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Abstract
Motor maps exhibit experience dependent changes and are therefore sensitive to
the type and amount of neurotransmitters present in the motor cortex and changes in
motor

map

expression

often

results

in

impairments

of

skilled

behaviour.

Endocannabinoids have been shown to affect spinal locomotion and stress has been
shown to affect spontaneous locomotion therefore, the effect of cannabinoid signaling
and stress on motor map expression and behaviour was examined. The first study
determined that cannabinoid 1 receptor (CB1R) signaling dampened motor map
expression and that both anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
contributed to this effect. Activation of CB1R signaling did not affect skilled reaching
task performance. However, a lack of cannabinoid signaling resulted in impairment on
performing the reaching motion. The second study characterized acute and repeated stress
effects on motor map expression. Acute stress did not alter map expression while
repeated stress decreased forelimb map expression and resulted in skilled motor
behaviour deficits. It was then established that 2-AG mediates the stress effects seen on
motor

map

expression.

The

last

study

observed

the

effects

of

delta-9-

tetrahydrocannabinol (THC) on motor map expression as well as skilled and unskilled
behaviour. It was discovered that THC dose dependently affected motor map expression
in that a low dose of THC increased map expression while higher doses decreased
forelimb map expression. THC decreased the number of reach attempts made in one 15
minute reach training session but did not impair the execution of reaching behaviour.
Unskilled behaviour was assessed using the bar task, rotorod, horizontal ladder rung
walking task and the open field test. No differences were found between rats that
ii

received THC and rats that received DMSO on the rotorod, rung walking task and the
open field test. The highest dose of THC used (2.5 mg/kg) resulted in a longer latency for
removal of the forepaws from the bar in the bar task. This research is important and
necessary due to increasing usage of cannabinoids for recreation as well as to treat
neurological illness. The present findings suggest that endocannabinoids and repeated
stress via 2-AG have a dampening effect on motor map expression.
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Chapter One: General Introduction
With the rise in use of marijuana for recreational and therapeutic purposes as well
as the legalization of marijuana in parts of the United States (Substance Abuse & Mental
Health Services Administration; 2014; Hall, 2015) it is now more important than ever to
know what the effects of cannabinoid signaling are on the motor cortex so we can know
what possible limitations in function may occur when consuming marijuana. The
objective of this thesis was to delineate the role of cannabinoids and stress on motor map
expression and behaviour. Chapter 2 examined the role of cannabinoid type 1 receptor
(CB1R) and endocannabinoid (2-AG, anandamide) signaling on motor map expression,
pyramidal cell excitability, and behaviour. Chapter 3 determined the role of acute and
repeated stress on motor map expression and pyramidal cell excitability as well as
behaviour. Moreover, it also examined if the endocannabinoid system mediated the
effects of repeated stress on motor map expression. Chapter 4 determined the effects of
various dosages of the exogenous CB1R ligand delta-9-tetrahydrocannabinol (THC) on
motor map expression, skilled and unskilled behaviour. This introduction begins with a
brief review of the history of motor mapping, followed by the anatomy of the neocortex
and corticospinal tract. Following, the technique of intracortical microstimulation is
described and how motor maps can be altered by neurotransmitters is discussed. Then an
overview of the endocannabinoid system as well as stress is presented. Lastly, the single
pellet skilled reaching task is described in detail.
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1.1 History of motor maps
Scientists have been interested in the neural underpinnings of voluntary
movement for well over a century. Motor maps are the topographical representation of
movements and are derived by stimulating pools of pyramidal neurons in layer 5 of the
neocortex (Young et al., 2011). Historically motor maps were created using surface
stimulation of the cortex which required large amounts of current to elicit movements and
produced low resolution maps (Beevor & Horsley, 1887; Penfield & Rasmussen, 1950).
Localization of movement in the cerebral cortex was first demonstrated by Fritsch and
Hitzig (1870) when they showed that stimulation of one hemisphere resulted in the
contraction of the contralateral limb in dogs. Fritsch and Hitzig determined that the
anterior portion of the cortex elicited motor movements while stimulation of the posterior
part of the cortex did not (Fritsch & Hitzig, 1870).
The neurologist, John Hughlings Jackson observed that seizures would spread
from one area of the body to another in his patients with epilepsy, which was later termed
the Jacksonian March. With this observation Jackson proposed that the cortex was
composed of different areas that controlled the movements of certain body parts
(Jackson, 1870). Ferrier (1873) demonstrated in various species that stimulation of one
hemisphere evoked contralateral purposeful movements. Ferrier (1873) concluded that
the anterior portion of a cerebral hemisphere was responsible for voluntary movement
and that there were localized centres for various movements, confirming and expanding
upon Fritsch and Hitzig’s observations.
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Beevor and Horsley (1887) furthered the field of motor maps by using both long
and short trains of electrical stimulation. With long train stimulation, Beevor and Horsley
(1887) defined a motor map as the arrangement of useful movements to the species being
studied, such as grasping and reaching. The movements found in this type of map
generally overlapped, while the motor maps Beevor and Horsley created with short train
stimulation followed a rough outline of the body (1887). Three years later Beevor and
Horsley performed an experiment where they stimulated severed fibres of the pyramidal
tract, which produced a map of the body that matched the map created by using short
train stimulation (1890). This led to the view that the motor cortex was just the starting
point of the pyramidal tract and was not really important in movement, since the same
map was produced whether one stimulated the cortex or the fibres of the pyramidal tract
(Beevor & Horsley, 1890).
Using cortical surface stimulation Grunbaum and Sherrington (1901) found that
stimulating one site could cause the evoked movement of another site to change. The
change in the evoked movement was shown to depend on prior stimulation of other sites
(Grunbaum & Sherrington, 1901). Sherrington interpreted this as the cortex not only
being necessary for the control of muscles, but also important for linking different sites to
produce complex movements (Grunbaum & Sherrington, 1901).
The topographical organization of the human sensory and motor cortex was
revealed nearly 50 years later by Wilder Penfield (Penfield & Rasmussen, 1950). Penfield
used short train stimulation on the surface of the cortex of patients with epilepsy and
recorded where sensations were evoked or movements that were elicited at each site. The
topographic organization that Penfield found was termed sensory and motor homunculus,
3

respectively (Penfield & Rasmussen, 1950; Figure 1.1). The discovery of these
homunculi would not have been possible without a fully developed neocortex and
corticospinal tract.
1.2 The Laminar Structure of the Neocortex
The development of the neocortex (cortico-genesis) produces two types of
neurons: projection neurons (also called pyramidal neurons due to the soma being shaped
like a triangle) and interneurons (Nadarajah et al., 2003). Pyramidal neurons arise from
the cortical ventricular zone and travel radially producing six cortical layers so that the
youngest neurons create the outer most layer of the cortex (Parnavelas, 2000).
Interneurons arise from the ganglionic eminence and travel tangentially to all layers of
the neocortex (Parnavelas, 2000). The cortical layers are defined by the type of neuron
present within the layer. Pyramidal neurons are excitatory neurons and use glutamate as
their primary neurotransmitter, while most interneurons are inhibitory and use gammaaminobutyric acid (GABA) as a neurotransmitter. The six layers of the neocortex have
varying distributions of pyramidal neurons and interneurons. The composition of the
individual layers with regards to cell type is related to the function of the layer. Layers
that contain predominantly pyramidal neurons are involved with output, whereas layers
that contain predominantly interneuron cells receive input. Layer 1 – the molecular layer
is the outer most layer of the cortex and consists of dendrites and axons from cells in the
deeper cortical layers. Layer 2 – the external granule cell layer is formed by many small
granule cells. Layer 3 is the external pyramidal cell layer; and consists of pyramidal cells
that vary in size throughout the layer.
4

Figure 1.1: Penfield’s motor homunculus
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Figure 1.1: Penfield’s motor homunculus
Stimulation of the precentral gyrus at various sites caused movements of different body
parts.
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Smaller pyramidal neurons are typically found in the dorsal portion of Layer 3 while
larger neurons are found more ventrally in the layer. Layer 4 is called the internal
granule cell layer and contains granule cells as well as excitatory interneurons that use
glutamate as a neurotransmitter. The largest pyramidal neurons in the cortex are found in
Layer 5 which is called the internal pyramidal cell layer. Layer 6 – the multiform layer
contains many types of cells as well as axons that go to and from the cortex (Shipp,
2007). Axons from a subset of layer 5 pyramidal neurons in the motor cortex form the
corticospinal tract.
1.3 The Corticospinal Tract
Voluntary movement is in part controlled by the primary motor cortex which has
a large layer 5, as this is the output region of the neocortex (Shipp, 2007). The axons of
pyramidal neurons in layer 5 of the neocortex are the origin for the corticospinal tract
which terminates on interneurons or motor neurons in the spinal cord (Nudo &
Masterton, 1990). The majority of the corticospinal tract starts in the motor cortex; the
axons from pyramidal neurons then descend to the internal capsule. From the internal
capsule the fibres then enter the cerebral peduncle followed by the pons. Next the fibres
go to the medulla, where they form the medullary pyramids and most fibres cross the
midline prior to descending to the ventral horn of the spinal cord (Al Masri; 2011; Figure
1.2). There are two types of motor neurons found in the spinal cord: alpha motor neurons
and gamma motor neurons. Alpha motor neurons conduct action potentials faster,
synapse on extrafusal muscle fibres and are involved in muscle contraction.
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Figure 1.2: The corticospinal tract in the rat
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Figure 1.2: The corticospinal tract in the rat
A schematic diagram of the corticospinal tract in the rat. A) pyramidal neurons are
depolarized by ICMS. B) Most of the axon fibres cross at the .pyramidal dicussation in
the medula. C) The fibres descend into the ventral horn of the spinal cord. D) A motor
neuron is activated causing the forelimb to contract.
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Gamma motor neurons are slower conducting, innervate intrafusal muscle fibres that
form muscle spindles and are involved in proprioception (Kanning et al., 2010). These
motor neurons create a specialized synapse called the neuromuscular junction. At the
neuromuscular junction acetylcholine is released onto the muscle fibres where it acts
upon the nicotinic acetylcholine receptors resulting in a depolarization and muscle
contraction (Khirwadkar & Hunter 2012). Intracortical microstimulation activates the
pyramidal neurons within the corticospinal tract to produce motor maps.
1.4 Intracortical Microstimulation (ICMS)
The cortical maps previously described were created by evoking motor
movements through electrical stimulation of the surface of the brain (Beevor & Horsley,
1887; Penfield & Rasmussen, 1950). Research on movement representations in the cortex
was not furthered until 1967, when Asanuma and colleagues made an innovative
approach to motor mapping.
Intracortical microstimulation uses an electrode to penetrate layer 5 of the
neocortex followed by current being passed through the tip of the electrode (Asanuma &
Sakata, 1967). This allows for the stimulation of pools of pyramidal neurons that project
to the spinal cord with 1/100th of the current to evoke movements compared to that
needed for surface stimulation (Asanuma et al., 1976). Thus ICMS uses less current to
elicit movements, and therefore the stimulation sites can be closer together allowing for
the creation a higher resolution motor map.
As previously stated motor maps are the topographical representation of
movements and are derived by stimulating pools of pyramidal neurons in layer 5 of the
10

neocortex (Young et al., 2011; Hussin et al., 2015). The axons of those pyramidal
neurons that project to motor neurons or interneurons in the ventral horn of the spinal
cord make up the corticospinal tract (Curfs et al., 1993). Activation of the corticospinal
tract results in voluntary movement that is related to behaviour (Curfs et al., 1993). Motor
maps provide a tool to further our knowledge of synaptic modulation of motor neuron
networks and the initiation of movements, which will help increase our current
understanding of how experience changes motor responses; as well, it will help us
understand how experience can change the brain and behavior.
1.5 Long Duration ICMS
Long duration ICMS (LD-ICMS) is a recently refined technique (Graziano et al.,
2002) that uses a similar stimulation pattern that was used over a century ago by Beevor
and Horsley (1887). LD-ICMS uses a stimulation that lasts approximately 500 ms which
evokes multi-joint movements as well as the single joint movements produced using short
duration ICMS in rodents (Ramanathan et al., 2006; Harrison et al., 2012; Bonazzi et al.,
2013; Brown & Teskey, 2014). LD-ICMS evokes coordinated movements that result in a
specific final limb position that is not altered by the limb’s position prior to stimulation
(Graziano et al., 2005; Harrison et al., 2012). LD-ICMS produces a motor map that has
two functionally discrete areas; a grasping region (the equivalent to the rostral forelimb
area in short duration ICMS) and a reaching area that contains the movements: elevation,
advance and retraction (the caudal forelimb area; Ramanathan et al., 2006; Bonazzi et al.,
2013; Brown & Teskey, 2014; Figure 1.3).
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Figure 1.3: A rat LD-ICMS forelimb motor map
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Figure 1.3: A rat LD-ICMS forelimb motor map
LD-ICMS forelimb motor maps contain single and multi-joint movements. Coded
forelimb movement representations of the left motor cortex derived with LD ICMS. Zero
represents bregma (mm).

13

The 500 ms of stimulation in LD ICMS was chosen as this is the approximate amount of
time it takes for an animal to perform a reaching or grasping motion (Graziano et al.,
2002). Therefore, LD ICMS allows us to examine the movement-based functional
organization of the neocortex (Brown & Teskey, 2014), while short duration (SD) ICMS
allows use to examine a muscle based functional organization of the motor cortex.
1.6 Short Duration ICMS
The proportion of movement representations vary within a motor map and is
dependent on the species being studied (Tennant et al., 2011). The rat motor cortex is an
ideal system to study as it has been shown to exhibit experience dependent changes
(Kleim et al., 1998; Monfils & Teskey 2004; Henderson et al., 2011; Young et al., 2012).
It has been found that the stimulation parameters required to elicit movements in SD
ICMS in rats is similar to other mammals (Young et al., 2011).
Using ICMS techniques Hall and Lindholm (1974) first defined motor maps in
rats. They found that rats had forelimb and non-forelimb movements such as whiskers,
jaw, hindlimb and trunk. The area of the cortex (approximately 2mm within bregma) that
evoked forelimb movements was termed the caudal forelimb area (CFA; Hall &
Lindholm, 1974). In 1982, another forelimb area was discovered in the motor cortex of
the rat by Neafsey and Sievert. This forelimb movement area was named the rostral
forelimb area (RFA) and was usually separated from the CFA by whisker, neck and jaw
movements (Neafsey & Sievert, 1982; Figure 1.4).

