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ABSTRACT 

Cannabinoid receptors 1 & 2 (CB1R & CB2R) are present throughout the cardiovascular system 

and evidence indicates that CB1R activation causes vasodilation in peripheral vascular beds. 

However, it remains unclear what the direct effects of CB1R or CB2R activation are in cerebral 

arteries. The present study tested the hypothesis that CB1R and not CB2R receptor activation elicits 

endothelial-dependent vasorelaxation in the cerebrovasculature. Female Landrace pigs (age=2 

months; N=16) were euthanized, their brains were harvested, and pial arteries branching from the 

middle cerebral artery were isolated for wire myography. Arteries were pre-contracted with a 

thromboxane A2 analogue (U-46619; 1x10-6 M to 1x10-4 M). Thereafter, vasorelaxation in response 

to a dual CB1R & CB2R receptor agonist CP55940 (3x10-11 M to 1x10-6 M; half log doses) was 

examined under the following conditions: 1) untreated; 2) CB1R blockade (AM251; 1x10-7 M); or 

3) CB2R receptor blockade (AM630; 1x10-7 M). The data revealed that CP55940 elicits a CB1R-

dependent relaxation in cerebral arteries. Subsequently, to determine the role of different 

endothelial-dependent pathways, CB1R-mediated vasorelaxation was examined under the 

following conditions: 1) inhibition of nitric oxide synthase (NOS) using L-NAME (3x10-4 M; 

reveals contributions from nitric oxide); 2) inhibition of in a cyclooxygenase (COX) using 

Naproxen (3x10-4 M; reveals contributions from prostaglandins); 3) combined NOS and COX 

inhibition (reveals contributions from endothelial hyperpolarizing factor); and 4) endothelial 

removal (denudation of the artery; reveals total contribution of the endothelium). These data 

demonstrated that CB1R-mediated vasorelaxation was attenuated by NOS inhibition and the 

magnitude of this effect was increased with the combination of NOS + COX inhibition as well as 

endothelial removal (P<0.05).  However, reductions in vasorelaxation during COX inhibition alone 

only approached significance (P=0.07). Overall, the data indicate CB1R-mediated vasorelaxation 

is endothelial-dependent and involves contributions from multiple dilatory pathways. 

Understanding how the CBRs modulate cerebrovascular function is critical when evaluating the 

short-term and long-term physiological effects, safety and prescriptive use of cannabis and 

cannabinoids in any clinical context.    
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CHAPTER 1 

 
1. INTRODUCTION 

 

Cannabis is one of the most widely consumed drugs, with approximately half of 

Canadians over the age of 15 reported to have consumed cannabis at least once in their lifetime. 

Reports indicate that since the legalization of cannabis in Canada, consumption has increased.1 

Among those who have consumed cannabis, adolescents and young adults are reported to have 

the highest rates of use within the past year.1 Despite being widely consumed by Canadians, 

there are many knowledge gaps regarding the physiological effects of cannabis consumption. 

Although limited cannabis use is considered safe and even therapeutic for many individuals, a 

recent position paper from the American Heart Association has highlighted potential adverse 

effects of cannabis on the cardiovascular system, including increased risk of an adverse cerebral 

event (e.g. transient ischemic attacks secondary to altered cerebrovascular vasomotor function 

and stroke).2 Presently, evidence supporting the link between cannabis use and abnormal 

cerebrovascular regulation or adverse cerebral events is limited and relies predominantly on 

observational data. Few studies have investigated the direct effects of cannabis use on 

cerebrovascular function. This highlights an urgent need to better understand mechanisms 

underlying how cannabis influence arteries in the brain.  

Cannabis is composed of a collection of more than 100 different cannabinoids.3 

Cannabinoids mediate physiological effects through the actions of two main cannabinoid 

receptors (CBRs): the cannabinoid 1 receptor (CB1R) and the cannabinoid 2 receptor (CB2R).4 

Whereas CB1Rs are located primarily in the central and peripheral nervous tissue, CB2Rs are 

located primarily in immune tissues such as the tonsils and the spleen. Of interest, CB1Rs are 

responsible for mediating the psychotropic effects of Δ9-tetrahydrocannabinol (THC), the 

primary psychoactive cannabinoid in cannabis.5 It is important to note, however, that a multitude 

of different ligands act on CB1Rs,  including phytocannabinoids, synthetic cannabinoids, and 

endocannabinoids (i.e., cannabinoids produced within the body), as well as pharmacological 
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agents.5,6 Furthermore, there is a growing body of evidence that indicates CB1Rs are expressed 

throughout the cardiovascular system, including the cerebrovasculature, and mediate vasoactive 

events.7–10 This raises the important prospect that endogenously produced cannabinoids, those 

that are ingested and other associated pharmacological derivatives influence general 

cardiovascular and cerebrovascular function through the CB1R.  

The cardiovascular system assists in regulating the microenvironment of tissues. 

Specifically, it is involved in regulating pH and temperature as well as facilitating nutrient and 

oxygen delivery and disposal of metabolic by-products.11 The cardiovascular system is 

comprised of three main components: heart, blood, and the vasculature. The focus of this work is 

on the vasculature, with a particular emphasis on the cerebrovasculature. In general, the 

vasculature consists of arteries and arterioles, which distribute blood to and within organs 

throughout the body; capillaries, the site of gas and nutrient exchange; and post-capillary venules 

and veins, which collect and return blood to the heart.12 Evidence indicates that cannabinoids 

mediate certain cardiovascular effects by acting on CB1Rs located in arteries and arterioles.13–16 

For example, in arteries supplying the gastrointestinal tract and the heart, activation of CB1Rs 

elicits arterial relaxation.13 The pial vasculature refers to the arterial network on the surface of 

the brain and it contributes significantly to blood flow distribution within the brain. How CB1R 

and CB2R influences pial arteriolar function is not well understood.  

Since the legalization of cannabis in 2018, both medical and recreational uses of cannabis 

and related products in Canada have increased. Evidence indicates that the cannabinoids in 

cannabis mediate cardiovascular effects through CB1Rs but also potentially CB2Rs; however, 

information on how these receptors influence cerebrovascular physiology is both lacking and 

unclear.14 Given that the use of cannabis has been associated with altered cerebral blood flow 

and increased risk of cerebrovascular events, understanding how CB1Rs and CB2Rs influence 

cerebrovascular function is of the utmost importance. Technical and ethical limitations make it 

difficult to study mechanisms involved in CBR modulation of cerebrovascular function in 

humans. As a result, experiments in this field of research are often conducted using animal 

models. The present work utilized a swine model to study cerebrovascular regulation, because of 

the structural and functional similarities of the cerebrovasculature with humans. The aim is to 

provide a basic, translational framework for understanding how CBRs influence cerebral 

vasomotor control.  
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CHAPTER 2 

 
2. REVIEW OF LITERATURE 

 
2.1 Cerebral circulation 

At rest, the brain is responsible for approximately 25% of the body’s total oxygen 

consumption. To achieve this level of oxygenation, the brain is perfused by approximately 50 

ml/100 g/min continuously. This reflects ~15% of cardiac output at rest.17,18 With no stores of 

oxygen and glucose, interruptions of only a few minutes can lead to permanent damage. Blood is 

supplied to the brain by four large, extra-cranial arteries: two internal carotid arteries and two 

vertebral arteries. The right and left internal carotid arteries originate from the common carotid 

arteries and ascend through the carotid canal, ultimately piercing the dura mater, supplying an 

anastomotic ring at the base of the brain referred to as the circle of Willis. The right and left 

vertebral arteries originate from the subclavian arteries and ascend through the foramina 

transversaria of the cervical vertebra and merge between the medulla and the pons in the brain 

stem to form the basilar artery. Similar to the internal carotid arteries, the basilar artery likewise 

supplies the circle of Willis.19,20   

The circle of Willis is a large circular anastomosis at the base of the brain.20 It connects to 

three sets of major arteries to supply the surface of the brain; these are the middle cerebral 

arteries (MCAs), anterior cerebral arteries (ACAs), and posterior cerebral arteries (PCAs). The 

MCAs supply large parts of the cortex, including the somatosensory area and the motor cortex, 

as well as subcortical regions of the brain. The ACAs travels along the olfactory tract and supply 

both cortical and subcortical regions of the brain. The PCAs perfuse the posterior regions of the 

brain that include the occipital lobe and midbrain.19 The MCAs, ACAs and PCAs are considered 

intracranial arteries and are referred to as pial arteries. Pial arteries run superficially along the 

surface of the brain, branching several times before ultimately penetrating into the brain. Arteries 
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that penetrate the surface of the brain are referred to as penetrating arteries, eventually becoming 

parenchymal arteries once they are completely positioned within the brain.21 Parenchymal 

arteries branch further, ultimately forming capillaries, allowing gas and nutrient exchange within 

the brain. Pial arteries are the focus of this work.  

Pial arteries consist of three concentric layers: i) the tunica intima, the inner layer, which 

is comprised primarily of endothelial cells and the internal elastic lamina; ii) the tunica media, 

the middle layer, which is comprised primarily of vascular smooth muscle (VSM) cells, with 

collagen and elastin; and iii) the tunica adventitia or externa, the outer layer, which consists 

primarily of collagen fibers and perivascular nerves.19 Although, extracranial arteries supplying 

the brain can have as many as 20 layers of VSM cells, smaller pial arteries often contain only 

two to three layers of VSM cells.19 Multiple mechanisms act jointly on the VSM, causing it to 

contract or relax (Figure 2.1), which contribute to the gross perfusion as well as the distribution 

of blood flow in the brain.22–25 The following will expand on these mechanisms.  

 

2.1.1 Cerebrovascular regulation 

A feature of cerebral arteries is vascular tone, which is characterized as a base level of 

constriction relative to the maximally dilated state. Physiologically, vascular tone dictates arterial 

resistance to flow and can be thought of as the “dilatory reserve” of an artery.26,27 The greater the 

vascular tone, the greater the vascular resistance, and the greater the dilatory capacity and ability 

to increase perfusion when required. Based on examination of the relationship between arterial 

pressure and arterial diameter in cerebral arteries along the cerebrovascular tree in anesthetized 

cats, Stromberg and Fox estimated that pial arterial tone represents approximately 40% of 

cerebrovascular resistance.28 The focus of the present work is on pial arteries, so the mechanisms 

that influence pial vasomotor control will be discussed.  

