the cognitive effects of high-THC vapour exposure before cognitive signs are 

detectable. Future studies to associate changes in corticolimbic neural circuit oscillatory 
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activity with deficits in sensory filtering using the same cohort of animals may help to 

characterize the causal nature of these parallel observations.  

Chapter 3 – Aim 2 

In the third chapter in this thesis, two studies were presented that investigated 

the effects of vapourized cannabinoid administration on corticolimbic neural circuit 

oscillatory activity and sensorimotor gating in a neurodevelopmental rat model of 

schizophrenia and controls, with the aim of determining whether aberrant corticolimbic 

circuit activity and schizophrenia-like behaviours are differentially affected by exposure 

to vapourized cannabis flower. The results demonstrate that exposure to vapourized 

cannabis flower suppresses oscillatory power in the Cg, PrLC, HIP, and NAc, most 

notably in the theta, beta, and gamma frequency ranges, while having a differential 

effect in NVHL rats vs controls; similarly, compared to the THC-only cannabis flower 

vapour, Balanced THC:CBD cannabis flower vapour had a muted effect on oscillatory 

activity, and in some instances enhanced oscillatory activity above baseline values. 

These findings have important implications for clinical and preclinical 

investigations of cannabis use and schizophrenia. First, an overarching trend observed 

after exposure to THC-only cannabis vapour was a shift toward low-frequency 

oscillations; that is, an enhancement of delta oscillations and a concurrent reduction in 

theta, beta, and gamma oscillations, which reflects reports from clinical studies in 

patients with schizophrenia administered THC (Nottage et al., 2015). Second, while the 

THC-only cannabis vapour largely suppressed oscillatory power in both Sham and 

NVHL rats, exposure to the cannabis vapour with CBD either had negligible effects on 
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corticolimbic oscillatory activity or, as was the case with NVHL rats, enhanced activity 

above baseline or rescued phase-coupling deficits. Again, when studies consider the 

influence of cannabis use on the pathophysiological features of schizophrenia, results 

from these studies indicate that it will be prudent to consider the whole-plant effects of 

cannabis, rather than various cannabinoids in isolation. Similarly, data from these 

studies may contribute to the existing literature demonstrating that CBD ameliorates 

some of the psychotomimetic effects of THC. Finally, while cannabinoid vapour 

exposure reduces gamma oscillatory activity in Sham and NVHL rats, worsening 

existing baseline deficits in NVHL rats, it did not affect sensorimotor gating even when 

deficits were present in NVHL rats, possibly related to a floor effect on sensorimotor 

gating. Future preclinical investigations translating to and from clinical studies may 

benefit from using a highly translational model of cannabis use and schizophrenia. 

Discussion 

The findings presented in this thesis highlight the neurobiological intricacies 

underlying the relationship between cannabis use and schizophrenia and provide 

evidentiary support for the hypothesis that measures of corticolimbic neural circuit 

oscillations and associated cognitive functions are differentially modifiable by exposure 

to phytocannabinoids, with the magnitude and direction of effect being dependent on 

the relative abundance of phytocannabinoids, as well as the absence or presence of a 

schizophrenia-like pathophysiological state. 
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Surprisingly, although aberrant corticolimbic neural circuit oscillations are 

associated with disruptions in sensory filtering after exposure to cannabinoids, the 

results of our study indicate that this may not always be the case. In support of this, 

administering WIN55,212-2 (0.5 mg/kg, 1 mg/kg, 2 mg/kg, i.p.) to adult male Sprague 

Dawley rats does not disrupt PPI compared to vehicle-treated controls, which was 

attributed to underlying genetic differences when compared to existing literature of 

disrupted PPI after cannabinoid administration in Wistar rats (Bortolato et al., 2005). 

However, WIN55,212-2 (1.2 mg/kg ,i.p.) also only disrupts PPI in Wistar rats when 

administered chronically during adolescence (Schneider & Koch, 2003b). In C57Bl/6J 

mice, WIN55,212-2 (3 mg/kg, i.p.) administration enhanced PPI in psychosocially 

stressed mice (Brzózka et al., 2011). Based on the results presented in Chapter 2, 

individual differences in baseline PPI also may predict the presence or absence of 

cannabinoid-induced PPI deficits, as has been previously reported for anti-psychotic 

efficacy (Feifel, 1999; Oral & Göktalay, 2021). 

That cannabinoid-induced effects on PPI vary depending on the genetics or 

cognitive state of an animal is also reflected in the human literature. Patients with 

schizophrenia who are using cannabis displayed altered PPI only when instructed to 

pay attention to the auditory stimuli, and the same is reported for otherwise healthy 

individuals using cannabis, while patients with schizophrenia who are not using 

cannabis had reduced PPI only when instructed to ignore the auditory stimuli (Scholes-

Balog & Martin-Iverson, 2011). Taken together, cannabinoid-induced PPI deficits may 

be much more complex and dependent on various brain states that is reported in some 
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of the literature, and it may be of interest to consider the influence of stress or attention 

on altered PPI responses.  