14

Figure 1.4: A rat SD-ICMS forelimb motor map
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Figure 1.4: A rat forelimb motor map
A rat forelimb motor map derived using short-train ICMS, showing clearly defined
rostral forelimb area (RFA) and caudal forelimb area (CFA). A 500µm square grid
overlaid the digital image of the craniotomy. Map borders are defined as electrode
penetration sites where < 60 µA did not produce movement or elicited non-forelimb
movements. The yellow vertical line represents bregma.
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More recently Henderson et al., (2011) defined a posterior forelimb area that can be
visualized after seizures. However, all of these areas are actually the peaks of one large
contiguous forelimb area that can be revealed when cortical inhibition is removed with
surface application of bicuculline (Young et al., 2012). Therefore, maps derived by SDICMS are a tool that assays the balance between excitation and inhibition (Hussin et al.,
2015).
1.7 Motor Maps and Neurotransmitters
SD-ICMS motor maps have been shown to exhibit both short term and long term
plasticity. Direct application of a drug to the cortex can elicit map changes in minutes
(Scullion et al., 2013) while experimental procedures such as kindling can take days to
elicit motor map changes (Henderson et al., 2011). The expression of motor maps is
dependent upon the quantity and type of neurotransmitters present in the neocortex.
The balance between cortical inhibition and excitation determines the expression
(movement thresholds and motor map size) of cortical motor maps. It has previously been
shown that an increase in cortical excitability results in lower movement thresholds and
larger motor maps (Henderson et al., 2011) while an increase in cortical inhibition causes
movement thresholds to increase and motor map size to decrease (Young et al., 2011;
Teskey et al., 2007). Therefore, a negative relationship exists between forelimb
movement thresholds and motor map size. When movement thresholds increase, motor
map size decreases; when movement thresholds decrease, motor map size increases.
Neurotransmitters, such as acetylcholine, dopamine and serotonin can also affect
map size (Conner et al., 2003; Metz et al., 2004; Ramanathan et al., 2009; Brown et al.,
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2009; Viaro et al., 2011; Scullion et al., 2013). Conner et al., (2003) and Ramanathan et
al., (2009) demonstrated that if cholinergic input to the cortex is eliminated there is a
reduction in motor map size and motor maps do not exhibit re-organization after learning
a skilled behaviour. Metz et al., (2004), Brown et al., (2009) and Viaro et al., (2011)
showed that dopamine depletion decreased motor map expression and caused map reorganization. Scullion et al., (2013) found that generalized serotonergic lesions decreased
motor map size and that application of a serotonin agonist to the cortex resulted in an
increase in map size. Therefore the classical neurotransmitters acetylcholine, dopamine
and serotonin contribute to the normal expression of rat forelimb motor maps.
A technique termed “slice ICMS” was recently developed by our lab, which
extracellularly stimulates individual layer 5 pyramidal neurons using SD-ICMS
parameters, while recording the electrophysiological properties of the layer 5 pyramidal
neuron (Scullion et al., 2013; Hussin et al, 2015). Slice ICMS replicates the stimulation
protocol used in SD-ICMS to derive forelimb motor maps. One advantage of this slice
ICMS is that it removes the confound of anesthetics compared to ICMS used for motor
mapping, as it has been shown that anesthetic depth can affect the expression of motor
maps (Tandon et al., 2008). Other advantages of slice ICMS are that it allows
examination of what is occurring at the cellular level during in vivo ICMS manipulations,
and it also allows one to determine which receptors are mediating the effects seen during
in vivo ICMS. Limitations of the slice ICMS approach include those that are inherent to
in vitro electrophysiology, which includes issues such as: the preparation is isolated from
the brain network, and that removal of the brain is a trauma itself (King 2006;
Berdichevsky et al., 2012). Overall, the slice ICMS allows a further understanding of
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how individual neurons contribute to the overall excitability of the cortical network
involved in motor map expression. When both in vivo and in vitro approaches are used
and yield similar results, we have the strength of convergent evidence which enhances
our confidence in our findings. Endocannabinoids are retrograde neurotransmitters that
modulate neurotransmission of multiple neurotransmitters such as glutamate, GABA,
dopamine, norepinephrine and serotonin (Freund et al., 2003; van der Stelt & Di Marzo
2003; Castillo et al., 2012; McLaughlin et al., 2012; Kirilly et al., 2013) and therefore
may have a role in motor map expression.
1.8 Endocannabinoids
Endocannabinoids (anandamide and 2-arachidonyl glycerol) are retrograde
neurotransmitters that play a role in food intake, cardiovascular function, metabolism,
emotionality, neuronal excitability, the control of movement, sexual reproduction,
immune function, pain, as well as the sleep-wake cycle (Sharkey & Pittman, 2005;
Chambers et al., 2006; Gorzalka et al., 2008; Pandey et al., 2009; El Manira &
Kyriakatos, 2010; Crosby et al., 2011; Labouebe et al., 2013; Pava et al., 2014; Zubrzycki
et al., 2014; Ghosh et al., 2015; Manduca et al., 2015). Endocannabinoids have also been
shown to regulate neurotransmission of multiple neurotransmitters such as glutamate,
GABA, dopamine, norepinephrine and serotonin (Freund et al., 2003; van der Stelt & Di
Marzo 2003; Castillo et al., 2012; McLaughlin et al., 2012; Kirilly et al., 2013) and
therefore may have a role in motor map expression and behaviour.
The hemp plants Cannabis sativa and Cannabis indica (marijuana) have been
used as a drug for thousands of years (Felder & Glass, 1998). In the 1960’s and early
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1970’s it was discovered that the main psychoactive agent in marijuana was delta-9tetrahydrocannabinol (THC; Ganoi & Mechoulam, 1964; Mechoulam et al., 1970).
Following this discovery, researchers’ found that THC binds to specific receptors in the
brain (Harris et al., 1978). Further research revealed there were two cannabinoid
receptors termed CB1 and CB2 receptors (Devane et al., 1988; Matsuda et al., 1990;
Herkenham et al., 1991; Munro et al., 1993). CB1 receptors are ubiquitous in the central
nervous system but are most dense in the basal ganglia, cerebellum, neocortex,
hippocampus, and spinal cord (Herkenham et al., 1991; Julien et al., 2008; Castillo et al.,
2012). CB2 receptors are found in the peripheral organs and immune cells with limited
expression in the brain (Lynn & Herkenham, 1994; Van Sickle et al., 2005; Castillo et al.,
2012). CB1 receptors are found on pyramidal neurons and interneurons at axon terminals
(Mailleux & Vanderhaeghen, 1992; Tsou et al., 1998). Both CB1 and CB2 receptors are
G-protein coupled receptors (GPCR; Howlett, 2002). CB1 receptors activate the G i/o
receptor which inhibits adenylyl cyclase as well as voltage gated calcium channels and
activates G-protein-sensitive inward-rectifying potassium (GIRK) channels (Howlett &
Mukhopadhyay, 2000; Sharkey & Pittman 2005; Figure 1.5). This attenuates
neurotransmitter release by preventing calcium entry into the cell and by causing
hyperpolarization of the cell (Rang et al., 2012).
In 1992 and 1995 it was shown that there were endogenous compounds
(anandamide (AEA) and 2-arachidonyl glycerol (2-AG)) in the brain that bind to
cannabinoid receptors (Devane et al., 1992; Sugiura et al., 1995).
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Figure 1.5: Endocannabinoid Signaling.
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Figure 1.5: Endocannabinoid Signaling.
Anandamide (AEA) and 2-2-arachidonyl glycerol (2-AG) are synthesised via activation
of phospholipase D (PLD) / N-arachydonoyl phosphatidylethanolamine (NAPE) and
diacylglycerol (DAG) respectively. AEA and 2-AG are then released by the post-synaptic
neuron. Binding of AEA and/or 2-AG to the CB1 receptor inhibits adenylyl cyclase (AC)
and calcium (Ca2+) channels as well as opens potassium (K+) channels, which results in
cessation of transmitter release.
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AEA and 2-AG, act as retrograde neurotransmitters (Castillo et al., 2012) and are thought
to be synthesized on demand since they cannot be stored in vesicles due to their
lipophilicity (Alger, 2012; Sharkey, 2006). Endocannabinoids are therefore produced in
the post-synaptic neuron and act pre-synaptically on CB1 receptors to decrease the
probability of neurotransmitter release (Freund et al., 2003).Endocannabinoids have been
shown to suppress the release of neurotransmitters at both glutamatergic and GABAergic
synapses (Katona et al., 1999; Auclair et al., 2000; Oliet et al., 2007; Iremonger et al.,
2011) therefore the release of endocannabinoids can alter cortical excitability and
possibly alter forelimb motor map expression.
Recently evidence has been provided that endocannabinoid signaling can
influence neocortical map representations. Liu et al., (2008) demonstrated that an acute
blockade of the CB1 receptor stopped the ocular dominance shift in layers 2/3 of the
visual cortex that normally occurs with monocular deprivation. Li et al. (2009)
administered the CB1 antagonist AM 251 to rat pups during the critical period for barrel
cortex development and found that the topography of the whisker receptive field map was
disrupted. Li et al. (2009) concluded that endocannabinoid-mediated long term
depression (LTD) prunes inappropriate synapses and contributes to the distinct
boundaries of the whisker receptive fields. Given the findings of Liu et al. (2008) and Li
et al. (2009) it is conceivable that endocannabinoid signaling can also affect the
topography of motor maps.
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1.8.1 Synthesis and Degradation of ECBs
Production of AEA and 2-AG is caused by an increase in intracellular calcium
usually via a post-synaptic depolarization of a neuron (Castillo 2012). It has also been
shown that 2-AG can be produced through activation of group one metabotropic
glutamate receptors (Maejima et al., 2001; Varma et al., 2001). Five pathways for the
synthesis of AEA have been reported (Katona & Freund 2012). Four routes use N-acylphosphatidylethanolamine (NAPE) as a precursor and a phospholipase (PL) enzyme to
produce AEA. The most studied pathway is the NAPE-PLD pathway (Okamoto et al.,
2004). The other phospholipases that have been shown to produce AEA are PLA (Sun et
al, 2004), PLB (Simon & Cravatt 2008), and PLC (Liu et al., 2006). The fifth route
pertains to synaptosomes which use arachidonic acid and ethanolamine to produce AEA
(Devane & Axelrod 1994; Katona & Freund 2012). 2-AG has been shown to be derived
via hydrolyses of diacylglycerol by diacylglycerol lipase alpha and beta (Katona &
Freund; 2012). How endocannabinoids are transported across the cell membrane is not
known. Studies examining the transportation of endocannabinoids use uptake inhibitors
such as UCM 707, leading to the conclusion there is a putative transporter which has
been named the endocannabinoid membrane transporter (Chicca et al., 2012). AEA
degradation occurs post-synaptically via an enzyme called fatty acid amide hydrolase
(FAAH) while the majority of 2-AG is metabolized by monoacyl glycerol lipase
(MAGL) in the pre-synaptic neuron (Gulyas et al., 2004). 2-AG can also be hydrolyzed
by alpha-beta hydrolase domain 6 and 12 which are located post-synaptically and in
microglia respectively (Savinainen et al., 2012). Prostanoids can be produced through
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endocannabinoid metabolism in the post-synaptic neuron via the oxidizing enzyme
cyclooxygenase-2 (Yu et al., 1997; Kozak et al., 2000; Castillo 2012).
1.8.2 Synaptic Plasticity and Endocannabinoids
In the early 1990’s it was discovered that depolarization of a post-synaptic neuron
caused a brief period in which GABA neurotransmission was reduced in the pre-synaptic
neuron and was dependent on an influx of calcium in the post-synaptic neuron (Diana &
Marty, 2004). This phenomenon was termed depolarization induced suppression of
inhibition (DSI). The discovery of DSI led to the belief there must be a retrograde signal
inducing the changes within the pre-synaptic neuron. It was not until almost decade later
that it was determined that endocannabinoids were responsible for DSI (Kreitzer &
Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson & Nicholl 2001) and depolarization
induced suppression of excitation (DSE) was also discovered (Kreitzer et al., 2001).
Further research determined that 2-AG is responsible for DSI/DSE as when MAGL
inhibitors are applied to the slice preparation DSI/DSE is enhanced (Kano et al., 2009).
Endocannabinoids have also been shown to induce LTD at both GABAergic and
glutamatergic synapses by using repetitive or long duration stimulations in various
regions of the brain (Diana & Marty, 2004).
1.8.3 Role of ECBs in the CNS
Endocannabinoids have been shown to affect a multitude of processes that occur
during brain development. AEA and 2-AG are involved in progenitor cell proliferation,
neuron and glial differentiation, neurite extension and axonal guidance (Alpar et al.,
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2014). Cannabinoid receptor expression can be found in the telencephalon starting on
embryonic day 11.5 and are located on pyramidal neurons as well as interneurons
(Berghuis et al., 2007; Diaz-Alonso et al., 2012). Post-natal cannabinoid receptor
expression is highest in juveniles and then gradually declines to adult levels (Heng et al.,
2011). Given the prevalence of cannabinoid receptor expression it is not surprising that
endocannabinoids also play a role in behaviour.
Endocannabinoids have also been implicated in neurological diseases and
illnesses such as Alzheimer’s disease, Parkinson’s disease (PD), depression and anxiety.
Recent research has shown that cannabinoid signaling within the basal ganglia is
significantly altered in PD. Rodent models of PD have exhibited increased CB1 receptor
expression and increased levels of 2-AG as well as AEA (Benarroch, 2007). Human
studies using CB1 receptor agonists as a treatment to PD symptoms have found modest
improvements or no change in symptoms (Benarroch, 2007). Research on Alzheimer’s
disease have found increased levels of 2-AG in the plasma of patients diagnosed with AD
(Altamura et al., 2015).
Under stressful testing conditions CB1 receptor constitutive knockout mice score
higher on anxiety related behavioural tasks compared to wild-type controls and there is a
decrease in anxiety related behaviour when rodents are administered a FAAH or MAGL
inhibitor prior to testing (Hill & Patel, 2013). Human research has shown that major
depression decreases AEA and 2-AG plasma levels in women (Hill et al., 2009).
Stress has been shown to disrupt locomotion as well as skilled reaching behaviour
and can also alter glutamatergic transmission (Metz et al., 2001 & 2005; McEwen, 2006;
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Goldwater et al., 2009; Popoli et al., 2012). Therefore, it is possible that stress could also
affect motor map expression.
1.9 Stress
Stress as defined by Hans Selye is the “nonspecific response of the body to any
demand made upon it” (Selye, 1973). In 1936 Selye coined the term “alarm reaction” to
describe what happens to the body when it is under stress (Selye, 1936). This “alarm
reaction” soon came to be recognized as the activation of the hypothalamic pituitary
adrenal axis (HPA axis; Selye 1973). In response to a stressor the HPA axis is activated.
This results in corticotropin releasing hormone (CRH) being excreted from the
paraventricular nucleus of the hypothalamus into the blood stream where it is transported
to the anterior pituitary gland and then stimulates the release of adrenocorticotropic
hormone (ACTH; Johnson et al., 1992; Chrousos, 2009). Adrenocorticotropic hormone
then stimulates the release of glucocorticoids from the adrenal cortex (Johnson et al.,
1992; Chrousos, 2009). These glucocorticoids (cortisol in humans, corticosterone in rats)
then enter systemic circulation where they act upon glucocorticoid and mineralocorticoid
receptors (De Kloet et al., 2005 Romero & Butler, 2007; Figure 1.6).
1.9.1 Synthesis of and Signaling Pathways of Corticosterone (CORT)
CORT is produced from cholesterol in the adrenal cortex zona fasciculate (Watts, 2007).
First cholesterol is moved into the mitochondria via steroidogenic acute regulatory
protein (stAR; Vinson et al., 2007). Cholesterol is then converted into pregnenolone via
cytochrome P450 side chain cleavage enzyme.
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Figure 1.6: The hypothalamus-pituitary-adrenal axis.
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Figure 1.6: The hypothalamus-pituitary-adrenal axis.
The hypothalamus releases corticotrophin releasing hormone (CRH) which activates the
release of adrenocorticotropic hormone (ACTH) from the anterior pituitary, which in turn
stimulates the adrenal cortex to release corticosterone. The release of corticosterone
inhibits the release of ACTH and CRH.
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Next 3β-Hydroxysteroid-dehydrogenase transforms pregnenolone to progesterone;
progesterone is then converted by 21-hydroxylase into 11-deoxycorticosterone.
Corticosterone