In general, there are four main mechanisms that act in concert, with a high level of 

redundancy, to regulate brain blood flow (Figure 2.1): myogenic response, metabolic hyperemia, 

neurogenic response and endothelial control.29 The following discussion will explore each 

mechanism briefly. The focus of this thesis is on the endothelial control of the vasculature; 

therefore, it will be discussed in the greatest detail. 
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 Figure 2.1 Cerebrovascular regulation. In the brain, blood flow is controlled through four 
primary mechanisms: myogenic response, metabolic hyperemia, neurogenic response and 
endothelial control. The myogenic response describes the contractile and relaxing properties of 
the VSM in response to changes in intramural pressure. The neurogenic response is characterized 
by the vasoactive neurotransmitters, neuropeptides, and small molecules released by neurons that 
control local blood flow. Metabolic hyperemia describes by the increase in blood flow that 
results from the release metabolites that dilate blood vessels. Endothelial control is exerted 
through the production of a wide range of vasoactive factors from the endothelium that exert 
either a relaxing or contractile influence directly on the VSM. These four mechanisms act in 
concert to provide consistent CBF, and allows for local regulation. Adapted from Silverman and 
Petersen.30 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blood Pressure

C
er

eb
ra

l B
lo

od
 F

lo
w

 

Myogenic 
response

Endothelial 
control

Lumen

Endothelial-smooth 
muscle interaction

Metabolic 
hyperemiaArterial CO2

CO2 CO2
CO2

Tissues

Transmural 
pressure across 
the arterial wall

Neurogenic
response

-Serotonin
-Acetylcholine

-GABA
-Nitric oxide

-Norepinephrine
-Neuropeptide Y

Cerebral blood 
flow remains 
stable from

~50-150 mmHg



6 
 

 
2.1.2 Myogenic response 

While it took several decades to define the physiological basis of the myogenic response, 

the initial experiment that laid the groundwork for this field of study was conducted in the early 

19th century. William Bayliss described the inherent capacity of the vasculature in the rabbit 

hindlimb to respond to changes in arterial blood pressure independently of neuronal input.31 The 

myogenic response describes the arterial reaction whereby increases in transmural pressure are 

met with vasoconstriction or increases in vascular (myogenic) tone.29 Alternatively, decreases in 

transmural pressure are met with vasodilation or decreases in myogenic tone (Figure 2.1). More 

specifically, increases in transmural pressure engage mechanically sensitive ion channels in the 

arterial wall, leading to VSM depolarization and contraction.27 Since the discovery of the 

myogenic response, this phenomenon has been observed in numerous vascular beds, such as in 

the renal, skeletal, coronary, and cerebral circulation.29 At a physiological level, researchers 

believe the myogenic response protects against fluctuations in cerebral perfusion during dynamic 

changes in blood pressure.29 When perfusion pressure increases abruptly, cerebral arteries 

constrict and myogenic tone increases, limiting hyperperfusion. In contrast, when perfusion 

pressure decreases abruptly, cerebral arteries dilate and myogenic tone decreases, limiting 

hypoperfusion.29 Evidence suggests myogenic tone assists in maintaining adequate cerebral 

perfusion across a blood pressure range from approximately 50-150 mmHg.27 Although there is 

some evidence for the involvement of the endothelium, when blood pressure is between 50-150 

mmHg, the myogenic response is believed to operate largely independent from other 

mechanisms of cerebral blood flow control, such as cerebral vasoreactivity and neurogenic 

input.29  

 
2.1.3 Metabolic hyperemia  

The concept of metabolic hyperemia was first introduced in the 1890s by Roy and 

Sherrington.32 The authors injected a living dog with a solution of homogenized brain from a dog 

who had died a few hours prior because of hemorrhagic shock. The resulting increase in cerebral 

blood flow was thought to be the result of metabolic substances generated from the hemorrhagic 

shock the dog had suffered. Since then, many metabolic vasodilators have been discovered. As a 

principle metabolite of oxidative metabolism, carbon dioxide (CO2) is perhaps the best studied in 

the cerebral circulation (Figure 2.1).33 Any increases in brain metabolism augments local CO2 
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resulting in cerebral vasodilation. Concerning the latter point, it is estimated that for each mmHg 

increase in arterial CO2 concentrations, cerebral blood flow increases by up to 4%.34 

Hypoventilation leading to hypoxia will likewise increase systemic CO2 resulting in cerebral 

vasodilation. Thus, CO2 reactivity serves to couple cerebral perfusion and oxygenation to local 

metabolism. In addition to metabolic hyperemia or CO2-mediated vasodilation, endothelial 

control and the neurogenic response also assist in coupling local neuronal activity with cerebral 

perfusion.35  

 

2.1.4 Neurogenic response (extrinsic and intrinsic) 

There are multiple neurological control mechanisms that regulate perfusion in the brain 

through the release of vasoactive neurotransmitter (norepinephrine, serotonin, acetylcholine, 

glutamate), neuropeptides (neuropeptide Y), and vasoactive small molecules (K+, NO, H+) 

(Figure 2.1).35,36 These control mechanisms can be broadly assigned to two groups: extrinsic 

control by the peripheral nervous system (PNS) and intrinsic control by the central nervous 

system (CNS).36 

 Generally, large extracerebral arteries are densely innervated by the PNS. These 

perivascular neurons release neurotransmitters and neuropeptides, such as norepinephrine and 

neuropeptide Y which act directly on the vasculature. However, in intracranial arteries, the 

density of perivascular nerves decreases gradually as arteries branch along the surface of the 

brain and ultimately disappear upon penetration into the brain. Pial arteries derive sympathetic 

innervation from the superior cervical ganglion, parasympathetic innervation from the 

sphenopalatine and optic ganglia, and sensory innervation from the trigeminal ganglion. Both 

dilatory and constrictor roles for the PNS have been reported and currently there is no consensus 

regarding the role of PNS in cerebrovascular regulation.19,29,36,37 

 In addition to extrinsic innervation from the PNS, pial arteries also receive intrinsic 

neural input from the CNS.35 Furthermore, once the pial arteries branch and dive into the 

parenchyma of the brain (i.e. parenchymal arterioles), extrinsic innervation arising from the PNS 

ceases completely and intrinsic control becomes the sole neurogenic input. A wide range of 

vasoactive neurotransmitters are released from both cortical neurons (e.g. gamma-Aminobutyric 

acid and acetylcholine) and subcortical neurons (e.g. afferents from the ralph nucleus release 

serotonin) that are important for controlling CBF. The neurovascular unit (NVU) is the 
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anatomical substrate for intrinsic neuronal control, and reflects the neurovascular interaction 

between neurons, interneurons and glia originating within the brain and the surrounding 

cerebrovasculature. Briefly, neurotransmitters released from the neurons, interneurons and glia in 

accordance with their activity, mediate vasodilation or vasoconstriction in the surrounding 

vasculature.37–40 This intimate anatomical and functional connection facilitates the dynamic 

distribution of blood flow within the brain to achieve a tight coupling between local neuronal 

activity and blood flow. Of note, although the neurogenic responses reflect distinct features of 

cerebrovascular regulation, both extrinsic and intrinsic neurogenic responses are influenced by 

the endothelium.36  

 
2.1.5 Endothelial control 

The endothelium is a single cell layer that lines the entire cardiovascular system, from the 

heart to capillaries. The endothelium was long thought to be a passive barrier to the VSM; 

however, it is now recognized that it produces factors that regulate vascular tone. The primary 

function of the endothelium is to integrate mechanical stimuli (e.g. shear stress) as well as local 

and systemic chemical (e.g., acetylcholine, bradykinin, adenosine, adenosine triphosphate 

(ATP)) signals and relay those to the VSM to mediate a constriction or dilation response (Figure 

2.1).19,26,27 The following will expand on the three primary pathways19 involved in endothelial-

dependent VSM vasorelaxation:  

 

Nitric oxide (NO): endothelial nitric oxide synthase (eNOS) activation leads to the 

production of NO. Once NO diffuses to the VSM, it leads to the production of cyclic 

guanosine monophosphate (cGMP) which inhibits contraction (Figure 2.1).41 

 

Prostaglandins: Prostaglandins are produced from arachidonic acid by cyclooxygenase 1 

& 2 (COX 1 & 2). They cause dilation by increasing levels of cyclic adenosine 

monophosphate (cAMP) in the VSM, which inhibits contraction (Figure 2.1).42 

 

Endothelium derived hyperpolarizing factor (EDHF): EDHF is proposed to function 

by polarizing the VSM membrane which prevents contraction (Figure 2.1).43 
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2.1.6 Nitric oxide 

The dual role of acetylcholine as a vasoconstrictor and vasodilator in seemingly identical 

preparations remained a point of contention until the 1980s.44–46 In 1981, Robert F. Furchgott 

detailed the obligate role of the endothelium in acetylcholine-mediated dilation.47 Furchgott 

described how careless interaction with the lumen during experimental preparations easily 

damaged and stripped away endothelial cells. This was of particular importance, because the 

stripping of the endothelium resulted in the complete loss of an arterial dilator response to 

acetylcholine. This provided direct evidence that endothelial cells were not merely an idle barrier 

between the blood and VSM, but actively influenced the VSM in response to the luminal 

environment. Subsequent research, presented in 1986, demonstrated that NO was a primary 

factor responsible for mediating endothelial-dependent dilation.46 Further, this work indicated 

that endothelial NO production resulted in cGMP production in the VSM, which ultimately led 

to relaxation.46 Furchgott’s description of the role of NO on the vasculature won him the 1998 

Nobel Prize in Physiology or Medicine.48 Since the identification of NO, it has been described as 

one of the fundamental endothelium-dependent dilators, mediating the response of a wide range 

of chemicals and mechanical stimuli. In the brain, there are both endothelial and non-endothelial 

sources of NO, of which the former is more critical to the current work.  

NO is a potent paracrine factor, whose proper function in the cardiovascular system is 

critical to health.22 NO is produced from a family of enzymes, encoded by separate genes, called 

nitric oxide synthase (NOS). The two NOS isoforms that appear to serve central function in 

cerebrovascular regulation are neuronal NOS (nNOS) and eNOS.49 Whereas nNOS is expressed 

primarily in neurons and involved in the neurogenic response, eNOS is expressed predominantly 

in endothelial cells and involved in endothelial-mediated cerebrovascular responses.35,36 

Regarding the latter, eNOS is constitutively expressed and evidence indicates it serves a central 

role in pial artery vasomotor control.22  

Although eNOS is active under basal conditions, activity can increase dramatically in 

response to increases in intracellular calcium (Ca++) .50–53 The endothelial response to 

acetylcholine provides a prototypical example of Ca++-dependent NO production. Acetylcholine 

is an agonist for the endothelial muscarinic M5 G protein-coupled receptor (GPCR).54 Although 

a mechanistic discussion of GPCR function will be addressed further in this thesis, muscarinic 

M5 receptor function will be described now to illustrate the role of NO in vasodilation. GPCRs 
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are a class of trimeric metabotropic receptors that signal through the production or inhibition of 

second messengers. muscarinic M5 receptor are bound to a Gq unit. Upon binding to the 

endothelial muscarinic M5 receptor, acetylcholine activates phospholipase C (PLC), which 

hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2), generating diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). IP3 quickly diffuses through the cytoplasm, where it acts on the 

IP3 receptor, which is a Ca++ channel on the endoplasmic reticulum. Upon binding, the Ca++ 

channel opens, releasing Ca++ into the cytoplasm.55 When Ca++ binds to the calmodulin subunit 

of eNOS, eNOS catalyzes the conversion of L-arginine and O2 to produce NO and L-citrulline, 

with the following co-factors: nicotinamide adenine dinucleotide phosphate, tetrahydrobiopterin, 

heme, flavin adenine dinucleotide, and flavin mononucleotide.49 NO is a highly lipophilic, short 

lived, gaseous mediator that readily diffuses to the surrounding tissues, where it exerts its effects. 