Relatedly, future studies may examine the psychotomimetic potential of minor 

phytocannabinoids, as recent evidence from studies in mice using the cannabis tetrad 

assay indicates that they may also contribute to the characteristic effects of cannabis 

(Radwan et al., 2015). Examining cannabinoids beyond their action at CB1R sites, 

however, is imperative, as interactions also occur via CB2R-dependent mechanisms 

(Ellner et al., 2021), as well as non-cannabinoid receptor mediated mechanisms (Bahi 

et al., 2014; Bambico et al., 2007; Cécyre et al., 2020; de Petrocellis et al., 2011; 

García-Gutiérrez & Manzanares, 2010; Li & Kim, 2017; R de Mello Schier et al., 2014). 

Moreover, the use of synthetic cannabinoid CB1R agonists to model the exposure to 

phytocannabinoids may also have limited utility due to their restricted pharmacological 

profile. Indeed, the effects of cannabis arise from combined constituent activity, not the 

action of a single ligand-receptor interaction, and thus future preclinical studies, unless 

purely pharmacological, should examine the combined effects (Zagzoog et al., 2020). 

While disruptions in sensory filtering produced by cannabinoid exposure were only 

apparent after high-THC cannabis flower vapour was administered in otherwise healthy 

rats, our data demonstrate the consistency of aberrant neural circuit oscillatory activity 

across all test conditions, especially in the gamma frequency range. Reflecting 

disrupted connectivity, the data herein contributes to the growing body of evidence in 

support of the disconnection hypothesis of schizophrenia. Aberrant gamma oscillations 

are thought to reflect and be dependent on altered glutamatergic signalling; typically, 
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rhythmic glutamatergic excitatory activity is regulated by GABAergic feedback inhibition 

to produce the oscillating patterns of activity, however given the pathological 

hypofunction of glutamate signalling observed in schizophrenia, especially in cortical 

regions, reductions in the strength and synchrony of gamma oscillations reflect a 

disruption of the functional connection of synchronized neuron ensembles (Gonzalez-

Burgos & Lewis, 2012). Perturbed eCS signalling (e.g., by exogenous cannabinoid 

exposure) can also dysregulate NMDA-dependent signalling via receptor internalization, 

which may further disrupt gamma oscillatory activity (Sherif et al., 2018). Similarly, DA 

signalling can modify gamma oscillatory activity and this seems to be independent of 

the absence or presence of a schizophrenia-like pathophysiological state (Kocsis et al., 

2014). As aberrant gamma oscillatory activity reflects the disconnection of numerous 

neurotransmitter systems involved in the pathogenesis of schizophrenia, it is an 

interesting target as a possible biomarker, especially given data that it is evident before 

patients experience their first episode of psychosis (Tada et al., 2016). 

The data presented in this thesis also provide support for investigating aberrant 

gamma oscillatory activity as a possible biomarker for the extent to which cannabinoid 

vapour exposure is disrupting brain function when overt cognitive effects are not 

apparent. Recent evidence validates functional connectivity measures as a possible 

biomarker for chronic cannabis use and predictive of craving onset (Kulkarni et al., 

2022). Future studies that investigate the influence of adolescent cannabinoid exposure 

on neural circuit oscillations in adolescence and adult may be of interest, especially 

considering that chronic administration of escalating doses of THC (2.5 mg/kg, 5 mg/kg, 

i.p.) during adolescence alters HIP glutamate signalling in adulthood and this is 
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associated with schizophrenia-like behaviour (Zamberletti et al., 2016). A consideration 

of the timing of adolescent exposure to cannabinoids is also important to fully 

understand, and possibly demarcate using an oscillatory biomarker, their impact on 

neurodevelopmental trajectories given the temporally dissociable role of the eCS in 

driving development of reward and sensorimotor processing (Heng et al., 2011). 

Considering the numerous etiological hypotheses for schizophrenia and co-occurring 

cannabis use and the evidence presented in this thesis, the contribution of an existing 

vulnerability to cannabis-related outcomes seems ever likely as administering cannabis 

flower vapour to rats in our study with schizophrenia-like pathophysiological 

dysfunctions in corticolimbic brain regions produced different effects than when it was 

administered to experimentally naïve rats; the composition of cannabis also contributes 

extensively to the variability of effects and must be considered in future clinical and 

preclinical investigations of cannabis. Studies continue investigating the association 

between cannabis use and schizophrenia and continue to report that "there is not 

convincing evidence that cannabis use increases risk of other psychiatric disorders,” 

although negative consequences of use on brain and behaviour are accepted (Murray, 

Quigley, Quattrone, Englund, & di Forti, 2016). Thus, it is possible that exposure to 

certain high-THC cannabis strains produces functional disconnections in corticolimbic 

neural circuit activity, rather than causing direct pathophysiological disruptions, that 

when combined with existing deficiencies in corticolimbic activity can lead to negative 

consequences such as altered sensory filtering. Exposure to low-THC or high-CBD 

cannabis strains may also produce negligible effects on cognition or in some instances 
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improve cognition, which could account for the variance in clinical outcomes reported in 

the literature.  