is

produced

via

11β-hydrolase

from

11-deoxycorticosterone.

Corticosterone is metabolized by 11-beta-hydroxysteroid-dehydrogenase to create 11dehydroscroticosterone (Figure 1.7; Vinson et al, 2007). Once CORT enters the blood
stream it is able to pass through the blood brain barrier and act on neurons.
Mineralocorticoid and glucocorticoid receptors have been found in the brain (Ahima &
Harlan 1990; Ahima et al., 1991). Glucocorticoid and mineralocorticoid receptors can
exist as nuclear receptors meaning that in the unbound state these receptors are found in
the cytosol of a cell (Popoli et al., 2012). When found in the cytosol these receptors are
bound to chaperone molecules such as heat-shock proteins that aid in protein folding and
prevent protein aggregation (Beato & Klug, 2007). Binding of CORT to
mineralocorticoid or glucocorticoid receptors causes a conformational change of the
receptor which dissociates it from the chaperone molecules and translocates to the
nucleus, resulting in either gene activation or repression (Beato & King, 2007).The
receptor-ligand complex can cause gene activation or repression through three different
means 1) dimerizing and binding to the glucocorticoid reponse element which then sends
signals to transcription machinery, 2) using the mitogen-activated protein kinase pathway
to influence growth factor signaling resulting in gene transcription, 3) protein-protein
interactions which results in trans-activation or trans-repression (Beato & Klug, 2007).
With activation of nuclear glucocorticoid receptors the effects of cortisol are slow when
compared to the onset of the stressor because they alter gene transcription rates (Romero
& Butler, 2007).
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Figure 1.7: Synthesis of Corticosterone
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Figure 1.7: Synthesis of corticosterone
Cholesterol is converted into pregnenolone via cytochrome P450 side chain cleavage
enzyme. Next 3β-Hydroxysteroid-dehydrogenase transforms pregnenolone to
progesterone. Progesterone is then converted by 21-hydroxylase into 11deoxycorticosterone and 11β-hydrolase produces corticosterone.
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However, glucocorticoid and mineralocorticoid receptors can also be membrane bound,
and these receptors exert what are called non-genomic effects, which occur much faster
than the genomic effects (Popoli et al., 2012). It has been demonstrated that acute
administration of glucocorticoids can rapidly increase glutamatergic neurotransmission in
the hippocampus (Karst et al., 2005; Venero & Borrell, 1999).
1.9.2 Acute and Repeated Stress
Acute stress is usually a single event while repeated stress is the accumulation of day to
day stress (McEwen, 1998). Acute and repeated stress can have opposing effects within
the CNS. Yuen et al. (2009 & 2011) found that acute stress led to an increase in
glutamate (both AMPA and NMDA) receptors within the prefrontal cortex while Gourley
et al. (2009) and Yuen et al. (2012) found that repeated stress decreases glutamate
receptor expression in the prefrontal cortex.
Repeated stress has also been shown to cause atrophy of dendrites on layer 5
cortical pyramidal cells and glucocorticoids have been shown to affect glutamate
transmission (McEwen, 2006; Goldwater et al., 2009; Popoli et al., 2012). Therefore it is
possible that stress could affect expression of motor maps since glutamate is the main
neurotransmitter that contributes to cortical excitability. Repeated stress has also been
shown to impair motor behaviour; repeatedly stressed rats perform worse than control
rats on the rung walking task and the single pellet skilled reaching task (Metz et al., 2001
& 2005). Since behavioural deficits are observed when motor map integrity is disrupted
(Whishaw, 2000; Henry et al., 2008) it appears likely that the motor map expression of
these rats would have been altered.
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1.10 Stress and Endocannabinoids
Glucocorticoids

can

stimulate

production

of

endocannabinoids

and

endocannabinoids have been shown to regulate the HPA axis (Popoli et al., 2012; Cota et
al., 2007; Gorzalka & Hill, 2009; Hill et al., 2011).
CB1 receptors have been found in the hypothalamus, anterior pituitary and other
brain structures involved in the stress response (Gonzalez et al., 1999; Cota et al., 2007;
Steiner & Wotjak, 2008). Much research has therefore examined the interaction between
endocannabinoids and the HPA axis (Barna et al., 2004; Patel et al., 2004; Cota et al.,
2007; Hill et al., 2009). It has been found that endocannabinoids regulate the basal
activity of the HPA axis and are also responsible for the termination of the stress
response (Cota et al., 2007; Gorzalka & Hill, 2009; Hill et al., 2011). Application of a
CB1 antagonist or disruption of the CB1 receptor results in increased plasma
corticosterone (CORT) levels (Barna et al., 2004; Patel et al., 2004; Steiner et al., 2008).
Patel et al. (2004) also showed that an injection of a CB1 antagonist prior to stressing a
rat augments the increase in CORT levels seen after restraint stress, while preadministration of a CB1 agonist or a FAAH inhibitor resulted in a decrease in CORT
levels after stress. Therefore, it is possible that the motor deficits seen in repeatedly
stressed rats could be alleviated by administration of a CB1 agonist or FAAH inhibitor
prior to the stress paradigm used. A behavioural task commonly used to assess skilled
motor performance in rodents is the single pellet skilled reaching task.

34

1.11 Single Pellet Skilled Reaching Task
Performance on the single pellet skilled reaching task is sensitive to alterations in
neurotransmitter systems, brain structures, and neuropathological conditions, making it
an ideal task to use as an indicator of brain function (Whishaw et al., 1992, 1993, 2007;
Gharbawie & Whishaw 2003; Kleim et al., 2003; Gharbawie et al., 2005; Henry et al.,
2008; Conner et al., 2010; Flynn et al., 2010; Boychuk et al., 2011; Brown et al., 2011;
Scullion et al., 2013).
The single pellet skilled reaching task involves rats producing a complex multijoint coordinated behaviour. In this task a rat is trained to reach through a slit to obtain a
sugar pellet on a shelf. A successful reach attempt is where the rat reaches through the
slit, grasps the pellet, retracts their forepaw through the slit and then consumes the pellet
(Whishaw et al., 2003). This reaching motion can be parsed into 10 discrete
subcomponents (Whishaw et al., 2003; Henry et al., 2008). These subcomponents are 1)
digits to midline – rat lifts its forepaw off the floor and brings digits to the midline of its
body 2) digits semi flexed – forepaw is relaxed, supinated and digits are in a semi flexed
position 3) elbow to midline – rat brings the elbow to the midline of its body 4) advance –
extension of the forepaw through the slit 5) digits extend – digits are extended at the end
of the advance 6) arpeggio – the rat pronates its forepaw so digits 2-5 are touching the
shelf and the digits open. The forepaw should now cover the pellet 7) grasp – digits close
around and lift the pellet 8) supination I – as the forepaw is retracting through the slit the
wrist rotates approximately 90 degrees; 9) supination II – once the forepaw has
withdrawn from the slit, the wrist rotates a further 45 degrees so the pellet is now
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exposed to the mouth 10) release – the mouth touches the pellet, digits open and pellet is
consumed (Whishaw et al., 2003). Monfils and Teskey (2004) determined there are three
stages of learning the single pellet skilled reaching task. The first stage is acquisition of
task requirements, which is characterized by rats increasing their reach attempts but not
success, and occurs on training days 1 through 4. The second phase is an increase in skill
proficiency where the success rate increases, and occurs on training days 5 through 8.
The last stage is described as maintenance of skill proficiency where success reaches a
plateau on training days 9 to 15 (Monfils & Teskey, 2004). The single pellet reaching
task has been shown to re-organize forelimb motor map expression with an increase in
distal representation and this is associated with an increase in the number of synapses on
a single neuron, however these changes do not occur until rats have undergone more than
a week of training (Kleim et al., 1998; Kleim et al., 2002; Kleim et al., 2004).
1.12 Thesis Objectives and Hypotheses
This thesis aims to delineate the role of cannabinoids and stress on forelimb motor
map expression and behaviour. My general hypothesis is that cannabinoids and stress
play an inhibitory role on the expression of forelimb motor maps and behaviour in
rodents.
The objective of Chapter 2 was to determine the effect of endocannabinoid
signaling on forelimb motor map expression and behaviour. This study employed the use
of a selective CB1R agonist and antagonist as well as inhibitors of the enzymes that
hydrolyze AEA and 2-AG during ICMS in a map-remap paradigm. Rats were trained to
proficiency on the single pellet reaching task and then received an injection of a CB1R
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agonist or antagonist prior to performing the task. Lastly FAAH, CB1R and CB2R
constitutive knock-out (KO) mice and their associated wild type (WT) controls were
mapped. It was hypothesized the CB1R agonist and enzyme inhibitors would increase
movement thresholds and decrease motor map size, as well as impair behaviour. While
the CB1R antagonist would decrease movement thresholds and increase map size, and
also impair behaviour. It was also hypothesized FAAH KO mice would have smaller
motor maps, CB1 KO mice would have larger motor maps compared to WT mice and the
maps of CB2 mice would not differ from WT mice.
The objective of Chapter 3 was to determine the effects of acute and repeated
stress on motor map expression and if repeated stress impairs performance on skilled
forelimb movements as well as if endocannabinoids mediated stress effects on motor map
expression. Rats were subjected to elevated platform for either one 30 minute session
(acute stress) or five 30 minute sessions occurring once per day for five consecutive days
(repeated stress) and then underwent ICMS. In another study, exogenous CORT was
acutely applied to the motor cortex during ICMS. Rats were trained to proficiency in the
single pellet skilled reaching task and were then subjected to the repeated stress paradigm
prior to performing the task. Next, mass spectrometry was used to determine changes in
endocannabinoid content within the motor cortex after repeated stress. Following this,
using the repeated stress paradigm, a CB1R antagonist was given prior to the last stressor
and in a separate group of rats a FAAH inhibitor was given prior to each stress session. It
was hypothesized that acute stress and acute application of exogenous CORT would
decrease movement thresholds and increase motor map size. It was also hypothesized that
repeated stress would impair skilled behaviour, increase movement thresholds and
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decrease motor map size. It was predicted there would be a decrease in AEA and an
increase in 2-AG levels within the motor cortex after repeated stress, administration of
AM 251 prior to the last stressor would increase CORT levels and lastly, administration
of a FAAH inhibitor prior to stress would attenuate stress effects on motor maps.
The objective of Chapter 4 was to determine the effect of various doses of THC
on motor map expression as well as on skilled and unskilled behaviour. SD-ICMS was
conducted using three dosages (0.2 mg/kg, 1.0 mg/kg, and 2.5 mg/kg) of THC while LDICMS was conducted using 1.0 mg/kg dose of THC. Rats were trained to proficiency on
the single pellet reaching task and then received an injection of 1.0 mg/kg or 2.5 mg/kg
THC prior to performing the task. A separate group of rats underwent a complement of
unskilled motor tasks (bar task, rotorod, horizontal ladder rung walking task, and open
field) after receiving an injection of THC at a dosage of 0.2 mg/kg, 1.0 mg/kg or 2.5
mg/kg. It was hypothesized 0.2 mg/kg would decrease movement thresholds and increase
motor map size while 1.0 mg/kg and 2.5 mg/kg would have the opposite effect. It was
also hypothesized that 1.0 mg/kg THC would decrease the number of complex multi-joint
movements elicited by LD-ICMS. It was predicted THC (1.0 mg/kg and 2.5 mg/kg)
would impair skilled reaching behaviour. It was hypothesized 0.2 mg/kg THC would
induce hyper-locomotion while 1.0 mg/kg and 2.5 mg/kg would induce hypo-locomotion.
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Chapter Two: CB1R activation and endocannabinoids alters forelimb motor map
expression but do not alter skilled reaching behaviour
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2.1 Abstract
The CB1 receptor and endocannabinoids play a critical role in food intake, stress,
pain, addiction, mood and memory as well as map representations within the visual and
somatosensory neocortex. The role of the CB1R and the endocannabinoids 2-AG and
AEA in cortical-based movements and their representations (motor maps) is completely
unknown. Determining their role is important because many emotional and cognitive
based tasks use motor tests as a control for the influence of phyto-, synthetic-, and
endocannabinoids. Moreover, endocannabinoids have been shown to affect spinal
mediated locomotion, and a more complete understanding of their role in movement is
needed due to increasing usage of phytocannabinoids and synthetic cannabinoid drugs.
Application of a specific CB1 receptor agonist (ACEA) directly to the motor cortex or
systemically via intraperitoneal injection resulted in higher movement thresholds and
smaller maps derived using high resolution intracortical microstimulation (ICMS). Next,
we utilized the slice ICMS technique and show that bath application of ACEA to motor
cortex slices in vitro increased the ICMS current intensity to induce action potential firing
indicating, reduced pyramidal cell excitability. Application of ACEA during a probe trial
on the single pellet skilled reaching task did not have a significant effect on the kinetics
of reaching, the number of reach attempts, or the percentage of success. Following these
results we then determined that CB1 receptor antagonism using AM 251 resulted in lower
movement thresholds and larger motor maps. However, application of AM 251 during the
single pellet skilled increased the mean error score on two subcomponents of reaching,
but did not affect the number of reach attempts, or the percentage of success. Having
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shown a role for CB1 receptor signaling in motor map expression we then sought to
determine which endocannabinoid was responsible for these effects. Applying a fatty acid
amide hydrolase (FAAH) or monoacylglycerol lipase (MAGL) inhibitor directly to the
motor cortex resulted in increased movement thresholds and decreased map size,
suggesting both anandamide (AEA) and 2-arachidonoylglycerol (2-AG) contribute to
forelimb motor map expression. Motor maps derived in FAAH and CB1 receptor KO
mice showed higher movement thresholds and smaller maps compared with wild-type
controls. These results demonstrate that endocannabinoids, acting through CB1 receptors
exert a dampening effect on forelimb motor map expression.
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2.2 Introduction
Endocannabinoids have been shown to play a critical role in a variety of central
processes including food intake, stress, pain, addiction, mood and memory (Chambers
2006; Crosby 2011; Serrano & Parsons 2011; Haghani et al., 2012; Hill & Tasker 2012;
Ghosh et al., 2015; Manduca et al., 2015). The endocannabinoid system consists of Gprotein coupled receptors (CB1R and CB2R; Howlett, 2002) as well as two endogenous
ligands, N-arachidonylethanolamide (anandamide or AEA) and 2-arachidonyl glycerol
(2-AG; Devane et al., 1992; Sugiura et al., 1995).
Endocannabinoids (AEA & 2-AG) are produced in an activity dependent manner by
the post-synaptic neuron and are released in a retrograde fashion to then activate CB1Rs
located on the pre-synaptic neurons axon terminal (Mailleux & Vanderhaeghen, 1992;
Tsou et al., 1998; Sharkey, 2006; Alger, 2012;). The actions of AEA and 2-AG are
terminated by the enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL) respectively (Ueda 2002).
In the brain CB1Rs are ubiquitous while CB2Rs have limited expression (Herkenham
et al., 1991; Lynn & Herkenham, 1994; Van Sickle et al., 2005; Julien et al., 2008;
Castillo et al., 2012). Activation of CB1R results in inhibition of adenylyl cyclase and
voltage gated calcium channels, as well as activation of inward rectifying potassium
channels resulting in a decrease in the probability of neurotransmitter release from the
pre-synaptic neuron (Howlett & Mukhopadhyay, 2000; Sharkey & Pittman 2005; Freund
et al., 2003). AEA, 2-AG, and the CB1 receptor have been found in the neocortex
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(Herkenham et al., 1991; Stella & Piomelli 2001; Julien et al., 2008; Castillo et al., 2012)
and therefore may have a role in motor map expression and cortical-based movements.
Recently evidence has been provided that endocannabinoid signaling can influence
neocortical sensory map representations. Liu et al., (2008) demonstrated that an acute
blockade of the CB1 receptor stopped the ocular dominance shift in layers 2/3 of the
visual cortex that normally occurs with monocular deprivation. Li et al. (2009)
administered a CB1 antagonist to rat pups during the critical period for barrel cortex
development and found that the topography of the whisker receptive field map was
disrupted. To date there has been no research performed on the effect of
endocannabinoids on the expression of forelimb motor maps.
The neural underpinnings of voluntary movement have been studied for well over a
century. Motor maps are the topographical representation of movements and are derived
by stimulating pools of pyramidal neurons in layer 5 of the neocortex (Young et al.,
2011). Motor maps have been shown to exhibit both short term and long term plasticity.
Direct application of a drug to the cortex can elicit map changes in minutes (Scullion et
al., 2013) while experimental procedures such as repeatedly eliciting seizures takes days
to alter motor map expression (Henderson et al., 2011). It has been shown that alterations
in motor map expression are in part due to changes in motor cortex pyramidal cell
excitability (Young et al., 2011; Hussin et al., 2015). Previous studies have demonstrated
that various neuromodulators such as dopamine, acetylcholine, and serotonin affect motor
map expression, leading to the conclusion that expression of motor maps is dependent
upon the quantity and type of neurotransmitters present in the neocortex (Metz et al.,
2004; Brown et al., 2009, 2011; Viaro et al., 2011; Conner et al., 2003; Ramanathan et
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al., 2009; Scullion et al., 2013). Since endocannabinoids regulate neurotransmission of
multiple neurotransmitters such as glutamate, GABA, dopamine, norepinephrine and
serotonin (Freund et al., 2003; van der Stelt & Di Marzo 2003; Castillo et al., 2012;
McLaughlin et al., 2012; Kirilly et al., 2013) it is possible they also play a role in
forelimb motor map expression. The role of endocannabinoids on motor map expression
is important to determine as motor impairments are often a control for experiments that
examine cannabinoid effects on anxiety and cognition.
To test the hypothesis that activation of the CB1 receptor alters the expression of
forelimb motor maps and behaviour we administered the selective CB1R agonist
arachidonyl-2'-chloroethylamide (ACEA) either directly to the cortex or peripherally
while conducting ICMS. Then we determined the effects of ACEA on the
electrophysiological properties of layer 5 pyramidal cells in vitro using the slice ICMS
technique (Scullion et al., 2013; Hussin et al., 2015). We followed this with an
examination of ACEA on a forelimb skilled reaching task. Given that CB1R activation
had an effect on motor maps and layer 5 pyramidal cell activity, we then determined the
role of endocannabinoid signaling. We examined forelimb motor map expression, the
electrophysiological properties of layer 5 pyramidal cells and reaching behaviour using
the