NO has an extremely high affinity for heme. When NO diffuses into the blood it is quickly 

oxidized by the heme in red blood cells and cleared. The NO that diffuses from the endothelium 

into the VSM binds to the heme moiety sGC resulting in its activation. sGC catalyzes the 

dephosphorylation of guanosine triphosphate (GTP) to cGMP, causing relaxation through several 

mechanisms. These include through activation of myosin light chain phosphatase resulting in 

dephosphorylation of the myosin light chain, and activation of Ca++ ATPase resulting in Ca++ 

efflux and a resultant hyperpolarizing effect. The net result is VSM relaxation or vasodilation 

(Figure 2.1).19,22,41,46,56  

It has been established that NO is a major regulator of cerebrovascular tone.41 

Experimental approaches have shown that administration of N(G)-Nitro-L-arginine methyl ester 

(L-NAME), a non-specific inhibitor of NOS, reduces cerebral blood flow in vivo and increases 

vascular tone in isolated pial arteries ex vivo. However, L-NAME does not distinguish the source 

of NO, making it difficult to determine whether the effects of L-NAME are mediated by nNOS 

or eNOS. Nevertheless, given the effect of L-NAME is observed in isolated arteries void of 

neural input and this effect can be abolished by removal of the endothelium, suggests a key role 

for eNOS. Supporting a role for eNOS, ex vivo experiments on isolated arteries reveal that VSM 

cGMP levels, a key mediator of NO-induced dilation, are lower in arteries with a damaged 

endothelium.57,58 It has been suggested that eNOS is constitutively active and NO is produced 

continuously to limit off-target effects of locally produced compounds like serotonin and 

norepinephrine that are produced readily in the brain and mediate vasoconstrictor effects in the 
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cerebral circulation.59,60 Moreover, eNOS activity, and by extension NO production, is regulated 

by mechanical and chemical stimuli to regulate blood flow to specific regions of the brain as 

required. Thus, eNOS-dependent NO production serves an important role in cerebrovascular 

regulation, influencing gross perfusion as well as blood flow distribution within the brain.  

 

2.1.7 Prostaglandins 

The study of endothelial control of the vasculature began in earnest with Furchgott’s 

description of the mandatory role of the endothelium for relaxation in response to 

acetylcholine.47 Although unknown at the time, the first true endothelium-dependent dilators 

were described in the 1930s, by Maurice W. Goldblatt61 and Ulf von Euler.62 Indeed, both 

physiologists independently reported vasoactive properties of unknown compounds in seminal 

fluids. The term prostaglandin was soon coined for these compounds. It was several decades 

before the identity of prostaglandins were clarified. The first prostaglandins to be isolated were 

identified as prostaglandin E1 (PGE1) and prostaglandin F1 (PGF1).63–66 

Prostaglandins are a large family of lipid mediators called eicosanoids. Eicosanoids are 

lipids structurally related to the precursor arachidonic acid. Arachidonic acid is a polyunsaturated 

fatty acid that is stored in the phospholipid membrane of cells. Arachidonic acid is released from 

the cellular membrane through the actions of phospholipase A2 (PLA2). Traditionally, upon 

activation, PLA2 breaks down phosphatidylinositol (PI) in the membrane releasing arachidonic 

acid into the cells. Arachidonic acid can be metabolized by several enzymes including 

lipoxygenases, cytochrome P450 monooxygenases as well as COX.55 Concerning the cerebral 

circulation, arachidonic acid is the primary substrate for COX, which produces vasoactive 

prostaglandins.42  

There are two structurally related, constitutively expressed isoforms of COX in the 

endothelium: COX 1 and COX 2.42 Although there are slight differences in substrate affinity and 

enzymatic activity, both COX 1 and COX 2 metabolize arachidonic acid readily and mediate the 

production of prostaglandins. More specifically, COX proteins contain two enzymatically active 

subunits: a site for COX activity and a site for peroxidase activity. Once activated, catalytic COX 

activity leads to the formation of PGG2. Subsequently, the peroxidase subunit catalyzes the 

reduction of PGG2 to PGH2. PGH2 is a short-lived substrate critical to the formation of 

biologically active forms of prostaglandins.67 The five primary prostaglandins generated from 
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PGH2 are: PGD2, PGE2, PGF2a, PGI2 and thromboxane A2. Ultimately the production of PGH2 is 

the rate limiting step for the production of vasoactive prostaglandins, making COX a key 

enzymatic pathway of prostaglandin physiology.68 

Vasoactive prostaglandins are extremely lipophilic, and once produced, diffuse quickly 

across the endothelial cell membrane to act upon the VSM. The net effect ultimately depends 

upon the prostaglandins produced in the endothelium and receptors present in the VSM. Of 

importance, in the cerebral circulation, prostaglandins can produce dilation through the actions of 

PGI2 on prostacyclin receptors (IPR) or constriction through the actions of thromboxane A2 

receptors (TXR).42  

Similar to NO, acetylcholine provides an excellent example for the endothelial-dependent 

production of dilatory prostaglandins.69 As discussed previously, acetylcholine is a potent 

endothelial-dependent dilator and acts by increasing intracellular endothelial Ca++ concentration. 

In addition to the activation of eNOS, increases in intracellular Ca++ augment PLA2 activity, 

promoting arachidonic acid release from the cell membrane and subsequent metabolism by 

COX.70 With respect to endothelial muscarinic M5 receptors, or endothelium-dependent dilation 

in general, the main prostaglandin produced is PGI2, which diffuses into surrounding VSM and 

binds to IPRs.42 Briefly, IPRs are GPCRs bound to the Gs subunit. Once engaged, the Gs subunit 

activates adenylate cyclase (AC), which catalyzes the conversion of ATP to cyclic cAMP. In 

VSM, cAMP inhibits myosin light chain kinase, resulting in attenuated phosphorylation of the 

myosin light chain, and activates Ca++ channels resulting in Ca++ efflux and a resultant 

hyperpolarizing effect. The cumulative effect is VSM relaxation or vasodilation (Figure 2.1).19 

Like eNOS, COX, and particularly COX 1, appear to be constitutively active in the 

cerebrovasculature; and thus, involved in the regulation of cerebrovascular tone. Indeed, 

experimental approaches have shown that administration of Indomethacin, a non-specific 

inhibitor of COX, reduces cerebral blood flow in vivo and increases vascular tone in isolated pial 

arteries ex vivo.71 However, the magnitude of the effect in isolated arteries, when compared with 

NO, appears to be smaller.72 The effect of COX inhibition on cerebral vasomotor control appears 

to be more pronounced during developmental stages, prior to maturation, suggesting basal PGI2 

serves a greater dilatory role in children than adults.73 Given similar stimuli (mechanical and 

chemical) activate both eNOS and COX, PGI2 may serve a similar, though less pronounced, role 

as NO in cerebrovascular regulation.  
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2.1.8 Endothelial-dependent hyperpolarizing factor 

Although NO and PGI2 serve central roles in endothelial-mediated responses, even when 

eNOS and COX pathways are pharmacologically inhibited, endothelium-dependent vasodilation 

often persists, though to a lesser degree.12,19 As a result, this elusive, persistent dilatory influence, 

referred to as EDHF, was originally defined as the sustained dilation after both NOS and COX 

inhibition. Although EDHF remains to be characterized fully, as its name suggests, evidence 

indicates it involves the spreading of hyperpolarization from the endothelium to VSM resulting 

in VSM relaxation.25  

Interestingly, acetylcholine has been shown to produce vasodilation in the presence of 

combined COX and NOS inhibition, indicating a portion of endothelial muscarinic M5 receptor-

mediated vasodilation is the result of EDHF.74 As previously described, muscarinic M5 receptor 

activation results in the increase in intracellular Ca++. Concerning EDHF, this has both direct and 

indirect implications. First, increased Ca++ activates both the small-conductance (SKCa) and 

intermediate-conductance (IKCa) calcium-activated potassium (K+) channels present on the 

endothelium, resulting in endothelial hyperpolarization.75 In addition to K+ efflux, this initiates 

the opening of myoendothelial gap junctions, which allows the hyperpolarization to “transfer” to 

the VSM.22,76 Conjunctional with the transfer, VSM voltage-gated Ca++ close and Ca++ ATPase 

channels as well as K+ channels open resulting in decreased VSM intracellular Ca++ 

concentrations and resultant hyperpolarization.76 Secondly, and concurrently, increased 

endothelial Ca++ stimulates PLA2, which initiates the breakdown of membrane phospholipids 

into arachidonic acid. As described earlier, in addition to COX, arachidonic acid can be 

metabolized by cytochrome P450 monooxygenases, which, in turn, produce epoxyeicosatrienoic 

acid (EET). Importantly, EET are believed be chemical mediators of EDHF and, like Ca++, 

initiate an endothelial hyperpolarization effect.19 Furthermore, evidence indicates EET may 

diffuse into VSM and mediate VSM hyperpolarization directly. The net result of endothelial 

Ca++ and EET signaling, that occurs independent of both eNOS and COX pathways, collectively 

termed EDHF, is decreased VSM intracellular Ca++ concentrations, hyperpolarization and 

subsequent VSM relaxation (Figure 2.1).27 

 EDHF is a complimentary dilator to NO. That is, evidence indicates EDHF and NO 

respond to similar stimuli, but as pial arteries branch and eventually become penetrating arteries, 

the contribution of NO to vascular tone decreases in favour of EDHF.76 Although this may not 
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hold true in all instances, there is compelling evidence that this paradigm is applicable to certain 

chemical stimuli. For example, intraluminal ATP can cause cerebral vasodilation through its 

actions on endothelial P2 purinergic receptors. Whereas ATP-induced vasodilation can be 

blocked by L-NAME (NOS inhibition) in the MCA, neither L-NAME nor combined L-NAME 

and Indomethacin (combined NOS and COX inhibition) blocks ATP-induced vasodilation in 

penetrating arteries. Furthermore, removal of the endothelium blocks ATP-induced vasodilation 

in penetrating arteries. Thus, in penetrating arteries, endothelial-dependent, ATP-induced 

vasodilation appears to be mediated by EDHF (defined as sustained dilation after both NOS and 

COX inhibition). Similar observations have been reported concerning other components of 

EDHF-mediated vasodilation. That is, whereas pharmacological inhibition of IKCa channels, a 

key mediator of the EDHF response, has little effect on vascular tone in larger cerebral arteries, it 

increases vascular tone in smaller cerebral arteries.75 Furthermore, in contrast to the role of PGI2, 

evidence suggests EDHF regulation of cerebrovascular tone increases with age, perhaps acting as 

a compensatory dilator when the role of other endothelial-dependent dilators becomes blunted or 

impaired.77  Thus, regarding the pial circulation, EDHF may serve a more significant role in the 

regulation of terminal branches (i.e., smallest pial arteries), with this role increasing with ageing.  