What remains to be understood is whether these high-THC disruptions produce or 

precipitate schizophrenia. As the extent to which cannabis is a risk factor for other 

psychiatric illnesses that have altered DA at their core (e.g., depression, bipolar 

disorder, Parkinson’s disease, dementias) it is unlikely that cannabis-induced DA 

hyperactivity is the sole mechanism through which cannabis use influences psychiatric 

disorders, and certainly does not explain why patients continue to use cannabis even 

though it exacerbates DA hyperactivity, which instead supports the existence of an 

underlying dysfunction such as a reward deficiency syndrome (Verdeaux et al., 2003; 

Potvin et al., 2003). Two glaring factors that must also be controlled for in future studies, 

before inferences are made about the causal nature of cannabis use in its relationship 

to schizophrenia, are 1) the contribution of stress and other cognitive states to the 

cannabis-induced effects on brain and behaviour, as well as the contribution of non-

neuronal mechanisms (e.g., astrocyte, glial cell signalling) (Fouyssac & Belin, 2019). 

Conclusion 

In fitting with the molded mind 

While much about the association between cannabis use and schizophrenia 

remains undiscovered, it is likely not explained by a simple unidirectional model of 

causality. Indeed, the wide-spread acceptance of this early theory and the subsequent 

clinical and preclinical investigations it inspired have possibly contributed to a causality 
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crisis that is detracting from important research focuses, such as understanding the 

complete breadth of outcomes for patients with schizophrenia who continue to use 

cannabis with increasing potency, as well as the underlying neurobiological 

mechanisms that may inform clinical management of their use and dependency. Indeed, 

some posit that investigations lacking any consideration of the numerous factors related 

cannabis use and schizophrenia, including the type, frequency, and timing of cannabis 

use, as well as individual differences in baseline cognition and behaviour, are lacking 

merit (Ksir & Hart, 2016).  

Reconceptualizing schizophrenia as a spectrum disorder from typical to atypical 

function with developmental origins, and cannabis use as a factor to explore and control 

in relation to schizophrenia, reduces the gap between self and other that is created by a 

nosological approach to understanding psychoactive substance use and human mental 

health. Relatedly, are nosological approaches to investigating cannabis use in relation 

to schizophrenia not inherently biased? In clinical studies, it makes sense that using the 

PANSS, which is a diagnostic tool for schizophrenia, produces outcomes that inform 

that the psychotomimetic effects of cannabis are like the symptoms of schizophrenia 

(Mirken & Earleywine, 2005). In preclinical studies, is the use of a “dose regiment [i.e., 

repeated exposure to isolated THC injections] selected because it produces long-term 

behavioural impairments” not biasing our results toward a predicted and precipitated 

outcome (Renard et al., 2017)? The data in this thesis demonstrate that the picture is 

not so clear when investigating cannabis products that are commonly used by patients 

with schizophrenia and otherwise healthy humans. 
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A mind, amended: disambiguating psychotomimesis and psychosis 

An interesting path forward for managing patients experiencing a cannabis-

induced psychosis or patients with schizophrenia using cannabis is the consideration of 

clinically meaningful differences between these psychopathological states. A key factor 

in the diagnosis of schizophrenia is that symptoms last longer than six months and so 

transient psychotomimetic symptoms are not schizophrenia and may not even 

constitute a psychosis (McLaren et al., 2010). Indeed, cannabis-induced states of 

psychosis are different from patients with schizophrenia who are using cannabis, such 

that patients with cannabis-induced psychosis present with lower PANSS scores, fewer 

auditory hallucinations, and higher manic states compared to patients with 

schizophrenia using cannabis while patients with first-episode psychosis have superior 

cognitive functioning compared to patients with schizophrenia (Hájková et al., 2021; 

Rentero et al., 2021). Further categorizing cannabis-induced psychosis by affective and 

non-affective states may be useful in the clinical management of this psychiatric state, 

although past perspectives refute the notion of a separate clinical diagnosis of 

cannabis-induced psychosis (D. Shah et al., 2017; Sim et al., 1990). 

Reflecting on those seminal Swedish conscript cohort studies published by 

Andreasson et al., in the late 1980s, it is worth noting that these studies repeatedly 

demonstrated a risk to adult cannabis users for developing schizophrenia later in life, 

and yet much of the recent literature purports that it is adolescent, and not adult, 

exposure that increases a risk for being diagnosed with schizophrenia. While we accept 

self-report studies that inform us of a presumed causal relationship, we rarely accept 
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the patient perspective that cannabis use is not causal (Buadze et al., 2010; Pettersen 

et al., 2013). Importantly, amidst continued global cannabis legalization, it is imperative 

that we now consider whether patients want to stop using cannabis and if not, the 

responsibility of clinical and preclinical research moving forward should be in 

understanding how to mitigate the negative consequences of use for patients who are, 

like much of the general population, going to use cannabis (Kolliakou et al., 2011).
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