CB1R

antagonist

1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(1-

piperidyl)pyrazole-3-carboxamide (AM 251). We then attempted to increase the levels of
the endogenous cannabinoids 2-AG and AEA by inhibited their hydrolysis using the
monoacylglycerol lipase inhibitor [1,1'-biphenyl]-3-yl-carbamic acid, cyclohexyl ester
(URB

602)

and

the

fatty

acid

amide

hydrolase

(FAAH)

inhibitor

(3'-

(aminocarbonyl)[1,1'-biphenyl]-3-yl)-cyclohexylcarbamate (URB 597). To confirm a role
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for AEA we mapped FAAH KO mice. Our results indicate that CB1R signaling
suppresses motor map expression through both AEA and 2-AG and a lack of CB1R
signaling leads to deficits in executing a reaching behaviour.
2.3 Materials and Methods

2.3.1 Rodents.
Adult male Hooded Long–Evans (LE) rats (n = 78) and CB1 receptor knockout
(KO; n = 5), CB2 receptor KO (n = 5), FAAH KO (n = 6) and wild-type (WT) mice (n =
15) were used in this study. All rats were obtained from Charles River (Quebec, Canada;
North Carolina, USA). Mice were generated in a breeding colony maintained by Dr. K.A.
Sharkey at the University of Calgary and were bred on the C57BL/6N background
(Cravatt et al., 2001; Storr et al., 2008). All knockout mice were genotyped using an
established protocol (Buckley et al., 2000; Cravatt et al., 2001; Marsicano et al., 2002)
and confirmed as homozygous CB receptor or FAAH enzyme gene-deficient animals
prior to inclusion in the study.
All experiments were approved by the Health Sciences Animal Care Committee
at the University of Calgary. Rodents were maintained and handled in accordance to the
Canadian Council for Animal Care guidelines. In separate colony rooms rodents were
maintained on a 12 hour light/dark cycle with lights on at 07:00 hours in clear plastic
cages. Rats were housed individually while mice were group housed with up to five mice
per cage. Rodents had free access to food and water, and all experiments were performed
during the light phase.
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2.3.2 Drugs.
All drugs were obtained through Cayman Chemical. Drugs for ICMS, cell
recording, and behavioural experiments were dissolved in 100% dimethylsulfoxide
(DMSO). The concentrations of ACEA, AM 251, URB 602, and URB 597 that were
applied directly to the motor cortex during ICMS experiments were approximately 10x
the concentration typically used in electrophysiological studies, as this has previously
been shown to elicit the same effect in vivo as in vitro (Scullion et al., 2013) and were
diluted to the correct concentration using physiological saline. The volume of drug used
for all ICMS experiments was approximately 0.5 ml to cover the 35 mm 2 ICMS window
as needed.
The CB1 receptor agonist, ACEA, was used at a concentration of 10 μM and 2
mg/kg for ICMS procedures, and 1 μM for bath application during cell recordings. The
CB1 receptor antagonist, AM 251, was used at a concentration of 40 μM and 3 mg/kg for
ICMS procedures, and 5 μM for bath application during cell recordings. The dosage of
ACEA and AM 251 used in the behavioural study were 2 mg/kg and 3 mg/kg
respectively and were administered via intraperitoneal injection with an injection volume
of 1 ml/kg. The monoacylglycerol lipase inhibitor, URB 602, and the fatty acid amide
hydrolase inhibitor, URB 597, were used at concentrations of 75 μM and 1 μM
respectively for ICMS procedures.
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2.3.3 ICMS.
Standard high-resolution intracortical microstimulation (ICMS) techniques were
used to produce detailed threshold maps of forelimb regions of the motor cortex (Nudo et
al., 1990; Kleim et al., 1998; Young et al., 2011). Twenty-four hours prior to surgery, rats
were food deprived. Rats were initially anaesthetized by an intraperitoneal (i.p.) injection
of ketamine (100 mg/kg) and xylazine (5 mg/kg). Supplemental injections of either
ketamine (25 mg/kg) or a cocktail of ketamine (17 mg/kg) and xylazine (2 mg/kg) were
given as needed to maintain a light anaesthetic level. Mice were initially anaesthetized by
an i.p. injection of ketamine (25 mg/kg) and xylazine (2.5 mg/kg). Supplemental
injections of ketamine (10 mg/kg) were given as required to maintain a constant level of
anaesthesia. Level of anaesthesia was monitored by assessment of breathing rate, whisker
movements, and withdrawal reflex from a light pinch to the foot (rats) and tail (mice).
A craniotomy was performed to expose the motor cortex of the left or right
hemisphere. From bregma, the craniotomy extended approximately 4 mm anterior and 3
mm posterior, and extended approximately 5 mm lateral from the midline in rats. The
craniotomy window in mice extended approximately 4 mm anterior and 3 mm posterior
from bregma, and 3 mm lateral from midline. The cisterna magna was punctured with an
18-gauge needle to reduce brain swelling, and the dura matter was carefully removed
from the neocortex. Silicon liquid warmed to body temperature (37-38 ºC) was placed on
the exposed cortex, except when drugs were applied to the cortical surface. A photograph
magnified 32x was taken using a digital camera connected to a stereomicroscope, which
was then displayed on a personal computer. Using Canvas (version 11) imaging software
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(ACD Systems of America Inc., Miami, FL, USA), a grid consisting of 500 μm squares
was placed over the digital image. Electrode penetration occurred at the corners and
middle of these squares unless there was a blood vessel, in which case no penetration
occurred.
Tungsten electrodes with impedance values of 0.96 – 1.2 MΩ (World Precision
Instruments Inc., Sarasota, FL, USA) were used. From the surface of the brain the
electrode was lowered to a depth of 1550 μm for rats and 800 μm for mice, which
corresponds to layer 5 of the cortex. Stimulation consisted of 13 monophasic 200 μs
cathodal pulses at 250 Hz, repeated every second (Young et al., 2011).
Rodents were maintained in the prone position, with their forelimb supported by a
finger, elevating the limb for a closer inspection of possible movements. A threshold was
determined at each penetration site. This was done by quickly increasing the current from
0 μA towards 60 μA until a movement was noted. The current was then decreased until
the movement ceased. The movement threshold was defined as the minimal ICMS
current able to elicit a movement. If the maximal current of 60 μA was unable to elicit a
movement, then the penetration site was considered non-responsive.
First, the border of the motor map was defined with non-forelimb (hindlimb, jaw,
neck, tail, trunk, and whisker) and non-responsive points. Once the border was complete
the forelimb (digit, wrist, elbow, shoulder) area was determined. Positive response sites
were re-visited during surgery to assess for changes in movement threshold as an
indicator of anaesthesia levels. For experiments involving drug application to the cortex,
ICMS was first performed to derive a baseline motor map. Following baseline mapping
either ACEA (n = 4), AM 251 (n = 7), URB 597 (n = 7), URB 602 (n = 5) or vehicle
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(DMSO; n = 7) was bath applied to the cortex and 10-15 minutes later the motor cortex
was re-mapped. A separate group of rats underwent baseline ICMS mapping and then
received i.p. injections of either ACEA (n = 6), AM 251 (n = 5) or vehicle (DMSO; n =
4) with re-mapping occurring 20 minutes post injection. Motor maps were analyzed using
Canvas software to calculate the areal extent of the rostral and caudal forelimb areas
(RFA and CFA respectively).
2.3.4 ICMS in vitro slice electrophysiology.
Slices were prepared using standard protocols (Scullion et al. 2013). Fourteen
male Long-Evans rats (postnatal day 21-38) were randomly assigned to ACEA (n = 6), or
AM 251 (n = 8). Rats were anaesthetized with isoflurane and then quickly decapitated.
The brain was rapidly removed and placed in ice-cold slicing solution for several minutes
containing the following (in mM); 87 NaCl, 2.5 KCl, 25 NaHCO 3, 0.5 CaCl2, 7 MgCl2,
1.25 NaH2PO4, 25 glucose, and 75 sucrose, saturated with 95% O2/5% CO2. The brain
was then blocked and mounted on a vibratome (Leica, Nussloch, Germany) and
submerged in ice-cold slicing solution. Coronal slices (300 μm) containing motor cortex
were taken from a region extending approximately 600 μm anterior and approximately
300 posterior to bregma. Slices were then incubated at 32°C for 30 min in artificial
cerebral spinal fluid (aCSF) containing the following (in mM); 126 NaCl, 2.5 KCl, 26
NaHCO3, 2.5 CaCl2, 1.5 MgCl2, 1.25 NaH2PO4, 10 glucose; saturated with 95% O2/5%
CO2. Following incubation, slices were maintained in aCSF at room temperature (21 –
24°C) for at least 30 min before recording. Slices were then transferred to a recording
chamber and superfused with 32°C aCSF at a flow rate of 1-2 ml/min.
49