 

2.2 Endocannabinoid system 

2.2.1 General introduction to the endocannabinoid system 

The endocannabinoid system is comprised of a group of receptors and ligands that are 

involved in the regulation of numerous physiological and behavioural processes, including 

cognitive functioning, mood, appetite, pain sensation and fertility.5 More recently, a role for the 

endocannabinoid system in cardiovascular control has emerged.10 There are two primary 

receptors in this system - the CB1R and CB2R. Each receptor has a distinct role and is produced 

at different levels in different tissues. There are >100 endocannabinoids (endogenously 

produced, fatty acid-based cannabinoids) that elicit physiological effects through the actions of 

the CB1R, CB2R, or both. The two principal endocannabinoids are anandamide (AEA)78 and 2-

arachadonyl glycerol (2-AG),79 which produce local and systemic effects based on the local 

production and circulating plasma concentrations of these endocannabinoids as well as the 

expression of either CB1R and CB2R in the surrounding tissue or target tissue of interest. The 
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CBR distribution and the effects of CBR ligands, either endogenous or exogenous, have yet to be 

well characterized in the vascular system, and, in particular, in the cerebrovasculature.  

2.2.2 Cannabinoids and their receptors 

The term ‘endocannabinoid’ refers to a collection of fatty-acid ligands for the CBR.6 

More specifically, they are eicosanoids that activate one or both of the CB1R and CB2R. Two 

endocannabinoids that are produced in relatively larger quantities and better studied are AEA 

and 2-AG. Both are synthesized from arachidonic acid – a molecule generated during the 

breakdown of membrane bound or intracellular phospholipids. This is usually initiated following 

an elevation in intracellular Ca++. AEA is generated from the lipolysis of phospholipid N -

arachidonoyl-phosphatidylethanolamine (NArPE). 2-AG is produced from the hydrolysis of the 

arachidonic acid containing DAG with diacylglycerol lipase (DAGL). Factors that stimulate 

increases in intracellular Ca++ and increase the breakdown of phospholipids, resulting in an 

accumulation of arachidonic acid, such as activation of certain classes of GPCRs, are important 

for the production endocannabinoids.1,5  

Both CB1R and CB2R are GPCRs.6  GPCRs contain a membrane bound receptor which 

is coupled to an intracellular trimeric G protein (contains an α, β, and γ subunit) which relays the 

signal. The G proteins can be broadly grouped into three main classes based on their signaling 

pathway.  

 

Gs: Stimulation of AC leading to the production of cAMP 55 

 

Gi/o: Inhibition of AC leading to the reduction of cAMP 55 

 

Gq: Stimulation of PLC leading to the hydrolysis of PIP2. This generates two second 

messengers: DAG and IP3 55 

 

Ultimately, the effects of receptor stimulation depend on the type of subunit bound and 

the net influence of the downstream signaling cascades. Both CB1Rs and CB2Rs bind the Gi/o 

subunit leading to a reduction in cAMP.5 Of note, cAMP is a second messenger involved in 

mediating intracellular signal transduction. Briefly, AC catalyzes the conversion of ATP to 

cAMP, which activates intracellular protein kinases (e.g., protein kinase A) or acts directly on 
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Ca++ channels and potentially K+ channels producing a hyperpolarizing effect.80 By inhibiting 

cAMP production, activation of the CBR Gi/o leads to an increase in intracellular Ca++. 

Concurrently, activation the CBR Gi/o has been shown to induce the phosphoinositide 3-

kinases/Akt pathway, which initiates an IP3-dependent increase in intracellular Ca++. Thus, the 

net effect of CBR Gi/o signaling is an increase in intracellular Ca++ concentration.55 However, it is 

important to note, although the CB1R and CB2R preferentially bind the Gi/o subunit, other 

classes of GPCRs may also be involved in physiological effects of CBR activation. 

In addition to the Gi/o subunit, emerging evidence reveals CB1Rs may bind the Gs 

subunit.81 In contrast to the Gi/o subunit, the Gs subunit stimulates AC thereby increasing 

production of cAMP leading to a reduction in intracellular Ca++. Additional evidence reveals, the 

CB1Rs may also bind the Gq subunit, mediating a PLC dependent increase in IP3, leading to an 

IP3 mediated increase in intracellular Ca++. Given the access to distinct populations of GPCRs, 

the net effect of CB1R activation will depend on the class of G protein bound and the net effect 

of downstream signaling cascades. Whether activation of multiple classes of GPCRs occurs 

simultaneously, competitively, or in a biphasic manner, and how this influences the 

physiological effects of CB1R activation remains to be elucidated fully.  

The first receptor discovered to bind THC, the psychoactive component in cannabis, was 

the CB1R.3 The function of CB1Rs is best studied in the brain, and is the most highly expressed 

GPCRs in the brain.82 CB1R signaling is involved in neurodevelopment where it controls 

neuronal activity and circuity. Mechanistically, the CB1R controls neuronal circuitry through the 

negative regulation of synaptic activity. For example, after the release of neurotransmitters that 

have Gq activity, there is an IP3-dependent increase in cellular Ca++ and an increase in the levels 

of DAG. Subsequent hydrolysis of DAG leads to the production of 2-AG, which reduces 

neuronal activity by acting on pre-synaptic CB1R.83–85 More specifically, this enhances Gi/o 

activity, which reduces intracellular cAMP and protein kinase A activity resulting in an increase 

in intracellular Ca++ and ensuing depolarization-induced attenuation of neuronal activity.5 

Although CB1R expression is highest in the brain, there are several tissues with functional levels 

of CB1R, including the vascular system (Figure 2.2).10 Owing to the hydrophobic nature of 2-

AG and AEA, they are easily distributed throughout the surrounding tissue. Thus, 2-AG and 

AEA produced in neurons may mediate local CB1R-dependent effects in the surrounding 

vasculature. Moreover, there is evidence that endothelial cells themselves can produce 
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endocannabinoids.86 Although cerebral arteries appear to express functional levels of the CB1R, 

and are located in close proximity to neurons that produce endocannabinoids, the physiological 

role of cerebrovascular CB1Rs has yet to be well characterized. 

CB2Rs are present at high concentrations in immune tissue such as the tonsils and the 

spleen. Activation of CB2Rs have been shown to supress the release of inflammatory cytokines 

and the migration of leukocytes. However, CB2Rs are also expressed at lower concentrations in 

non-immune tissue such as the heart and cerebrovasculature. The physiological significance of 

CB2Rs in the heart or elsewhere in the cardiovascular system, such as the cerebrovasculature, 

remains relatively unknown.10  
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Figure 2.2 Proposed endothelial actions of cannabinoids on the cerebrovasculature of 
swine. eNOS, COX and EDHF are the three principle vasodilator pathways. Cannabinoids such 
as THC, CBD, 2-AG, AEA, CP55940, WIN55212-2 and AM-2201 bind to CB1R, which recruits 
a combination of one of these three pathways. CB1R activation results in either elevated 
cytosolic Ca++ or increased arachidonic acid. Increased Ca++ levels activate eNOS, which 
catalyzes the transformation of L-arginine and O2 to L-Citrulline and NO. NO freely diffuses to 
the VSM where it activates sGC that increases cytosolic cGMP. cGMP activates myosin light 
chain phosphatase, which results in VSM relaxation. Liberated arachidonic acid is actively used 
for COX metabolism. COX transforms arachidonic acid initially into PGH2 and ultimately into 
PGI2. PGI2 act on the VSM IPRs, which activate AC and, in turn, catalyzes the conversion of 
ATP to cAMP. cAMP leads to decreased intracellular Ca++. Decreases in Ca++ in the VSM leads 
to inhibition of myosin light chain kinase, which ultimately inhibits VSM contraction. 
Arachidonic acid can also be used to generate EET, initiating an endothelial and VSM 
hyperpolarization effect. Independently, Ca++ can also cause endothelial hyperpolarization. 
Endothelial hyperpolarization travels through myoendothelial gap junctions, results in VSM 
muscle hyperpolarization. The net effect of hyperpolarization, is reduced VSM Ca++. 
Consequently, the decreased VSM intracellular Ca++ concentrations and hyperpolarization results 
in VSM relaxation. 
 

 

 

 

 

PMLCK

MLCP

ATP Ca++-CM

Ca++ 

ATPase

GC

GTP cGMP

K+ 
channel

eNOS

L-arginine

NO

L-citrulline

O2

COX

PGI2

Arachidonic acid
Arachidonic acid

CYP450 Ca++

EDHF

EET

Ca++

Ca++

Ca++
Ca++

Ca++

Ca++
Ca++

Ca++

K+

K+

K+

K+

K+ 
channel

K+

K+

K+
K+

Myoendothelial
gap junction

RelaxationCa++ 

ATPase

CB1RLumen
E

n
d

o
th

e
li
u

m
V

S
M

C

MLC

CBD

THC CP55,940

WIN 55,212-2

L
-N

A
M

E

N
a

p
ro

x
e

n

Synthetic CB1R agonists

AM-2201
2-AG

Exogenous and endocannabinoids

IPR



19 
 

2.2.3 Cannabinoid receptors and cerebrovascular function  

Both endogenous and exogenous cannabinoids can produce vasodilatory effects in the 

peripheral vasculature. In rat mesenteric arteries, AEA-induced vasodilation is blunted by the 

removal of the endothelium as well as the CB1R antagonist AM251, but is unaffected by the 

CB2R antagonist AM630.15 These data indicated AEA-induced vasodilation, is endothelial-

dependent and mediated by the CB1R. Vascular CB1Rs have been documented in many 

mammalian species including human mesenteric arteries, implicating endothelial-dependent 

CB1R-mediated vasodilation as a conserved vascular response.14,15,87 Furthermore, evidence 

suggests CB1R agonism also elicits a cerebral vasodilatory effect.86 Nevertheless, the functional 

significance of this phenomenon and the mechanisms responsible for the vasodilatory effect 

remain to be fully explained.  

The brain is a major site of endocannabinoid action.5,88 In addition to the presence of 

CB1R and CB2R, the brain and the cerebrovasculature possess the machinery involved in 

endocannabinoid production. With respect to cerebrovascular regulation, Rademacher and 

colleagues propose that endogenously produced endocannabinoids serve a role in buffering 

against vasoconstriction (e.g., maintenance of vascular tone).86 This is based on experiments in 

rat cerebral arteries demonstrating that endothelial production of both AEA and 2-AG are 

increased in the presence of thromboxane analogue U-46619, a potent TXR 

agonist/vasoconstrictor. Furthermore, when pre-incubated with the CB1R antagonist SR-141716, 

to block the vascular actions of AEA and 2-AG, rat pial arteries exhibit increased 

vasoconstriction in response to U-46619.86 Thus, TXR agonism increases the endothelial 

production of AEA and 2-AG, which subsequently attenuates TRX-induced vasoconstriction by 

engaging CB1R dilatory pathways. Concerning exogenous cannabinoids, AEA infusion 

stimulates cerebral vasodilation in rats, which is likewise abolished with the CB1R 

antagonist SR-141716. To date, there is no evidence to suggest CB2R mediates direct cerebral 

vasorelaxation;14 however, a recent study in rats highlighted that CB2R agonist JWH-33 

potentiated endothelial-dependent cerebral vasodilation. Taken together, both endogenous and 

exogenous cannabinoids elicit a cerebral vasodilatory effect; whereas the former appears to 

reduce off target constrictor effects of TXR agonism (perhaps from prostaglandin production 

from the CNS or endothelial cells), the latter appears to stimulate an actual dilation. Furthermore, 

although the vasodilatory effect of cannabinoids is mediated in large part by the CB1R, there is 
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an emerging interactive role for CB2R. The dependency of the vascular actions of CB1R and 

CB2R agonism on the endothelium and the independent roles of NO, prostaglandins and EDHF 

is a current area of inquiry.89 

Evidence indicates cannabinoids mediate dilation through multiple pathways. Although 

the precise mechanism is unclear, either through Gi/o or Gq activity, it is well accepted that CB1R 

agonism results in the mobilization of endothelial cytosolic Ca++ from intracellular stores, which 

results in the activation of vasodilatory proteins associated with NO production, prostaglandin 

production and EDHF (Figure 2.2).90,91 Concerning NO, work from O’Sullivan and colleagues 

reveals eNOS does not contribute to AEA-induced dilation in either the superior mesenteric 

artery or third order branches in rodents.15 In a another study, although cannabidiol (CBD) 

increased eNOS activation in human aortic endothelial cells, CBD-induced dilation in human 

mesenteric arteries was not attributable to eNOS. In contrast to this work, subsequent research by 

the same group demonstrated that AEA-induced dilation in human mesenteric arteries was 

eNOS-dependent.92 Thus, the role of eNOS in cannabinoid-mediated dilation remains unclear, 

but may be both cannabinoid- and species-specific. Importantly, the independent role of 

endothelial NO on cerebrovascular regulation has not yet been studied.  

Regarding the independent roles of COX-mediated production of prostaglandins and 

EDHF, evidence reveals potential roles for both in mediating the vasorelaxation effects of CB1R 

agonism. Indeed, cannabinoids have been shown to increase the cytosolic pool of arachidonic 

acid, which can be metabolized by COX to form prostaglandins as well as by cytochrome P450 

to form EETs (chemical mediator of EDHF).93 Furthermore, cell culture experiments reveal that 

AEA directly increases the levels of PGE2 in cerebral endothelial cells94 and the dilatory actions 

of AEA or THC on pial vessels in vivo are blunted by COX inhibitor Indomethacin.87 With 

respect to EDHF, various cannabinoids that act on CB1R have been shown to activate inward 

rectifying K+ currents initiating a hyperpolarization effect.95,96 Additionally, in the presence of 

high K+  physiological saline (which abolishes membrane hyperpolarization) or when 

myoendothelial gap junctions are inhibited (preventing the transfer of hyperpolarization from the 

endothelium to the VSM), mesenteric arteries lose much of their dilatory response to 

cannabinoids. Granted, like eNOS, these observations are from mesenteric arteries, this raises the 

possibility of EDHF involvement in CBR-modulation of cerebral vascular tone. Despite the lack 

of systematic characterization in the cerebral circulation, it appears cannabinoid-mediated 
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vasodilation likely involves CB1R activation and prostaglandin production, with possible 

contributions from endothelial derived NO, and EDHF. Given other endothelial GPCRs (e.g., 

muscarinic, and ATP-purinergic receptors) recruit these same dilatory pathways, but at varying 

degrees across different vascular beds as well as across different branch orders within the same 

vascular bed, it is likely CB1R recruitment of these pathways in the cerebral circulation is 

specific to the cerebral circulation and even the arteries being studied (e.g., MCAs vs. PCAs or 

pial vs. parenchymal etc.).  

Although the majority of evidence supports a role for the CBRs, it is important to note 

that endocannabinoids and phytocannabinoids may exert a dilatory effect that operates 

independently from either CB1R or CB2R.97 Some studies have attributed this latter effect to a 

yet unknown receptor, termed the endothelial cannabinoid receptor. Others have provided 

evidence that cannabinoids act on a broad range of GPCRs and ion channels outside of the 

classical CB1R and CB2R receptors, such as orphaned receptors (GPR18 and GPR55), and ion 

gated channels (e.g., 5-HT3, nicotinic acetylcholine, and glycine receptors, and Transient 

Receptor Potential Channels).5 There are several studies that indicate that these non-CBR targets 

serve a role in modulating vascular tone through endothelial-dependent and independent 

mechanisms. For example, one study reported THC can induce rat aorta and mesenteric artery 

relaxation by increasing endothelial NO bioavailability through peroxisome proliferator-

activated receptor-dependent activation of superoxide dismutase (SOD).98 Another study 

demonstrated that AEA stimulates relaxation in isolated basilar arteries from guinea pigs by 

activating vanilloid receptors on perivascular sensory nerves, causing the release of calcitonin 

gene related peptide, a potent NO-independent vasodilator.99 Given many cannabinoids, such as 

THC, AEA, 2-AG and CBD, may serve as ligands for CBR as well as a broad range of GPCRs 

and ion channels, to better understand CBR modulation of vascular control, it is critical that 

future studies take advantage of emerging synthetic ligands that have higher binding affinities for 

the CB1R and CB2R and fewer off target effects. Owing to the limitation of using traditional 

endocannabinoids or phytocannabinoids, and not synthetic ligands, the independent roles of 

CB1R and CB2R and downstream mediators have yet to be isolated.  
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2.3 Objective 

The goal of this work is to provide a basic, translational framework for understanding 

how CBRs influence cerebral vasomotor control. 

 

2.4 Purpose 

The central purpose of this thesis is to examine the independent roles of CB1R and CB2R 

agonism and downstream signaling on cerebral vasomotor control in swine. 

 

2.5 Hypothesis 

It is hypothesized that CB1Rs mediate pial artery vasorelaxation in an endothelial-

dependent manner, with potential independent contributions from the COX, NOS and EDHF 

pathways. 
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CHAPTER 3 

 
3. METHODS 

3.1 Ethical approval  

This study was conducted at the University of Saskatchewan, Western College of 

Veterinary Medicine. All study procedures were in accordance with the guidelines of the Canadian 

Council on Animal Care (CCAC) and the ARRIVE guidelines, and were approved by the Animal 

Research Ethics Board of the University of Saskatchewan (Animal Use Protocol #20190036).  

 

3.2 Animals 

To minimize potential influences of sex, sex hormones and ageing, all of which may 

affect CBR expression and/or activity,100,101 sexually immature female swine were selected as a 

translationally relevant model organism for the current research. Furthermore, this model (e.g., 

sexually immature females) was selected because of their relatively low cost, size and ease to 

work with. Importantly, as it pertains to the present work, although there are slight anatomical 

differences, the brain and cerebral architecture are remarkably similar between species. For 

example, like humans, swine contain internal carotid arteries and a basilar artery that converge 

with the circle of Willis, and they likewise possess ACAs, MCAs and PCAs that share structural 

and functional similarities with human cerebral arteries.72,102 Swine also provide an ideal 

candidate as they display greater similarity in arterial size and cerebrovascular volume compared 

with lower order species (e.g. murine models). Furthermore the brain of swine are 

gyroencephalic and contain >60% white matter, which is similar to that of humans.72,103 As grey-

matter and white-matter have substantially different metabolic requirements (grey matter 

requires 3-5 times as much vascularization as white matter),104 using models with similar ratios 

of grey to white matter may provide greater translational relevance and set the stage for future 

preclinical studies.  
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Female Landrace swine (N=16; mass=35±2 kg; mean±S.E.M.) were obtained from Prairie Swine. 

No similar studies have been conducted; therefore, a power calculation was not performed. The 

number of swine was chosen based on achieving an experimental sample of n=6-10 per condition, 

which is consistent with previous work examining vasomotor actions of CB1R.105,106 The vendor 

guaranteed that the animals were virus-, bacteria-, and parasitic pathogen-free. The swine were 

acclimatized for a minimum of seven days prior to experimentation and were housed in a 

temperature (21°C) and humidity (<65%)-controlled room with an automated 12-hour, light/dark 

cycle. The animals had free access to water and food (Whole Earth Swine Pig Starter, CO-OP 

AGRO, Saskatoon, SK, CAN). Following an overnight fast, swine were anaesthetized with an IM 

injection of ketamine (20-30 mg/kg) and euthanized with an overdose of inhaled isoflurane (1 

L/min O2, 5% isoflurane) followed by exsanguination.  

 

3.3 Isolated arterial experiments 

The methodology used to study pial artery vasomotor control in the current study was 

wire myography (Figure 3.1). This technique involves threading two fine wires through the 

lumen of an artery, attaching those wires to a force transducer, and recording the changes in 

isometric tension resulting from arterial contractions and relaxations in response to 

pharmacological stimuli (e.g., receptor agonist, antagonists and enzyme inhibitors used alone 

or in combination with one another).  As the arteries are separated from the surrounding tissue 

and many factors that contribute to vasomotor function can be controlled for (e.g., neurogenic 

input, tension, pH, temperature, O2 and CO2 levels, etc.), it is considered a gold standard 

method for isolating and characterizing the vasoactive properties of the endothelium and VSM.  

Following euthanasia, a portion of the brain containing the MCA and downstream 

branches was carefully excised and transferred to a dissection dish containing an ice-cold 

physiological saline solution (PSS); in mM: 131.5 NaCl, 5.0 KCl, 2.5 CaCl2, 1.2 NaH2PO4, 1.2 

MgSO4, 5.5 Glucose, and 25 NaHCO3; pH 7.4. First-order branches of the MCA were 

dissected, cut into segments (2 mm) and mounted on 40 µm wires attached to a Multi Wire 

Myograph System (DMT 610M, Copenhagen, SV, Denmark) containing warm PSS to allow 

for isometric tension readings at 37oC. Data was acquired continuously and extracted using the 

data acquisition and analysis software LabChart (8.1.16)(Figure 3.1). Artery diameters for 
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optimal resting tension were normalized to 0.9 of internal circumference at 60 mmHg (IC60; 

the IC60 produces a standardized, resting tension at a transmural pressure of 0.9 of 60 mmHg 

by a series of stepwise increments in diameter). Following a 40-minute stabilization, arteries 

were exposed to 80 mM KCl.  In response to KCl, VSM becomes depolarized and a 

contraction is initiated. A contractile response to KCl is used to determine VSM integrity, and 

confirm functionality of the artery following dissection and mounting. Arteries that generated 

less than a 3 mN increase in tension in response to KCl were excluded. Thereafter, arteries 

were allotted an additional 40 minutes to achieve a stable baseline tension prior to 

experimentation.  
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Figure 3.1 Methodological approach and experimental conditions. A) To determine the 
effects of CP55940 on the cerebrovasculature, pial arteries downstream from the MCA were 
dissected and mounted on a wire myograph. Once mounted, arterial contraction and relaxation 
responses were recorded continuously using Labchart software. Subsequently, data were 
extracted and analyzed. B) To study the effects CB1R and CB2R activation, vasoreactivity in 
response to CP55940 was examined in untreated, CB1R inhibition and CB2R inhibition 
conditions. To study CB1R-mediated, endothelial-dependent, and independent vasorelaxation, 
vasoreactivity in response to CP55940 was examined in the setting of CB2R inhibition combined 
with NOS inhibition, COX inhibition, combined NOS and COX inhibition and in denuded 
arteries.  
 