Whole-cell recordings were obtained from layer 5 pyramidal neurons visualized
with an AxioskopII FS Plus upright microscope (Zeiss) with a 40X objective using
infrared differential interference contrast (DIC) optics. Layer 5 pyramidal neurons were
identified based on their tear-drop/triangular morphology with large apical dendrites
orientated to the pial surface as well as electrophysiological characteristics (Bandrowski,
et al. 2003; Brill & Huguenard 2010). Whole-cell recordings were obtained using
borosilicate glass microelectrodes (tip resistance 3–5 MΩ) filled with a solution
containing the following (in mM); 108 K-gluconate, 8 Na-gluconate, 2 MgCl2, 8 KCl, 1
K-EGTA, 4 K2-ATP, 0.3 Na3GTP and 10 HEPES that was corrected to pH 7.25 with
KOH. Only recordings with a series resistance <20 MΩ and an access resistance with
<25% change throughout the experiment were included for analysis. Electrophysiological
signals were amplified using Multiclamp 700A amplifier (Molecular Devices, Union
City, CA, USA), low-pass filtered at 1 kHz, and digitized at 10 kHz using a Digidata
1322A (Molecular Devices). Data were collected (pClamp 9.0, Molecular Devices) and
stored on a computer for offline analysis using Clampfit 9.0 (Molecular Devices).
Slice-ICMS was conducted as previously described by Scullion et al. (2013).
Current clamp recordings (I = 0) were used to assess layer 5 pyramidal neurons’
responses during stimulation of the slice with parameters that are typical of the ICMS
used to assess movement representations in anaesthetized rodents (Flynn et al., 2010;
Brown et al., 2011; Young et al., 2011). Slices were stimulated by an extracellular
electrode (0.50 MΩ microelectrode tungsten TM33A05; World Precision Instruments
Inc.) positioned directly dorsal (100-150 μm) to each layer 5 pyramidal cell prior to
recording from the latter in whole-cell configuration. Electrical stimulation was delivered
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to the slice via an isolated stimulator (A-M Systems; Carlsborg, WA, USA) and consisted
of 13 monophasic cathodal pulses, each 200 μs in duration, delivered at a frequency of
300 Hz, and repeated every second. Slice-ICMS current intensity was manually increased
from 0-60 μA, in 5 μA increments each given for 10 s (i.e., each increment administered
for 10 trains with each 1 Hz train consisting of 13 pulses).
Pyramidal cell responses to slice-ICMS were assessed with the following
variables: 1) the minimum intensity of slice-ICMS current needed to evoke an action
potential (referred to as first AP discharge) and, 2) the total number of APs at each sliceICMS 5 μA increment. Resting membrane potential was measured several minutes
following whole-cell configuration, and post-pharmacological treatments. The following
intracellular stimulation protocols were used to assess intrinsic firing properties; 1) the
number of APs fired to an intracellular current step (500 pA; 4 s), and 2) the intracellular
AP threshold, measured in response to a depolarizing current ramp and analyzed using
Mini Analysis Software (Synaptosoft, Decatur, GA). Input resistance was measured as
the slope of regression line of plots of voltage responses to a family of 10 pA
hyperpolarizing current steps. All dependent variables listed above were assessed before
and 10-15 minutes after bath application of drugs.
2.3.5 Single pellet skilled reaching task.
While previous research has examined the effect of cannabinoid signaling on
learning and memory as well as locomotion (Rodriguez de Fonseca et al., 1998; Acheson
et al., 2011), no study thus far has examined the effect of cannabinoid signaling on skilled
forelimb motor performance. To determine the effect of cannabinoid signaling on
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performing a task involving skilled use of the forelimb, we trained rats on the single
pellet reaching task (Whishaw et al., 2003). In this task rats must learn to reach for a
sugar pellet on a shelf through a slit in the apparatus. Banana flavoured sucrose pellets
(90 mg of Rodent Chow food pellets; Bioserve) were placed in the home cage and rats
were food restricted to 85-90% of free-feeding levels prior to pre-training. This was done
to familiarize the rats to the sugar pellets and ensure motivation for reaching. Pre-training
was conducted on adult male LE rats (n = 7 DMSO, n = 7 ACEA, n = 7 AM 251) to
determine the handedness of the rat. Rats then underwent one 15 minute reach training
session for 17 consecutive days. We measured the number of reach attempts and percent
success on each training session. If rats did not reach an average of 50% success across
days 13-15 they were eliminated from the study. On day 16 rats received an i.p. injection
of either ACEA, AM 251 or vehicle (DMSO) 20 minutes prior to the start of the reaching
session. The reach training session on day 17 occurred 24 hours post injection from day
16. On days 15-17 the reaching session was video-taped for future analysis of the 10
discrete subcomponents of reaching behaviour. All apparatus, training method, and
analysis have previously been described (Whishaw et al., 2003; Henry et al., 2008).
2.3.6 Statistics.
Independent samples t test was used to determine any differences in movement
thresholds and forelimb motor map size between WT and KO mice. Map-remap data was
analyzed using a paired samples t test and where necessary an independent samples t test
was used to assess for differences between our vehicle and drugs used. Anaesthetic data
was analyzed using independent samples t test. A one-way analysis of variance ANOVA
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for repeated measures were used to assess mean differences in first AP discharge, resting
membrane potential, intracellular threshold and number of APs to a current step. Tukey’s
post-hoc analysis was used to assess differences between group means. A Wilcoxon
Signed Rank test was used to compare mean number of action potentials at each 5 μA
increment between baseline and drug groups in paired comparisons. A Mann-Whitney
test was used to compare mean number of action potentials between the stress groups and
baseline. A two-way mixed ANOVA with intensity as repeated factor and treatment
group as the second factor was used to identify interactions, and the Bonferroni post-hoc
analysis was used to identify differences at particular current intensities. Number of reach
attempts and percentage success were initially analyzed using a repeated measures
ANOVA with Bonferroni post-hoc comparisons and then independent samples t test were
used to assess for differences between our vehicle and drugs used. The 10 subcomponents
of reaching were analyzed using the Friedman test with the Wilcoxon signed ranks test
post-hoc comparisons. An alpha value of 0.05 was used in all experiments and all
statistical analyses were conducted using Statistical Package for the Social Sciences
(IBM SPSS). Data are presented as mean ± SEM.
2.4 Results

2.4.1 In vivo ICMS and CB1R signaling
DMSO (vehicle) applied directly to the cortex significantly (t(6) = 2.71, p = 0.035)
decreased movement thresholds (30.18 μA ± 0.57 μA) compared to pre DMSO
thresholds (32.02 μA ± 1.10 μA). DMSO significantly (t(6) = 3.45, p = 0.013) decreased
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forelimb motor map size (6.29 mm2 ± 0.58 mm2) compared to pre DMSO map size (7.00
mm2 ± 0.65 mm2). Since our vehicle caused significant changes in forelimb motor map
expression all map-re-map studies were analyzed using changes in movement threshold
and map size compared to DMSO. Positive numbers represent an increase in movement
threshold or forelimb map size, while negative numbers represent a decrease in
movement threshold or forelimb map size.
ACEA, a CB1 receptor agonist was used to assess the effects of CB1 signaling on
motor map expression. ACEA when cortically applied caused a significant (t(9) = -14.86,
p = 0.0001) increase in movement thresholds (24.34 μA ± 1.83 μA) and a significant (t(9)
= 12.61, p = 0.0001; Figure 2.1) decrease in forelimb motor map size (-4.82 mm2 ± 0.23
mm2) compared to DMSO (-1.59 μA ± 0.84 μA; -0.72 mm2 ± 0.21 mm2 respectively;
Figure 2.1). No significant differences were found in the amount of ketamine (t(9) =
0.779, p = 0.487) or xylazine (t(9) = 0.839, p = 0.423) as a function of body weight and
duration of surgery between rats that received cortical application of DMSO and rats that
received ACEA cortically before deriving the second forelimb motor map.
Next we determined if systemic application of ACEA resulted in the same effects
as cortical application of ACEA. An i.p. injection of DMSO did not significantly alter
movement thresholds (t(3) = 0.609, p = 0.585) or motor map size (t(3) = 1.19, p = 0.319).
I.p. administration of ACEA resulted in significantly higher movement thresholds (t(5) = 3.16, p = 0.025) and smaller motor map sizes (t(5) = 4.44, p = 0.007; Figure 2.2).
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Figure 2.1: Cortical application of ACEA and motor map expression
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Figure 2.1: Cortical application of ACEA and motor map expression
Directly applying ACEA to the cortex increases movement thresholds and decreases
motor map size. Coded forelimb movement representations of the left motor cortex
derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 µA did not elicit forelimb movements. Quantification of ICMS
derived movement thresholds and total motor map size. Significance was indicated when
*p  0.05. Error bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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Figure 2.2: Peripheral administration of ACEA and motor map expression
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Figure 2.2: Peripheral administration of ACEA and motor map expression
Peripheral administration of ACEA elicits the same effects as when cortically applied.
ACEA increases movement thresholds and decreases motor map size. Coded forelimb
movement representations of the left motor cortex derived with ICMS. Map borders are
defined as electrode penetration sites where a maximum current of 60 µA did not elicit
forelimb movements. Quantification of ICMS derived movement thresholds and total
motor map size. Significance was indicated when *p  0.05. Error bars indicate SEM. A,
anterior; M, medial; P, posterior; L, lateral.
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There was no significant difference between the DMSO group and ACEA group
in the amount of ketamine (t(8) = 0.392, p = 0.706) or xylazine (t(8) = -0.839, p = 0.426) as
a function of body weight and duration of surgery indicating that changes seen in
movement threshold and map size were not a function of anaesthesia depth.
Therefore, both cortical application and i.p. administration of ACEA increased
movement thresholds and decreased motor map size. The effect of CB1R signaling on the
excitability of pyramidal cells was determined next.
2.4.2 In vitro ICMS and CB1R signaling
The in vivo ICMS motor map data indicated that cannabinoid signaling exerts a
dampening effect on the motor cortex via CB1R. To determine if CB1R signaling
affected the excitability of pyramidal cells from the motor cortex slice ICMS was used
(Scullion et al., 2013; Hussin et al., 2015). Extracellular ICMS stimulation was applied to
slices of motor cortex while whole-cell patch recordings were conducted on pyramidal
neurons from the output layer of this brain region. Layer 5 pyramidal neurons typically
responded to ICMS stimulation by stereotypical patterns of somatic membrane potential
depolarization that led to action potentials (APs) with increasing ICMS current intensities
from 0-60 μA.
The activation of CB1 receptors via bath application of the agonist ACEA (1 μM)
reduced excitation of layer 5 pyramidal neurons in response to ICMS stimulation (Figure
2.3). Cells displayed a significantly lower overall number of APs following ACEA in
response to ICMS from 8.2 ± 1.4 to 6.2 ± 0.9 (p < 0.05; Figure 2.3C).
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Figure 2.3: ACEA and pyramidal cell excitability
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Figure 2.3: ACEA and pyramidal cell excitability
CB1 receptor agonist ACEA decreases ICMS-induced excitation of layer 5 pyramidal
neurons. In coronal slices of motor cortex ICMS stimulation was administered with an
extracellular electrode (slice-ICMS) while individual layer 5 pyramidal neurons (n = 10)
were recorded in whole-cell configuration. Red rectangles capture the 10 ICMS trains
delivered at each current increment. The x-axis also represents recording time. A/B) Two
representative current-clamp traces showing the responses of a layer 5 pyramidal cell
before (A) and after (B) bath application of ACEA (1 μM). ICMS current intensity was
increased from 0 to 60 μA in 5 μA increments with 10 1 s trains at each increment (see
Methods). C) Mean total number of APs evoked at each 5 μA increment of ICMS
stimulation. D) The mean minimum of ICMS stimulation to elicit the first AP. E) Mean
resting membrane potential measured immediately before administering ICMS
stimulation to the slice. F) Mean intracellular spike threshold (700 pA ramp over 300
ms). G) Mean number of APs elicited in response to an intracellular current injection
(500 pA ramp delivered over 4 s). *p<0.05, **p<0.01. Error bars indicate SEM.
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The minimum ICMS current required to elicit the first AP was significantly increased
with ACEA application (F(1, 9) = 12.6, p < 0.01) from 23.0 ± 5.0 μA during baseline to
36.0 ± 7.0 μA after ACEA (Figure 2.3D). ACEA also decreased the number of APs (F(1,
9) =