 
 
 
 
 
 
 
 
 

 

Untreated CB1R inhibition
(AM251)

CB2R inhibition
(AM630)

COX inhibition 
(Naproxen)

NOS inhibition 
(L-NAME) Denuded

1 + - - - - -
2 - + - - - -
3 - - + - - -
4 - - + + - -
5 - - + - + -
6 - - + + + -
7 - - + - - +

A) Methodological approach

B) Experimental conditions

Dissected MCA

1a and 2a pial arteries are mounted on a 
wire myograph system for tension recording

CP55940 assay

Untreated or treated arterial responses to 
CP55940 is recorded continuously and analyzed

Data recording and analyses
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Role of CB1R and CB2R: Arteries were treated with vehicle or pre-incubated with 

either the CB1R inverse antagonist AM251 (1x10-7 M; n=8) or the CB2R inverse antagonist 

AM630 (1x10-7 M; n=11) for 20 minutes. AM251 and AM630 display high selectivity for their 

respective receptors in the nanomolar range,107 and the chosen concentrations were selected 

because they have been used previously in vascular preparations to isolate the contributions of 

either CB1R or CB2R.89 Thereafter, they were pre-contracted with the thromboxane A2 

receptor agonist U-46619 (from 1x10-6 M to 1x10-4 M) and vasoreactivity in response to 

CP55940 (CB1R and CB2R receptor agonist; 1x10-9 M to 1x10-6 M; half-log doses) was 

assessed (Figure 3.1). CP55940 is a synthetic cannabinomimetic that is a selective agonist and 

displays high potency for the CB1Rs and CB2Rs.108 Thus, it is an ideal drug to isolate the 

roles of CB1R and CB2R on cerebral vasomotor control (Figure 3.1). 

Establishing the signaling mechanisms underlying CB1R-mediated relaxation: 

Vasoreactivity to CP55940 was examined in arterial segments pre-incubated for 20 minutes 

with AM630 to block any contribution of CB2R signaling as well as the following 

experimental conditions: 1) COX 1 & 2 inhibitor Naproxen (3x10-4 M; n=7; Figure 2.2 and 

3.1); 2) non-specific NOS inhibitor L-NAME (3x10-4 M; n=7; Figure 2.2 and 3.1); 3) 

combined COX and NOS inhibition (L- NAME + Naproxen; reveals EDHF contribution, as 

EDHF is defined as the non-NO and non-prostaglandin contribution to relaxation; n=7; Figure 

2.2 and 3.1); 4) denuded arteries (reveals endothelial-independent relaxation; n=6; Figure 3.1). 

Denudation is an established method to remove the endothelium and is accomplished by 

rubbing a horsehair through the lumen of the arterial segment prior to mounting it in the wire 

myograph system. To confirm the removal of the endothelium, arteries were exposed to U-

46619, followed by the endothelium-dependent vasodilator bradykinin prior to examination of 

vasoreactivity in response to CP55940. Successful denudation was defined as a less than 15% 

relaxation in response to endothelial-dependent vasodilator bradykinin (1x10-6 M) (Figure 3.1). 

 

3.5 Data analyses and statistics 

Percent contraction in response to U-46619 was calculated as the quotient of ∆U-46619 

(mN) and ∆KCl (mN), multiplied by 100% (modified from Ingram et al):109 

 

𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	(%) = ./012234
567

8 ∗ 100% ………………………………………..…………Eq.3.1 
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Percent relaxation at each dose was calculated as the quotient of ∆tension from baseline 

(mN) and tension at baseline (mN), multiplied by 100% (modified from Ingram et al):109 

 

𝑅𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛	(%) = .(@ABCDEB	F@	GFCA7DBA0@ABCDEB)
@ABCDEB	F@	GFCA7DBA

8 ∗ 100%....................................................Eq.3.2 

 

Data were analyzed using GraphPad Prism (8.4). A mixed model repeated measures 

ANOVA was performed to examine condition x dose differences in vasoreactivity to CP55940. 

A post-hoc Sidak test was used to determine the location of significance. Physiological 

maximum relaxation and area under the curve (AUC) were extracted for each dose-response 

curve. Data for the AUC are presented as absolute values as well as normalized to control. To 

extract negative logarithm of the half maximal effective concentration (pEC50 ), dose-response 

curves were fitted using four-parameter non-linear regression fit. As the relaxation curves do not 

always adequately plateau, to calculate pEC50 values non-linear regression-fitted curves were 

restrained in the following ways: the bottom plateau was constrained to be equal or greater than 

zero, and the top plateau was constrained to be no greater than the physiological maximum.  

Role of CB1R and CB2R: It was hypothesized that CB1R inhibition would attenuate the 

maximal and cumulative (AUC) relaxation in response to CP55940. Likewise, it was 

hypothesized that CB2R inhibition would not alter vasomotor responses to CP55940. Therefore, 

independent one-tailed Student’s t-tests were performed to compare maximal and cumulative 

relaxation for the following conditions: Untreated vs. CB1R inhibition (AM251) and Untreated 

vs. CB2R inhibition (AM630). It was uncertain how CBR inhibition would influence relative 

sensitivity to CP55940; thus, independent two-tailed Student’s t-tests were performed to compare 

the pEC50 data under the same experimental conditions. 

Signaling mechanisms underlying CB1R-mediated relaxation: It was hypothesized that 

CB1R-mediated relaxation would be attenuated by NOS, COX and NOS+COX inhibition as well 

as by arterial denudation. Therefore, independent one-tailed Student’s t-tests were performed to 

compare the maximal and cumulative relaxation for the following conditions: control vs. COX 

inhibition (AM630+Naproxen); control (AM630) vs. NOS inhibition (AM630+L-NAME); 

control vs. combined NOS and COX inhibition (AM630+L-NAME and Naproxen); control vs. 

denudation. However, it was uncertain how these would influence relative CB1R sensitivity to 
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CP55940; thus, independent two-tailed Student’s t-tests were performed to compare the pEC50 

under the same experimental conditions. Statistical significance was set at P≤0.05 and P values 

approaching significance (P=0.06-0.10) were interpreted as trends. Cohen’s d effect size 

analysis110 was used to quantify the magnitude of attenuated cumulative vasorelaxation under the 

following conditions: COX inhibition, NOS inhibition, combined NOS and COX inhibition as 

well as denudation. All data are presented as mean ± S.E.M. Where possible the data range as 

well as individual data are shown.
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CHAPTER 4 

 
4. RESULTS 

 
4.1 Cannabinoid receptor signaling 

 Passive tension (P≥0.15), contraction in response to KCl (P≥0.11), and U-46619 (P≥0.14) 

were similar across all conditions. Therefore, values were averaged across all arteries and 

presented as arterial characteristics in Table 4.1 

In isolated pial arterial segments, the CB1R and CB2R agonist CP55940 induced 

vasorelaxation. Furthermore, CP55940-induced relaxation was blunted by CB1R inhibition 

(AM251) at 1x10-10.5, 1x10-9.5, 1x10-8, 1x10-7.5 and 1x10-7 M of CP55940. Likewise, the pEC50 

(P=0.001), cumulative (P≤0.001) and maximal vasorelaxation (P≤0.05) in response to CP55940 

was decreased by CB1R inhibition (Table 4.1 and Figure 4.1 A, B). In contrast, CB2R inhibition 

(AM630) did not affect vasomotor responses to CP55940 (P≥0.50; Table 4.1 and Figure 4.1 C, 

D). 

 

4.2 CB1R-mediated vasorelaxation and endothelial signaling  

In isolated pial arterial segments, COX inhibition (Naproxen) did not affect CB1R-

mediated vasorelaxation at any specific dose of CP55940 (P≥0.22; Figure 4.2 A). Neither the 

pEC50 nor maximal CB1R-mediated relaxation were altered by COX inhibition (P≥0.45; Table 

4.1). Reductions in the cumulative CB1R-mediated relaxation with COX inhibition approached 

significance (P=0.07; Figure 4.2 B).  

CB1R-mediated vasorelaxation was blunted by NOS inhibition (L-NAME) at 1x10-7 and 

1x10-6 M of CP55940 (P≤0.05; Figure 4.2 C). Furthermore, although pEC50 was not significantly 

different (P=0.25; Table 4.1), both the maximal and cumulative CB1R-mediated vasorelaxation 

were blunted by NOS inhibition (P≤0.05; Table 4.1 and Figure 4.2 D).  

Reductions in CB1R-mediated vasorelaxation during combined NOS and COX inhibition (L-

NAME and Naproxen) approached significance from 1x10-9.5 to 1x10-8.5 M (P≤0.07) and were 
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significant at 1x10-8 M of CP55940 (P=0.02; Figure 4.2 E). Moreover, pEC50 values (P<0.01), 

the maximal (P=0.05) and cumulative (P<0.001) CB1R-mediated vasorelaxation were decreased 

by combined NOS and COX inhibition (Table 4.1 and Figure 4.2 F).  

CB1R-mediated vasorelaxation was blunted in denuded arterial segments from 1x10-9.5 to 

1x10-6 M of CP55940 (P≤0.05; Figure 4.2 G). Although the pEC50 values were not different 

(P=0.60), the maximal (P<0.001) and cumulative (P<0.001) CB1R-mediated vasorelaxation were 

blunted in denuded arteries (Table 4.1 and Figure 4.2 H).  

 In summary, whereas the effect of COX inhibition only approached significance 

(P=0.07), NOS inhibition, the combination of NOS and COX inhibition as well as denudation 

attenuated the cumulative vasorelaxation to CP55940 (P≤0.05; Figure 4.1 A-H; values 

normalized to control are presented in Table 4.2). Regarding the magnitude of attenuated 

vasorelaxation, effect size analysis reveals COX inhibition had a medium negative effect, albeit 

non-significant, NOS inhibition had a large negative effect, and both the combination of NOS 

and COX inhibition as well as denudation had a very large negative effect on cumulative CB1R-

dependent vasorelaxation (Table 4.2).  
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Table 4.1. Arterial function 

Arterial characteristics   
Passive tension (mN; n=54) 
(range; mN) 

1.2±0.2 
(-0.19-2.69) 

 

 

KCl-induced contraction (mN; n=54) 
(range; mN) 

6±2 
(3-32) 

 

 

Precontraction (% KCl contraction; n=54) 
(range; %) 

92±6 
(43-220) 

 

 

 Max relaxation (%) pEC50 (-log(M)) 
Untreated (n=8) 
(range; %) 

21±2 
(12-30) 

9.7±0.4  

  
CB1R inhibition  
(range; %) 
(Pretreated with AM251; n=8) 
 

13±1* 
(6-24) 

 

7.4±0.4* 

  
CB2R inhibition/Control  
(range; %) 
(Pretreated with AM630; n=11) 
 

23±2 
(14-33) 

 

9.4±0.4  

  
COX inhibition  
(range; %)  
(Pretreated with AM630+Naproxen; n=7) 
 

21±3 
(6-34) 

 

8.6±0.7  

  
NOS inhibition  
(range; %)  
(Pretreated with AM630+L-NAME; n=6-7) 
 

17±3* 
(11-28) 

 

10.5±1.0 

  
NOS+COX inhibition  
(range; %)  
(Pretreated with AM630+L-NAME+Naproxen; n=7) 
 

18±3* 
(10-23) 

 

7.7±0.2* 

  
Denuded+CB2R inhibition  
(range; %)  
(Denuded pretreated with AM630; n=6) 

9±2* 
(5-15) 

9.8±0.7 

  
Passive tension (mN), KCl-induced contraction (mN), degree of precontraction prior to the dose 
response curves (%KCl) for all arterial segments. Maximal relaxation and pEC50 data for each 
experimental condition. CB1R blocker (AM251) and CB2R blocker (AM630) conditions were 
compared with untreated conditions, and CB2R blocker with either NOS inhibition (L-NAME), 
COX inhibition (Naproxen), NOS+COX inhibition or denudation were compared with intact 
CB2R inhibition only conditions (Control). Maximal relaxation data were analyzed using a one-
tailed t-test and pEC50 data were analyzed using a two-tailed t-test. *Significantly less than 
Untreated or Control (P≤0.05). Data are presented as mean ± S.E.M. 
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Figure 4.1. Concentration response curves and cumulative relaxation (area under the curve; 
AUC) in response to CP55940 in untreated (n=8) or A) and B) CB1R inhibition using AM251 
(n=8); as well as C) and D) CB2R inhibition using AM630 (n=11). Dose response curves were 
analyzed using a mixed model repeated measures ANOVA and AUC data were analyzed using a 
one-tailed t-test. *Significantly less than untreated (P≤0.05). Individual data are presented in B) 
and D). All data are presented as mean ± S.E.M. 
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Figure 4.2. Concentration response curves and cumulative relaxation (area under the curve; 
AUC) in response to CP55940 in control (AM630; n=11; same data as Figure 4.1 C and D, 
CB2R inhibition) compared to A) and B) COX inhibition (AM630+Naproxen; n=7); C) and D) 
NOS inhibition (AM630+L-NAME; n=7); E) and F) NOS+COX inhibition (AM630+L-
NAME+Naproxen; n=7) conditions; as well as in G) and H) denuded (AM630+denudation; n=6) 
arteries. Dose response curves were analyzed using a mixed model repeated measures ANOVA 
and AUC data were analyzed using a one-tailed t-test. Significantly less than control *(P≤0.05), 
**(P≤0.01), ***(P≤0.001); approaching significance †( P=0.06-0.10). Individual data are 
presented in B), D), F), and H). Data are presented as mean ± S.E.M. 
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Table 4.2. Effect size analysis 

Condition Normalized AUC Effect size 
COX inhibition  
(range) 
(Pretreated with AM630+Naproxen; n=7) 
 

0.74±0.15† 
(0.07-1.27) 

-0.70 

NOS inhibition  
(range) 
(Pretreated with AM630+L-NAME; n=7) 
 

0.69±0.12* 
(0.36-1.17) 

-0.86 
 

NOS+COX inhibition  
(range) 
(Pretreated with AM630+L-NAME+Naproxen; n=7) 
 

0.48±0.12* 
(0.18-1.10) 

-1.28 

Denuded  
(range)  
(Denuded arteries pretreated with AM630; n=6) 

0.21±0.12* 
(0.01-0.77) 

-1.59 

CB2 receptor blocker (AM630) combined with either COX inhibition (Naproxen), NOS 
inhibition (L-NAME), or both as well as denuded arteries with CB2R inhibition were normalized 
and compared to intact CB2R inhibition only conditions (control). Normalized AUC data were 
analyzed using a one-tailed t-test. Cohen’s d effect size was used to determine the magnitude and 
direction of effect. *Significantly less than control (P≤0.05); approaching significance †(P=0.07). 
Medium effect ≥0.5-0.8; large effect ≥0.8-1.2; very large effect >1.2. Data are presented as mean 
± S.E.M.  
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CHAPTER 5 

 
5. DISCUSSION 

 

 The major finding of the current study was that CB1R activation induces an endothelial-

dependent cerebral artery vasorelaxation. More specifically, the data indicate the pial artery 

vasorelaxation elicited by CP55940 is mediated by the CB1R. Given that relaxation was almost 

completely abolished by denudation, it appears that in this experimental paradigm, CB1R-

mediated relaxation operates through an endothelial-dependent pathway. Furthermore, the 

cumulative relaxation response to CB1R agonism was attenuated by NOS inhibition alone, to a 

much lesser (non-significant) extent by COX inhibition alone, and the combination of NOS and 

COX inhibition enhanced the magnitude of the attenuation effect. Regarding the candidate 

mechanisms, these data indicate that CB1R-dependent relaxation is mediated by both NO and 

prostaglandins, with a larger contribution from the former. Although combined NOS and COX 

inhibition blunted vasoreactivity, the relaxation that was observed at higher doses of CP55940 

indicating EDHF is also involved in CB1R-mediated relaxation. Collectively, these data reveal a 

potential role for CB1R in modulating cerebrovascular tone through multiple endothelial-

dependent mechanisms (Figure 2.2). Validating these findings under in vivo conditions and in 

humans is necessary to confirm the mechanisms involved and informing on the translational 

relevance of these findings. 

   

5.1 Cannabinoid receptor signaling and cerebrovascular regulation 

This study demonstrated that vasorelaxation in response to CP55940 is attenuated, but 

not abolished by the CB1R antagonist AM251. The lack of complete blockade may be because 

CP55940 and AM251 bind to different sites on the CB1R. Nevertheless, these data provide 

evidence that CB1R serves a direct role in mediating cerebral vasorelaxation. These findings are 

in agreement with prior studies that have suggested endocannabinoids contribute to 
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CBF regulation through CB1R signaling.111 For example, Iring and colleagues showed that 

endocannabinoid-induced increases in CBF are blunted by  the CB1R antagonist AM251.8 Given 

that CB1R is expressed in a wide array of cells in the CNS, such as neurons, astrocytes and the 

endothelium, this study could not determine whether the effects of endocannabinoids were owing 

to non-vascular or vascular CB1Rs. Endocannabinoids  also mediate systemic cardiovascular 

effects, including reduced cardiac contractility and reduced blood pressure, which interact with 

cerebral autoregulatory mechanisms.10 Therefore, the effect of CB1R agonism on CBF control in 

vivo may reflect the cumulative contributions from neurogenic and myogenic responses to 

alterations in systemic hemodynamics as well as endothelial-mediated responses. By using an ex 

vivo/in vitro experimental preparation, the current data excludes contributions from neurogenic 

or mechanical inputs (resulting from changes systemic hemodynamics). Therefore, these data 

advance the understanding of cannabinoids and cerebrovascular physiology and confirms the 

existence of an exclusively vascular component of CB1R-dependent pial artery vasorelaxation.  

Vasorelaxation in response to CP55940 was unaffected by the CB2R antagonist AM630, 

suggesting CB2R is not involved in mediating a direct vasodilatory effect in pial arteries. CB2R 

has been detected throughout the vasculature, including in cerebral endothelial cells.5,111 

Although CB2R may not cause relaxation directly, there is evidence suggesting it potentiates 

endothelial-dependent cerebral vasodilation (e.g. CB2R agonism enhances the effect of other 

endothelial-dependent dilators). This prospect was not tested in the current study. Thus, although 

CB2R may serve a role in cerebral vasomotor control, data from this study indicate CBR-

mediated vasorelaxation is a result of CB1R agonism, and not CB2R agonism. 

In addition to isolating a vascular component of CB1R-dependent cerebral 

vasorelaxation, the present data reveal the relaxation was abolished by arterial denudation, which 

indicates endothelial CB1Rs mediated this response. A previous study reported that arterial 

denudation significantly attenuated, but did not completely block, relaxation in response to the 

endocannabinoid AEA.15 Discrepancies between the present findings and the latter study may be 

the result of the different pharmacological approaches. In the present study, CP55940 was used 

to agonize CB1R and CB2R; whereas, the previous study used the endocannabinoid AEA. Given 

the wide array of receptors that endocannabinoids interact with, when compared to CP55940 

which has a higher binding affinity for CBRs,108 it is likely the residual dilation observed 
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following denudation in the prior study was the result of other GPCR and ion channels receptors 

on the VSM.  

In the current study, the COX pathway did not emerge as a significant mediator of CB1R-

dependent pial artery vasorelaxation. Although the combination of NOS+COX inhibition blunted 

CB1R-mediated relaxation greater than NOS inhibition alone, decreases in CB1R-dependent pial 

artery vasorelaxation with COX inhibition alone only approached significance. Prior data has 

shown that COX inhibitor Indomethacin blunts in vivo pial artery vasodilation in response to 

AEA and THC.87 Given the present data suggest endothelial prostaglandins are likely not major 

contributors to CB1R-dependent vasorelaxation, potentially, in the latter study, dilation was 

blunted owing to reduced neuronal prostaglandin production. During neurogenic-mediated 

hyperemia, neuronal prostaglandin production may account for up to 50% of the increases in 

CBF.112  Furthermore, considering both AEA and THC interact with a variety of other GPCR 

and ion channels, it is possible COX inhibition attenuated dilation by reducing non-endothelial 

CB1R sources of prostaglandins. Thus, although CBR agonists likely elicit a COX-mediated 

production of prostaglandins and subsequent cerebrovascular dilation, the present data suggest 

the endothelial CB1R may only serve a minor role in this vasomotor response.  