6.2, p < 0.05) in response to an intracellular current step from 75.0 ± 12.0 at baseline

to 59.0 ± 10.0 after ACEA (Figure 2.3G). There were no changes in resting membrane
potential and AP threshold as a result of ACEA application (p > 0.05; Figure 2.3E and
2.3F).
ACEA decreased the number of APs in response to ICMS, increased the
minimum amount of ICMS current required to elicit the first AP and decreased the
number of APs in response to an intracellular current step indicating a reduced ICMSinduced excitation of motor cortex layer 5 pyramidal neurons. ACEA did not affect the
electrophysiological properties (RMP and AP threshold) of pyramidal neurons. Next the
effect of CB1R signaling on skilled reaching was explored.
2.4.3 Skilled reaching and CB1R signaling
Previous research has shown that disruption in forelimb motor map expression
can affect skilled forelimb movements (Scullion et al., 2013). Therefore we next
examined how CB1R signaling affects performing a skilled reaching task.
Rats that received DMSO showed a significant main effect of condition for both
number of reach attempts (F(2,12) = 5.467, p = 0.021) and percentage of success (F(2,12) =
7.868, p = 0.007). Post hoc analysis revealed rats significantly decreased the number of
reach attempts (p = 0.02) and percentage of success (p = 0.034) on the day they received
DMSO (reach attempts: 48 ± 5; percentage success: 46 ± 6) compared to the pre-drug day
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(reach attempts: 71 ± 2; percentage success: 62 ± 4). Since our vehicle caused significant
changes reach attempts and percentage success the ACEA group was analyzed using
changes in reach attempts and percentage success compared to DMSO. Positive numbers
represent an increase in reach attempts and percentage success, while negative numbers
represent a decrease in reach attempts and percentage success.
There was no significant change in number of reach attempts in the drug
condition (t(12) = -1.012, p = 0.331) or percentage success (t(12) = -0.135, p = 0.895) in rats
that received ACEA compared to rats that received DMSO (Figure 2.4).
A frame-by-frame analysis of forelimb movements revealed the mean error scores
for subcomponent 5 (χ2(2) = 6.00, p = 0.05) and subcomponent 9 (χ2(2) = 6.00, p = 0.05)
were significantly different in rats that received DMSO. Post hoc analysis showed no
significant differences in the mean error score for digits extend (subcomponent 5) when
comparing DMSO to pre-DMSO (Z = -1.60, p = 0.109) and post-DMSO (Z = -1.60, p =
0.109). There were significantly higher error scores in Supination II (subcomponent 9)
when rats received DMSO compared to pre-DMSO (Z = -2.23, p = 0.026). There were no
significant differences in the ten subcomponents of reaching in rats that received ACEA
(Figure 2.4).
The number of reach attempts, percentage of success, and mean error scores on
the 10 subcomponents of reaching were not significantly affected by ACEA compared to
DMSO. Following our ACEA results we conducted the same experiments over again
using AM 251 to determine the effect of CB1R antagonism on motor map expression and
behaviour.
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Figure 2.4: ACEA and skilled reaching behaviour
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Figure 2.4: ACEA and skilled reaching behaviour
ACEA does not impair reaching behaviour. Number of reach attempts and percentage of
success as well as reaching subcomponents were not significantly affected by ACEA.
Significance was indicated when *p  0.05. Error bars indicate SEM.
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2.4.4 In vivo ICMS and CB1R blockade
The effect of AM 251 was opposite to that of ACEA in regards to motor map
expression. AM 251 applied directly to the cortex caused a significant (t(12) = 4.50, p =
0.001) decrease in movement thresholds (-7.23 μA ± 0.93 μA) and a significant (t(12) = 4.76, p = 0.0001; Figure 2.5) increase in forelimb motor map size (0.84 mm 2 ± 0.25 mm2)
compared to DMSO (-1.59 μA ± 0.84 μA; -0.72 mm2 ± 0.21 mm2 respectively).
There were no significant differences in the amount of ketamine (t(12) = -0.704, p
= 0.495) or xylazine (t(12) = -1.501, p = 0.159) as a function of body weight and duration
of surgery between rats that received DMSO and rats that received AM 251 before
deriving the second forelimb motor map. This indicates that changes seen in movement
threshold and map size were not a function of anaesthesia depth.
Systemic application of AM 251 also elicited the opposite effect compared to
ACEA, resulting in significantly lower movement thresholds (t(4) = 4.44, p = 0.011) and
larger motor map sizes (t(4) = -3.78, p = 0.02; Figure 2.6). There was no significant
difference between the DMSO group and AM 251 group in the amount of ketamine (t(7) =
-0.359, p = 0.730) or xylazine (t(7) = -0.896, p = 0.400) as a function of body weight and
duration of surgery indicating that changes seen in movement threshold and map size
were not a function of anaesthesia depth.
Therefore, both cortical application and i.p. administration of AM 251 decreased
movement thresholds and increased motor map size. The effect of CB1R blockade on the
excitability of pyramidal cells was determined next.
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Figure 2.5: Cortical application of AM 251 and motor map expression
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Figure 2.5: Cortical application of AM 251 and motor map expression
Directly applying AM 251 to the cortex decreases movement thresholds and increases
motor map size. Coded forelimb movement representations of the left motor cortex
derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 µA did not elicit forelimb movements. Quantification of ICMS
derived movement thresholds and total motor map size. Significance was indicated when
*p  0.05. Error bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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Figure 2.6: Peripheral administration of AM 251 and motor map expression
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Figure 2.6: Peripheral administration of AM 251 and motor map expression
Peripheral administration of AM 251 elicits the same effects as when cortically applied.
AM 251 decreases movement thresholds and increases motor map size. Coded forelimb
movement representations of the left motor cortex derived with ICMS. Map borders are
defined as electrode penetration sites where a maximum current of 60 µA did not elicit
forelimb movements. Quantification of ICMS derived movement thresholds and total
motor map size. Significance was indicated when *p  0.05. Error bars indicate SEM. A,
anterior; M, medial; P, posterior; L, lateral.
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2.4.5 In vitro ICMS and CB1R blockade
Bath application of the CB1 receptor antagonist AM251 did not significantly
change the overall number of APs in response to ICMS (Figure 2.7C), first AP discharge
(Figure 2.7D), number of APs to a current step (Figure 2.7G), resting membrane potential
(Figure 2.7E), or intracellular AP threshold (Figure 2.7F; p > 0.05 for all measures).
CB1R antagonism did not affect ICMS-induced excitation of motor cortex layer 5
pyramidal neurons. AM 251 also did not affect the electrophysiological properties (RMP
and AP threshold) of motor cortex pyramidal neurons. Next the effect of CB1R
antagonism on skilled reaching was explored.
2.4.6 Skilled reaching and CB1R blockade
There was no significant change in number of reach attempts in the drug
condition (t(12) = -0.053, p = 0.959) or percentage success (t(12) = 0.893, p = 0.389) in rats
that received AM 251 compared to rats that received DMSO (Figure 2.8).
Rats that received AM 251 had significantly different mean error scores for
subcomponent 4 (advance; χ2(2) = 9.50, p = 0.009 ) and subcomponent 6 (arpeggio; χ2(2)
= 8.44, p = 0.015). Mean error scores for subcomponent 4 were significantly higher
during AM 251 application compared to pre (Z = -2.03, p = 0.042) and post (Z = -2.03, p
= 0.042) AM 251.
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Figure 2.7: AM 251 and pyramidal cell excitability
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Figure 2.7: AM 251 and pyramidal cell excitability
CB1 receptor antagonist AM251 has no effect on ICMS-induced excitation of layer 5
pyramidal neurons. In coronal slices of motor cortex ICMS stimulation was administered
with an extracellular electrode (slice-ICMS) while individual layer 5 pyramidal neurons
(n = 10) were recorded in whole-cell configuration. Red rectangles capture the 10 ICMS
trains delivered at each current increment. The x-axis also represents recording time.
A/B) Two representative current-clamp traces showing the responses of a layer 5
pyramidal cell before (A) and after (B) bath application of AM251 (5 μM) while
increasing the ICMS current intensity 0 to 60 μA in 5 μA increments. C) Mean total
number of APs evoked at each 5 μA increment of ICMS stimulation. D) The mean
minimum of ICMS stimulation to elicit the first AP. E) Mean resting membrane potential
measured immediately before administering ICMS stimulation to the slice. F) Mean
intracellular AP threshold (700 pA ramp over 300 ms). G) Mean number of APs elicited
in response to an intracellular current injection (500 pA ramp delivered over 4 s). Error
bars indicate SEM.
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Figure 2.8: AM 251 and skilled reaching behaviour
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Figure 2.8: AM 251 and skilled reaching behaviour
AM 251 impairs execution of reaching behaviour. Number of reach attempts and
percentage of success was not significantly affected by AM 251. AM 251 caused an
impairment on reaching subcomponents 4 (advance) and 6 (arpeggio). Significance was
indicated when *p  0.05. Error bars indicate SEM.
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Mean error scores for subcomponent 6 were also significantly higher during AM 251
application compared to pre (Z = -2.03, p = 0.042) and post (Z = -2.02, p = 0.043) AM
251 (Figure 2.8).
CB1R antagonism by AM 251 resulted in a deficit in being able to perform the
actions of advance and arpeggio in the reaching motion but did not affect reach attempts
or success. The MAGL inhibitor URB 602 and the FAAH inhibitor URB 597 were used
as well as FAAH KO mice to determine which endocannabinoid contributed to the CB1R
signaling effects. CB1R KO and CB2R KO mice were mapped to confirm a role and no
role in motor map expression respectively.
2.4.7 In vivo ICMS and endocannabinoids
Since the CB1R is found in the cortex (Herkenham et al., 1991; Julien et al.,
2008; Castillo et al., 2012), we then wanted to determine which endocannabinoid was
responsible for the CB1R signaling effect on forelimb motor map expression. Therefore
we employed the use of a monoacylglycerol lipase inhibitor (URB 602) as well as a fatty
acid amid hydrolysis inhibitor (URB 597) and performed map-remap studies. We also
conducted ICMS on FAAH KO mice as they have been shown to have higher
endogenous levels of AEA (Cravatt, 2001).
Cortical application of URB 602 significantly (t(10) = -4.79, p = 0.005) increased
forelimb movement thresholds (5.33 μA ± 1.25 μA) compared to cortical application of
DMSO (-1.59 μA ± 0.84 μA). Rats that received URB 602 had significantly (t(10) = 2.14,
p = 0.029; Figure 2.9) smaller forelimb motor maps (-1.43 mm2 ± 0.27 mm2) compared to
rats that received cortical application of DMSO (-0.72 mm2 ± 0.21 mm2).
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Figure 2.9: MAGL inhibition and motor map expression
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Figure 2.9: MAGL inhibition and motor map expression
URB 602 increases movement thresholds and decreases motor map size. Coded forelimb
movement representations of the left motor cortex derived with ICMS. Map borders are
defined as electrode penetration sites where a maximum current of 60 µA did not elicit
forelimb movements. Quantification of ICMS derived movement thresholds and total
motor map size. Significance was indicated when *p  0.05. Error bars indicate SEM. A,
anterior; M, medial; P, posterior; L, lateral.
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Cortical application of URB 597 significantly (t(12) = 5.02, p = 0.0001) increased
forelimb movement thresholds (7.43 μA ± 1.59 μA) compared to cortical application of
DMSO (-1.59 μA ± 0.84 μA). Rats that received URB 597 had significantly (t(12) = 2.82,
p = 0.0075; Figure 2.10) smaller forelimb motor maps (-1.72 mm2 ± 0.29 mm2) compared
to rats that received cortical application of DMSO (-0.72 mm2 ± 0.21 mm2).
Significant differences were found in the amount of ketamine (t(12) = -2.347, p =
0.037) but not xylazine (t(12) = -1.419, p = 0.181) as a function of body weight and
duration of surgery between rats that received DMSO (ketamine: 0.00997 ml/kg/min ±
0.0007 ml/kg/min) and rats that received URB 597 (ketamine: 0.01374 ml/kg/min ±
0.0014 ml/kg/min) before deriving the second forelimb motor map. There were also
significant differences in the amount of ketamine (t(10) = -3.437, p = 0.006) and xylazine
(t(10) = -4.717, p = 0.001) as a function of body weight and duration of surgery between
rats that received DMSO (ketamine: 0.00997 ml/kg/min ± 0.0007 ml/kg/min; xylazine:
0.000164 ml/kg/min ± 0.000023 ml/kg/min) and rats that received URB 602 (ketamine:
0.0131 ml/kg/min ± 0.00041 ml/kg/min; xylazine: 0.000305 ml/kg/min ± 0.000012
ml/kg/min) before deriving the second forelimb motor map. This could indicate that
changes seen in motor map expression may have been a function of anaesthetic depth.
However, since our results from AM 251 and ACEA did not have significant differences
in anaesthic depth this is unlikely.
The total forelimb movement thresholds were significantly (t(9) = -2.70, p = 0.02)
higher in FAAH KO mice compared to WT mice. The total forelimb map size was
significantly (t(9) = 2.25, p = 0.05; Figure 2.11) smaller in FAAH KO mice compared to
WT mice.
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Figure 2.10: FAAH inhibition and motor map expression
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Figure 2.10: FAAH inhibition and motor map expression
URB 597 increases movement thresholds and decreases motor map size. Coded forelimb
movement representations of the left motor cortex derived with ICMS. Map borders are
defined as electrode penetration sites where a maximum current of 60 µA did not elicit
forelimb movements. Quantification of ICMS derived movement thresholds and total
motor map size. Significance was indicated when *p  0.05. Error bars indicate SEM. A,
anterior; M, medial; P, posterior; L, lateral.
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Figure 2.11: FAAH enzyme KO mice and motor map expression
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Figure 2.11: FAAH enzyme KO mice and motor map expression
FAAH enzyme KO mice have higher movement threshold and smaller motor maps.
Coded forelimb movement representations of the left motor cortex of WT, and FAAH
enzyme KO mice, derived with ICMS. Map borders are defined as electrode penetration
sites where a maximum current of 60 μA did not produce a forelimb movement.
Quantification of ICMS derived movement thresholds and total motor map size from
WT, and FAAH KO mice. Significance was indicated when *p  0.05. Error bars indicate
SEM. M, medial; P, posterior; A, anterior; L, lateral.
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Both 2-AG and AEA contribute to motor map expression as application of the
MAGL as well as the FAAH inhibitor caused an increase in movement threshold and a
decrease in motor map size and FAAH KO mice exhibited the same changes in motor
map expression.
Next we conducted ICMS on CB1R and CB2R KO mice as previous studies have
shown there is limited CB2R expression in the brain (Van Sickle et al., 2005). Therefore,
we sought to examine if CB2 receptors also play a role in forelimb motor map
expression.
Forelimb movement thresholds were significantly higher in CB1R KO mice
compared to WT mice (t(8) = -4.82, p = 0.001). Forelimb map size was significantly
smaller in CB1R KO mice compared to WT mice (t(8) = 8.94, p = 0.0001; Figure 2.12).
The total forelimb movement thresholds were not significantly (t(8) = -1.50, p =
0.172) different in CB2 KO mice compared to WT mice. The forelimb map size was not
significantly (t(8) = 1.00, p = 0.347) different in CB2 KO mice compared to WT mice
(Figure 2.13).
No significant differences were found in the amount of ketamine or xylazine as a
function of body weight and duration of surgery between FAAH KO, CB1R KO, CB2R
KO and their respective WT controls, indicating that changes seen in movement
thresholds and map size were not a function of anaesthetic depth.
CB1R KO mice had higher movement thresholds and smaller motor maps
compared to their WT controls. The movement thresholds and map sizes of CB2 KO
mice were not significantly different from WT mice.
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Figure 2.12: CB1R KO mice and motor map expression
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Figure 2.12: CB1R KO mice and motor map expression
CB1 receptor KO mice have higher movement threshold and smaller motor maps. Coded
forelimb movement representations of the left motor cortex of WT, and CB1 receptor KO
mice, derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 μA did not produce a forelimb movement. Quantification of
ICMS derived movement thresholds and total motor map size from WT, and CB1
receptor KO mice. Significance was indicated when *p  0.05. Error bars indicate SEM.
M, medial; P, posterior; A, anterior; L, lateral.
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Figure 2.13: CB2R KO mice and motor map expression
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Figure 2.13: CB2R KO mice and motor map expression
CB2 receptor KO mice are not significantly different from CB2 wild type mice. Coded
forelimb movement representations of the left motor cortex of WT, and CB1 receptor KO
mice, derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 μA did not produce a forelimb movement. Quantification of
ICMS derived movement thresholds and total motor map size from WT, and CB1
receptor KO mice. Significance was indicated when *p  0.05. Error bars indicate SEM.
M, medial; P, posterior; A, anterior; L, lateral.
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2.5 Discussion
This is the first study to demonstrate a role for endocannabinoids in the
expression of motor maps. First we showed that activation of CB1 receptors using ACEA
resulted in raised ICMS movement thresholds and decreased motor map size compared to
appropriate controls. We then further explored cannabinoid dependent excitability
changes in the cortex by using the slice ICMS technique. The slice ICMS results showed
that ACEA significantly decreased pyramidal cell excitability to stimulation without
affecting basal electrophysiological properties. With the alteration in pyramidal cell
excitability and resulting changes in motor map expression we then decided to examine
skilled forelimb reaching behaviour and found peripherally administered ACEA did not
affect reaching behaviour. Antagonism of CB1 receptors using AM 251 elicited the
opposite effect of ACEA on motor map expression. I conclude that the effects seen using
ACEA and AM 251 were due to CB1R signaling. In order to determine which
endocannabinoid was responsible for the CB1R signaling effect, a MAGL inhibitor URB
602, as well as the FAAH inhibitor, URB 597 were placed on the cortex during ICMS
and these also decreased motor map expression. FAAH KO and CB1R KO mice had
smaller motor map areas compared to WT mice. CB2R KO mice were not different from
WT mice indicating that CB2R signaling is not involved in motor map expression.
Inactivation of CB1Rs resulted in an impairment of the execution of reaching behaviour
but not in performance as measured by reach attempts and percent success. These data
indicate that endocannabinoids acting through CB1Rs have an overall dampening effect
on the neural networks that generate movement representations.
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ACEA, URB 597 and URB 602 increased movement thresholds and decreased
map size while AM 251 had the opposite effect. CB1R expression differs across the
layers of the cortex with the highest expression in layers II/III and V (Fortin & Levine
2007). CB1 receptors have been found on glutamatergic as well as GABAergic neurons
(Mailleux & Vanderhaeghen, 1992; Tsou et al., 1998) and activation of CB1Rs has been
shown to suppress the release of neurotransmitters at both glutamatergic and GABAergic
synapses (Auclair, 2000; Oliet et al., 2007; Iremonger 2011). Fortin and Levine (2007)
showed there was endocannabinoid mediated depolarization induced suppression of
excitation (DSE) on somatosensory layer 5 pyramidal cells and that this was likely
caused by CB1 receptors located pre-synaptically. Domenici et al., (2006) found that
application of a CB1 agonist to somatosensory cortex slices from mice lacking CB1
receptors on pyramidal neurons no longer caused a reduction in excitatory post synaptic
potentials. Our data taken together with that of Fortin and Levine (2007) as well as
Domenici et al., (2006) indicates that we are likely preferentially activating CB1
receptors on glutamatergic (pyramidal) neurons.
Slice ICMS uses the same stimulation parameters as in vivo ICMS used to derive
forelimb motor maps (Hussin et al., 2015). An advantage of slice ICMS is that it does not
use anesthetics as Tandon et al., (2008) showed movement threshold and representation
changes depending on anesthetic depth. Moreover it clearly demonstrates that the main
effect is synaptic at the intensities we employ rather than direct on the corticospinal
neurons (Hussin et al., 2015). We bath applied the CB1 receptor agonist, ACEA, in slices
containing motor cortex and observed a decrease in the number of APs to increasing
intensities of ICMS and an increase in the ICMS current intensity that elicits the first
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action potential. ACEA also caused a decrease in the number of APs in response to an
intracellular current step. This effect was not due to changes in passive membrane
properties, as we did not observe any changes to resting membrane potential or
intracellular AP threshold. These data show that ACEA has an inhibitory effect on
pyramidal cell excitability which can explain the reduction in motor map size when
ACEA is placed on the cortex or given peripherally during ICMS.
Activation of CB1 receptors in the hippocampus, hypothalamus, amygdala, and
cerebellum by synthetic agonists results in a decrease in excitatory post-synaptic
potentials and field potentials (Kawamura et al., 2006; Azad et al., 2008; Wamsteeker et
al., 2010). These results are consistent with our ACEA slice ICMS results showing
decreased pyramidal cell excitability. Using lateral amygdala slices, Azad et al., (2008)
found that application of AM 251 did not affect synaptic transmission. In the present
study bath application of AM 251 to motor cortex slices did not alter the number of APs
in response to ICMS, first AP discharge, number of APs to a current step, resting
membrane potential, or intracellular AP threshold, indicating no change in pyramidal cell
excitability. It is possible AM 251 did not have an effect on pyramidal cell excitability
because the endogenous synthesis of endocannabinoids may be disrupted in the slice
preparation since the intracortical network is not completely intact.
Endocannabinoids are found in multiple structures and systems within the brain.
Short term synaptic plasticity caused by endocannabinoids is called depolarization
induced suppression of inhibition or excitation (DSI or DSE) and occurs when a
depolarized neuron releases endocannabinoids, which then transiently inhibit GABA or
glutamate release from the pre-synaptic neuron (Katona & Freund, 2012). DSI and DSE
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have been shown to occur in multiple structures such as the hippocampus, prefrontal
cortex, striatum and cerebellum (Katona & Freund, 2012). Our in vivo and in vitro results
allow us to conclude that CB1R activation causes a dampening of excitation in the motor
cortex.
Rats that received ACEA or AM 251 prior to performing the single pellet skilled
reaching task did not show changes in number of reach attempts or percentage of success
compared to rats that received DMSO. However, an injection of AM 251 caused an
increase in mean error scores for the advance and arpeggio subcomponents of skilled
reaching while ACEA did not affect the subcomponents of reaching. This was surprising
as changes in motor map expression (either an increase or a decrease in map size) often
results in deficits in fine motor control (Kleim et al., 2003; Henry et al., 2008; Brown et
al., 2011; Henderson et al., 2012). The dose used for ACEA was 2 mg/kg while the dose
used for AM 251 was 3 mg/kg. It is possible that the dosage of ACEA was too low to
have an observable effect on skilled motor behaviour. However, this is unlikely as
previously published papers studying stress, histamine release, memory, pain, and the
intrinsic electrophysiological properties of hippocampal pyramidal neurons as well as
behaviour in the amyloid beta model of Alzheimer’s disease in rats as well as epilepsy,
depression, and sleep in mice, and motor maps in our hands, have used ACEA dosages in
the range of 0.1 mg/kg to 3 mg/kg and were able to achieve statistically significant effects
on their dependent measures. Administration of ACEA was shown to: decrease freezing
behaviour and enhance long term extinction in rats that underwent repeated mild stress,
increase histamine release as measured by in vivo microdialysis, decrease measures of
pain, restore the electrophysiological properties of hippocampal neurons and improve
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memory retention, increase seizure threshold in the PTZ model of clonic seizures,
enhance the activity of the anticonvulsant phenobarbital in a maximum electroconvulsive
shock model of epilepsy, decrease depressive symptoms as assessed by the forced swim
task, and increase sleep duration induced by isoflurane (Schuster et al., 2002; Rutkowska
& Jachimczuk 2004; Cenni et al., 2006; Mallet et al., 2008; Bahremand et al., 2009;
Luszczki et al., 2010; Haghani et al., 2012; Sanchez-Robels et al., 2012; Reich et al.,
2013; Shafaroodi et al., 2013). Therefore, a dose of 2 mg/kg is able to elicit behavioural
changes but does not affect skilled motor performance.
Our research shows discordance between our electrophysiological results and
behaviour. Research involving the central amygdala which is involved in the processing
of fear and anxiety has shown a concordance between electrophysiological and
behavioural studies. Ramikie et al., (2014) showed when a CB1R agonist was applied to
central amygdala slices there was a decrease in the number of evoked and spontaneous
excitatory post synaptic currents (EPSC). Using the elevated plus maze as a measure of
anxiety Zarrindast et al., (2008) found that administration of a CB1R agonist resulted in
an increase in the time spent in the open arm and the number of entries made to the open
arm indicating the CB1R agonist had an anxiolytic effect. Kamprath et al., (2011) found
CB1R antagonism increased the amplitude of evoked EPSC and caused an increase in the
fear response using a auditory fear conditioning paradigm. Behavioural research on
memory acquisition shows that systemic or hippocampal CB1R activation results in
impairment