Although the COX pathway did not emerge as a significant contributor to CB1R-

dependent pial artery vasorelaxation in the present study, the data revealed independent roles for 

NO and EDHF. Specifically, the data show that in the presence of the NOS inhibition, 

vasorelaxation in response to CB1R agonism was blunted. Furthermore, although the degree of 

attenuation was amplified with combined NOS+COX inhibition, suggesting the contribution 

from EDHF is quite small, CB1R-mediated vasorelaxation persisted at higher concentrations of 

CP55940. That NOS inhibition attenuated CB1R-mediated pial artery relaxation indicates this 

response is partially NO-dependent. Concurrently, that CB1R-mediated pial artery relaxation 

persisted in the setting of combined NOS+COX inhibition indicates a portion of this response is 

mediated by EDHF. Indeed, previous data indicate AEA-induced dilation in human mesenteric 

arteries is likewise blunted by NOS inhibition.92 Additionally, in the presence of high K+ 

physiological saline (which abolishes membrane hyperpolarization) or when myoendothelial gap 

junctions  are inhibited, AEA-induced dilation in mesenteric is likewise blunted.15 Collectively, 

the data support roles for both endothelial NO and EDHF in CB1R-dependent vasorelaxation in 

mesenteric and cerebral arteries.  
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5.4 Practical and translational considerations 

As medical and recreational uses of cannabis products in Canada has increased,1 the 

focus of this thesis was to determine how CB1Rs influence cerebral vasomotor control. This 

work shows that cannabinoids can causes vasorelaxation in isolated cerebral arteries in part by 

acting on CB1R. However, the way an individual will respond to cannabis (medical or 

recreational) in vivo will depend on how cannabinoids affect several physiological responses, 

ranging from changes in blood pressure, attenuation of central nervous system activity and a 

subsequent reduction in neuronal metabolism. As such a practical overview of how cannabinoids 

may alter CBF and the translational implications is warranted. 

CB1Rs are expressed throughout the cardiovascular system, where they mediate a 

vasorelaxation response.89 As such, a common physiological response to cannabis consumption 

is systemic arterial relaxation leading to reduced blood pressure.9 When blood pressure 

decreases, cerebral perfusion pressure decreases, and by extension, CBF would be expected to 

decrease. To prevent cerebral hypoperfusion, the reduction in blood pressure will engage the 

cerebral myogenic mechanism, which will mediate a local cerebral vasodilation in an effort to 

preserve CBF in the setting of reduced perfusion pressure. Concurrently, acting on CB1Rs in the 

central nervous system, cannabinoids may supress both extrinsic and intrinsic neuronal activity 

which will have a direct impact CBF.10,111 Depression of the extrinsic nerves originating from the 

sympathetic nervous system will attenuate the release of norepinephrine and neuropeptide Y. 

Systemically, attenuation of sympathetic input will decrease vascular tone and contribute to the 

reduction in blood pressure. Locally, within the cerebrovasculature, although both sympathetic 

neurotransmitters can mediate vasoconstriction and dilation, the net effect of attenuated 

sympathetic nervous system activity is believed to be an increase in CBF. In contrast to 

withdrawal of sympathetic input, attenuation of intrinsic nerve activity may reduce CBF through 

two primary mechanisms. First, a decrease in neuronal activation will decrease the release of 

vasodilatory neurotransmitters from within the NVU. Secondly, reduced neuronal activity will be 

coupled with a decrease in the production of vasodilatory metabolites, such as CO2. Thus, 

although the present work revealed endothelial CB1Rs mediate a dilatory response, the effect of 

cannabis use on CBF will reflect the cumulative actions of many different features of vascular 

regulation operating in concert. Furthermore, contribution from these factors may differentially 
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depend on the age, sex, health status, resting state hemodynamics and history of cannabis use of 

the individual.5   

Although the cumulative effect of cannabis use on CBF is not entirely clear, emerging 

evidence reveals endogenous cannabinoids produced within the brain may serve a role in 

increasing CBF through a CB1R-dependent mechanism.8,89  Regarding the latter phenomenon, a 

recent study revealed that CB1R modulates the NVC response in mice, through the production of 

the endocannabinoid 2-AG.113 That is, neuronal activation increases local endocannabinoid 

production, which in turn mediates a CB1R-dependent cerebral vasodilation.113  The current data 

demonstrate that CB1R activation mediates endothelial NO-dependent vasorelaxation. Therefore, 

although the authors of the latter study did not address the dilatory mechanism, endothelial-

dependent production of NO is a potential candidate.  Interestingly, reports indicate that NO 

accounts for approximately 50% of the NVC response in mice.114 As such, CB1R-mediated 

endothelial NO-dependent vasodilation may serve a significant role in the vasomotor responses 

to both exogenous and endogenously produced cannabinoids. Given neurogenic responses may 

stimulate endocannabinoid production, this raises the possibility that CB1R-mediated endothelial 

NO-dependent vasodilation is not merely an experimental phenomenon, but involved in 

fundamental features of CBF control. However, this prospect is speculative and requires further 

study.  

 

5.4 Clinical considerations 

Although cannabis use is broadly considered safe for most individuals, the American 

Heart Association has highlighted that chronic cannabis can have negative effects on the 

cardiovascular system, with the cerebrovasculature being considered at particular risk (e.g., 

transient ischemic attacks secondary to altered cerebrovascular vasomotor function and stroke).2 

Kalla and colleagues assessed over 316,000 people 18–55 years of age and found that cannabis 

use was an independent predictor of cardiovascular events, and in particular cerebrovascular 

incidents.115  Furthermore, in a cohort of approximately 7,500 Australians, Hemachandra and 

colleagues reported that cannabis use significantly increased the risk of transient ischemic attack 

and stroke in a dose-dependent manner.116 Although these studies are not capable of dissecting 

the mechanistic link between chronic cannabis consumption and transient ischemic attack or 
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stroke, given the apparent involvement of endothelial CB1R in mediating vascular responses, it 

is possible endothelial dysfunction may play a role. 

The interactions between cannabinoid signaling generally, and CB1R signaling 

specifically on the cerebrovasculature are complex. But little research has been conducted to 

determine the mechanistic link between chronic cannabis consumption and associated 

cerebrovascular pathologies. Impaired endothelial-dependent NO-mediated vasodilation is a 

hallmark of cerebrovascular dysfunction and is implicated in both transient ischemic attacks and 

stroke.117 The data presented herein indicates that a primary mechanism of CB1R-dependent 

dilation is through the endothelial NO pathway. Thus, in the setting of cerebrovascular 

pathology, where endothelial NO signaling is impaired, the vasorelaxation effect of CB1R 

agonism may likewise be compromised. Furthermore, evidence reveals over-stimulation of 

CB1R may increase ROS, which are known to further impair NO signaling.118 This is of 

particular importance, as the phytocannabinoids found in cannabis are not metabolized as 

quickly as endocannabinoids and likely activate CB1R beyond the normal physiological range. 

Thus, they may contribute to pathological CB1R signalling. Potentially, pre-existing 

cerebrovascular pathology coupled with persistent CB1R agonism, secondary to chronic 

cannabis consumption, may exacerbate cerebrovascular dysfunction and contribute 

mechanistically to the integrative link between cannabis use, impaired NO signaling and 

transient ischemic attack or stroke. However, this is based on evidence from several species (e.g. 

mice, rabbits, rats), and the precise mechanism remains highly speculative. To determine the 

underlying mechanism responsible for the link between cannabis use and cerebrovascular insults 

requires further study (e.g., preclinical chronic intervention studies in relevant animal models). 

Another important clinical consideration arising from this work and others,119 is the 

potential interactions between cannabis (or CBR agonists) and nonsteroidal anti-inflammatory 

drugs (NSAIDs). Whereas CBR agonist stimulate the COX pathway, NSAIDs such as Naproxen, 

Indomethacin and Aspirin inhibit the COX pathway. Although the present data revealed 

Naproxen-induced reductions in CB1R-mediated vasorelaxation only approached significance, 

this does not preclude the possibility of significant interaction effects under different, more 

physiologically relevant conditions. Possibly owing to a larger contribution from neuronal 

prostaglandin production, evidence shows that the COX pathway is critical to CB1R-mediated 

increases in CBF in vivo.87 Although the effect of Naproxen was not robust in the current study, 
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it may be much more pronounced under normal physiological conditions where other sources of 

prostaglandins contribute to cerebrovascular control. Regarding the cerebrovasculature, 

determining how the combination of these drugs affect CBF control is essential for 

understanding the proper prescriptive use of NSAIDs and CBR agonists for pain management. 

 

5.5 Limitations 

There are several limitations that must be considered when interpreting the data from this 

study. Although a major advantage of wire myography is that it allows the contribution of the 

endothelium in vasomotor control to be isolated, it does not necessarily reflect CBF responses in 

vivo. Cannabinoids acting on the CB1R have been shown to alter synaptic activity and blood 

pressure,8,10,111 both of which influence CBF control. Therefore, validating the involvement of 

the endothelial CB1R under in vivo conditions is critical to confirm the translational relevance of 

this work. 

A major purpose of this research was to examine CBR modulation of cerebral vasomotor 

control. The synthetic cannabinoid CP55940 was used, in conjunction with AM251 and AM630, 

because it is a highly selective CBR agonist.6 However, it is important to note, natural 

endocannabinoids that act on CB1R and CB2R often display a lower potency for CBRs and 

induce a wide range of effects mediated by other receptors and ion channels (e.g.: 5-HT3, 

nicotinic acetylcholine, glycine receptors, and transient receptor potential channels).6 

Consequently, the vasomotor effects of CP55940 should not be equated directly to those of other 

cannabinoids such as AEA, 2-AG and THC. The current data provide insight into CBR-

modulation of cerebral vasomotor control, but additional studies are required to determine the 

physiological relevance of these data with respect to cannabinoid signaling in the 

cerebrovasculature. 

In this study, sexually immature female swine were used as a model organism to study 

cerebral vasomotor function. These pigs were selected because of their relatively low cost, size 

and ease to work with.  Although cardiovascular anatomy of swine this size closely resembles 

that of humans, the cerebrovascular anatomy varies slightly (pigs brain and their arteries are 

smaller)120 and the cannabinoid system in the brain is recognized to undergo major changes 

during sexual development.5 In humans, the density of CB1R in the brain gradually decreases 

throughout development until early adulthood.100 Furthermore, CBR may interact with sex 
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hormones, including testosterone and estradiol.101 Likewise, both ageing and sex hormones 

influence endothelial function.121 As cannabis use rarely begins before the onset of puberty, and 

the swine in the present study were not sexually mature, the data do not account for the potential 

role that age or hormones may serve on CBR modulation of cerebrovascular tone. Although the 

present data provide proof-of-concept that endothelial CB1R activation induces cerebral 

vasorelaxation, subsequent studies using more translational models (e.g., older pigs, primates 

etc.) and humans are needed to validate the general applicability of these findings. 

 

5.6 Conclusion 

The aim of this work was to provide a basic, translational framework for understanding 

how CBRs influence cerebral vasomotor control. The data demonstrated that CB1R activation 

induces a cerebral artery vasorelaxation in swine. More specifically, the CB1R mediates 

vasorelaxation in swine pial arteries primarily through endothelial NO with possible smaller 

contributions from prostaglandins and EDHF. These data suggest exogenously consumed and 

endogenously produced cannabinoids as well as other associated pharmacological derivatives 

may influence cerebrovascular function though the endothelial CB1R. Future work using more 

comprehensive methodologies and performed in more translationally relevant models is 

warranted to elucidate the role of CBR signaling on cerebrovascular function in health and 

disease.  
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