(Morena

&

Campolongo,

2014).

Electrophysiological

studies on

hippocampal slices have found CB1R activation via endogenous and synthetic
compounds results in an impairment of long term potentiation (Hoffman et al., 2007;
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Basavarajappa et al., 2014; Tahmasebi et al., 2015) which is a mechanism thought to
underlie learning and memory (Whitlock et al., 2006). The above research indicates the
endocannabinoid system within the motor cortex is somehow different from other brain
regions and therefore warrants further investigation.
Motor maps of FAAH KO and CB1R KO mice had higher movement thresholds
and were smaller than WT controls. Based on the results from the AM 251 study we
expected CB1R KO mice to have lower movement thresholds and larger motor maps
compared to WT mice. CB1R KO mice have higher levels of anxiety and an altered stress
response (Fride et al., 2005; Hill et al., 2011a). Our lab has shown that increased levels of
corticosterone caused by a repeated stressor for five consecutive days results in higher
movement thresholds and smaller forelimb motor maps (Chapter 3). CB1R KO mice
have been shown to have smaller dendritic arbors and fewer dendritic spines in layer 3 of
the secondary motor cortex compared to WT mice (Balesteros-Yanez et al., 2007) raising
the possibility that this also occurs in layer 5 of the sensorimotor cortex. Furthermore,
smaller forelimb motor maps have been shown to be associated with a decrease in
dendritic length and spine density both in layers 3 and 5 as well as a decrease in dendritic
branch complexity in layer 5 of the sensorimotor cortex and there are fewer excitatory
perforated synapses but more inhibitory synapses (Monfils and Teskey 2004; Teskey et
al., 2007). Also of note is that the CB1 KO mice used in this study were constitutive KO
while application of AM 251 during ICMS is an acute manipulation of the CB1R. This
could account for the discord between the AM 251 map-remap results and CB1 KO
results.
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This is the first study to investigate the role of endocannabinoids on the
expression of motor maps. We have shown that activation of CB1Rs as well as inhibiting
the degradation of endocannabinoids results in diminished motor map size but does not
result in forelimb movement deficits. Endocannabinoids appear to exert a dampening
effect on motor cortex through CB1 receptors. CB1 receptors could potentially be a
therapeutic target for treatment aimed at decreasing cortical excitability after injury and
in disease states.
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Chapter Three: Repeated stress alters motor map expression and behaviour via the
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3.1 Abstract
Previous research as shown acute and repeated stress have opposing effects in the
prefrontal cortex and hippocampus however, the role of stress on the cortical
representation of movement (motor maps) is unknown. Motor maps can be used as an
indicator of cortical excitability and are related to behaviour. Stress has been shown to
affect simple (spontaneous locomotion) as well as complex locomotor activity (trained
movements). We found acute stress and exogenously applied CORT did not affect motor
map expression derived using high resolution intracortical microstimulation (ICMS).
Utilizing the slice ICMS technique we then show that acute stress increased the amount
of ICMS current necessary to elicit the first action potential (AP) discharge and
depolarized the resting membrane potential (RMP). Repeated stress impaired skilled
reaching behaviour, increased movement threshold, decreased motor map size and
desensitized CB1 receptors, but did not affect the dependent measures used in slice ICMS
experiments. Next we explored if the repeated stress effects on motor map expression
were mediated by the endocannabinoid system. By performing mass spectrometry we
discovered that 2-AG levels were increased in the motor cortex after repeated stress.
Following these results we then examined if this increase in 2-AG content contributed to
the changes seen in map expression after repeated stress. When AM 251 (a CB1 receptor
antagonist) was administered prior to stress this resulted in a decrease in movement
thresholds. Administration of PF 04457845, a fatty acid amide hydrolase (FAAH)
inhibitor prior to stress was unable to prevent repeated stress effects from occurring on
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motor map expression. These results demonstrate that repeated stress, acting through the
endocannabinoid system, plays an inhibitory role in forelimb motor map expression.
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3.2 Introduction
Motor maps are the topographical representation of movement in the motor cortex
and are derived via transsynaptic activation of layer 5 pyramidal neurons during
intracortical microstimulation (ICMS; Hussin et al., 2015). Motor maps can be used as an
indicator of the balance between cortical excitation and inhibition (Scullion et al., 2013).
Increasing cortical excitability decreases movement thresholds and increases motor map
size (Henderson et al., 2011) while increasing cortical inhibition has the opposite effect
(Teskey et al., 2007). Motor maps exhibit experience dependent plasticity. The amount
and type of

neurotransmitters present in the motor cortex determines motor map

expression (Conner et al., 2003; Metz et al., 2004; Brown et al., 2009, 2011; Ramanathan
et al., 2009; Viaro et al., 2011; Scullion et al., 2013; Singleton et al., 2013). Motor map
expression is also altered after learning a skilled behaviour (Kleim et al., 1998; 2002,
2004) and behavioural deficits often co-occur with disruptions in motor map expression
(Brown et al., 2011; Henderson et al., 2012; Scullion et al., 2013).
Stress can be defined as a stimulus that threatens homeostatic functioning (Hill &
McEwen, 2010). In response to a stressor (either physical or psychological) the
hypothalamic-pituitary-adrenal axis (HPA-axis) is activated resulting in the release of
glucocorticoids (corticosterone (CORT) in rats; Hill & McEwen, 2010; Jadavji et al.,
2011). Acute stress is often a single event while repeated stress is the accumulation of
day to day stress (McEwen, 1998). Both acute and repeated stressors have been shown to
affect the endocannabinoid system (Morena et al., 2015).
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The endocannabinoid system is mainly comprised of anandamide (AEA) and 2arachidonylglycerol (2-AG) and the CB1 receptor (CB1R). Activation of the CB1R leads
to an attenuation of neurotransmitter release (Devane et al., 1992; Sugiura et al., 1995;
Sharkey 2006; Alger 2012). Acute stress has been shown to decrease AEA content in the
amygdala and hippocampus via an increase in fatty acid amide hydrolase (FAAH)
activity and increase 2-AG content in the medial prefrontal cortex, hippocampus and
hypothalamus which is due to elevated levels of corticosterone (CORT; Morena et al.,
2015). Repeated stress also results in a decrease in AEA and an increase in 2-AG
signaling however, these effects appear to be amplified compared to acute stress (Morena
et al., 2015). Repeated stress has also been shown to down regulate CB1R expression in
the hippocampus, hypothalamus, as well as the striatum and a decrease in CB1R
sensitivity has been found within the amygdala (Hill et al., 2005; Rossi et al., 2008; Patel
et al., 2009; Reich et al., 2009; Wamsteeker et al., 2010; Lee & Hill 2013).
Endocannabinoids have also been shown to regulate the HPA axis. It is thought
that AEA sets the basal tone of the HPA axis and the reduction in AEA caused by a
stressor results in activation of the HPA axis (Hill & McEwen, 2010). This is because
application of a CB1R antagonist prior to a stressor leads to greater levels of plasma
CORT compared to the stressor alone (Patel et al., 2004; Steiner et al., 2008) and
inhibiting the breakdown of AEA prior to a stressor has the opposite effect and decreases
stress like behaviour (Hill et al., 2006; Rossi et al., 2010; Hill et al., 2013). The rise in 2AG caused by a stressor is thought to terminate activation of the HPA axis and return
neuronal functioning back to basal levels (Morena et al., 2015).
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Previous research has demonstrated that repeated stress results in a decrease in
spontaneous locomotor activities and impairs performance on the horizontal ladder rung
walking task as well as the single pellet skilled reaching task (Metz et al., 2001 & 2005;
Jadavji et al., 2011). Since behavioural deficits are observed when motor map integrity is
disrupted (Whishaw, 2000; Henry et al., 2008) it seems likely that motor map expression
of rats that are repeatedly stressed would be altered. Surprisingly, the role of stress on
motor map expression has not been investigated despite the effects of stress on
locomotion and skilled behaviour.
Therefore, the goal of this study was to examine the effects of stress on motor
map expression as well as behaviour and to determine if endocannabinoid signaling
contributes to the effects of stress on motor map. First we determined the effects of acute
stress on motor map expression and the electrophysiological properties of layer 5
pyramidal cells in vitro using the slice ICMS technique (Scullion et al, 2013; Hussin et
al., 2015) by examining the effects of a single exposure to elevated platform stress. Also
a separate map-remap study was conducted where exogenous CORT was cortically
applied to the motor cortex after a baseline map was derived. It was predicted that acute
stress would decrease movement thresholds, increase motor map size and increase
pyramidal cell excitability. Next we observed the effect of repeated stress on motor map
expression, skilled reaching behaviour, pyramidal cell excitability, and CB1R sensitivity.
It was hypothesized that repeated stress would increase movement thresholds, decrease
map size as well as pyramidal excitability, impair reaching performance and desensitize
CB1 receptors. Following those experiments we wanted to determine if the stress effects
were endocannabinoid mediated. As such we performed mass spectrometry on the motor
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cortex to assay for changes in endocannabinoid content. It was predicted there would be a
decrease in AEA content and an increase in 2-AG content in the motor cortex. Next we
performed ICMS on rats that received either a CB1R antagonist or a FAAH inhibitor
prior to undergoing the stress paradigm and then performed ICMS. It was hypothesized
that administration of a CB1R antagonist would increase circulating levels of CORT and
that administration of a FAAH inhibitor would attenuate the stress effects seen on motor
map expression.
3.3 Materials and Methods

3.3.1 Rodents
All studies used post-natal day (PND) 60-75 male Hooded Long–Evans (LE)
except for the in vitro electrophysiology experiments which used LE rats that were PND
21-38. A total of 151 rats were used in this study. All rats were obtained from Charles
River (Quebec, Canada; North Carolina, USA). All experiments were approved by the
Health Sciences Animal Care Committee at the University of Calgary. Rats were
maintained and handled in accordance to the Canadian Council for Animal Care
guidelines. Rats were maintained on a 12 hour light/dark cycle with lights on at 07:00
hours and individually housed in clear plastic cages in a colony room. Rats had free
access to food as well as water and all experiments were performed during the light
phase.
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3.3.2 Drugs
ACEA was applied cortically and AM 251 was administered peripherally,
concentrations and dosages used were described in Chapter 2. Corticosterone (CORT)
was obtained through Cayman Chemical (Ann Arbor, MI) and was dissolved in 100%
DMSO, physiological saline was used to dilute the concentration of CORT to 1 μM. The
fatty acid amide (FAAH) inhibitor PF 04457845 was given orally at a dose of 1 mg/kg
via peanut butter pellets that were 100 mg in size (Qi et al., in press).
3.3.3 ICMS
ICMS was performed and analyzed as described in Chapter 2. ICMS was
performed to derive a baseline motor map. Following the baseline ICMS mapping ACEA
(n = 11), CORT (n = 9) or vehicle (DMSO; n = 5), was bath applied to the cortex and 1015 (n = 11), 5 (n = 5) or 60 (n = 4) minutes later the motor cortex was re-mapped
respectively.
3.3.4 Stress
Rats were placed on an elevated (100 cm) clear Plexiglas platform (25 cm x 25
cm) in the middle of a brightly lit room for 30 minutes each day of stress (Wong et al.,
2007). All rats were habituated to handling prior to stressing and the platform was
cleaned with ethanol at the end of each rat’s daily trial. Stressing occurred between 7 am
and 10 am.
To determine the effects of acute and repeated stress on motor map expression
rats underwent the stress paradigm once (1 day of stress) or for five consecutive days (5
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days of stress). In order to assess the possible non genomic and genomic effects of stress
rats then underwent ICMS at two different time points: either immediately after the
stressor was over (immediate ICMS) or 24 hours after the last stressor (delayed ICMS).
Fourteen rats were used to assess the acute effects of stress (no stress; n = 5; immediate
ICMS; n = 5; delayed ICMS; n = 4) and 17 rats were used to assess the effects of
repeated stress (no stress; n = 6; immediate ICMS; n = 6; delayed ICMS; n = 5) on motor
map expression. A map-remap protocol was used with rats that underwent repeated
stress. ACEA (10 µM) was cortically applied once a baseline map was derived to
determine the effects of repeated stress on CB1 receptors in the motor cortex.
3.3.5 Blood Collection and Analysis
A blood sample was taken prior to the rat being placed on the platform (prestress) and immediately after the end of the 30 min trial (post-stress) on the first and last
day of testing as well as once the rat was anaesthetized prior to the start of ICMS (postanaesthetics). Rats that received no stress had a blood sample taken 24 hours prior to
undergoing ICMS as well as once the rat was anesthetized. Rats were removed from their
home cage (or platform) and placed into a clear Plexiglas restrainer. A scalpel blade was
used to create a nick over the lateral tail vein in order to collect blood samples. Samples
of approximately 300 µl were collected and then centrifuged at 10, 000 rpm for 20
minutes at 4°C with the plasma stored in a -20°C in aliquots. Plasma levels of
corticosterone were measured in duplicate using an enzyme linked immunosorbent assay
(ELISA).
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3.3.6 ELISA
At all time points, plasma was assayed for circulating corticosterone in duplicate
using the Cayman Corticosterone Enzyme Immunoasssay (EIA) kit according to
manufacturer's protocol. All samples were diluted 1:1000 so that values fell within the
standard curve. Briefly, pre-coated plates (with blocking peptides and rabbit anti-sheep
capture IgGs) were incubated with samples or standards, corticosterone antiserum and
acetylcholinesterase linked to corticosterone (tracer). Plates were washed and then
incubated with Ellman's reagent, which measures acetylcholinesterase activity. Plates
were read 45-90 minutes, every 15 minutes, post addition of Ellman's reagent, until
maximal binding wells had an arbitrary unit of at least 0.3 but no greater than 2. See Gray
et al., (2015) for further information.
3.3.7 ICMS in slice electrophysiology
Slices were prepared as described in Chapter 2. Twenty-one male Long-Evans
rats (postnatal day 21-38) were randomly assigned to no stress (n = 10), 1 day of stress (n
= 5) or 5 days of stress (n = 6).
3.3.8 Single pellet skilled reaching task
To determine the effect of repeated stress (5 days of stress) on performing a task
involving skilled use of the forelimb, we trained rats on the single pellet reaching task
(Whishaw et al., 2003). Reach training was conducted as described in Chapter 2. Adult
male LE rats (n = 6 no stress; n = 5 stress) underwent reach training for 20 consecutive
days. On days 16-20 rats in the stress group underwent the stress paradigm prior to the
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start of their reach training session. On days 15 and 20 the reaching session was videotaped for future analysis of the 10 discrete subcomponents of reaching behaviour.
Since previous studies have shown endocannabinoids mediate the effects of the
stress response (Cota et al., 2007; Gorzalka & Hill, 2009; Hill et al., 2011; Popoli et al.,
2012) we then decided to investigate if endocannabinoids played a role in the stress
effects seen on motor map expression because we have previously shown
endocannabinoids increase movement thresholds and decrease motor map size (Chapter
2).
3.3.9 Mass Spectrometry
A group of rats (n = 16) underwent the repeated stress paradigm immediately after
which the motor cortex was extracted and mass spectrometry performed to determine
endocannabinoid levels in both the no stress (n = 8) and stress (n = 8) groups. AEA and
2-AG levels were measured in lipid extracts of tissue using isotope dilution liquid
chromatography-mass spectrometry as characterized by (Qi et al., 2015; Dincheva et al.,
2015; Qin et al., 2015).
3.3.10 CB1 Receptor Blockade and Stress
Next we determined if CB1 signaling was involved in the stress effects seen on
motor map expression. Rats were placed into one of four groups: 1) no stress + vehicle
(NSV, n = 5), 2) no stress + AM 251 (NSAM, n = 6), 3) stress + vehicle (SV, n = 5), 4)
stress + AM 251 (SAM, n = 6). Using the repeated stress paradigm, AM 251 or vehicle
(DMSO) was administered 20 minutes prior to the last stressor. Blood was collected at
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the following time points for the no stress group: 24 hours prior to ICMS and 50 minutes
post injection of either AM 251 or vehicle and for the stress group: Day 1 post-stress and
Day 5 post-stress. Once blood collection was completed ICMS was immediately started.
3.3.11 FAAH Inhibitor and Stress
Previous studies have shown that administration of a FAAH inhibitor prior to a
stressor inhibits the stress response within the amygdala (Hill et al., 2013). Therefore, we
wanted to determine if this effect could be replicated within the motor cortex. Thirteen
rats were used to determine the efficacy of PF 04457845 at inhibiting FAAH and
selectively increasing AEA content within the motor cortex. Rats were divided into three
groups 1) rats that received vehicle (n = 3) 2) rats that received one dose of PF 04457845
(n = 5) 3) rats that received five consecutive doses of PF 04457845 (n = 5). PF 04457845
or vehicle was administered 12 hours prior to the extraction of the motor cortex. Mass
spectrometry was then carried out on the brain tissue to determine endocannabinoid
content in the motor cortex.
A different cohort of rats (n = 23) was used to determine administration of PF
04457845 prior to platform stress would prevent the stress effects on motor map
expression. Rats were placed into one of four groups: 1) no stress + vehicle (NSV, n = 6);
2) no stress + PF 04457845 (NSFI, n = 5); 3) stress + vehicle (SV, n = 7) 4) stress + PF
04457845 (SFI, n = 5). Using the repeated stress paradigm PF 04457845 or vehicle was
administered 12 hours prior to the stressor and rats underwent ICMS immediately after
the last stressor. Blood collection occurred at the same time points previously stated.
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3.3.12 Statistics
Paired samples t-tests were used for all map-remap data. A one-way analysis of
variance (ANOVA) with Tukey post-hoc comparisons was conducted on the 1 day
(acute) and 5 day (repeated) stress mapping data. Reach attempts and percent success
were analyzed using a paired or independent t-test. The Wilcoxon signed ranks test was
performed on the subcomponents of reaching for both the no stress and stress groups.
Mapping data from the stress + behaviour, stress + FAAH inhibition, and stress + AM
251 studies were analyzed using independent t-tests. Paired or independent t-tests or an
ANOVA with Tukey post-hoc comparisons were used where appropriate to compare
CORT levels pre and post stress. Mass spectrometry data was analyzed using either an
ANOVA with Tukey post-hoc comparisons or independent t-test. ANOVA for repeated
measures were used to assess mean differences in first AP discharge, resting membrane
potential, intracellular threshold and number of APs to a current step. Tukey’s post-hoc
analysis was used to assess differences between group means. A Wilcoxon Signed Rank
test was used to compare mean number of action potentials at each 5 μA increment
between baseline and drug groups in paired comparisons. A Mann-Whitney test was used
to compare mean number of action potentials between the stress groups and baseline. A
two-way mixed ANOVA with intensity as repeated factor and treatment group as the
second factor was used to identify interactions, and the Bonferroni post-hoc analysis was
used to identify differences at particular current intensities. An a priori significance level
of 0.05 was used for all analyses and all statistical analyses were conducted using
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Statistical Package for the Social Sciences (IBM SPSS). Data are presented as mean ±
SEM.
3.4 Results

3.4.1 In vivo ICMS acute stress
First it was determined if exposure to the elevated platform results in an increase in
CORT plasma levels and if acute exposure to this stressor altered motor map expression.
After a single acute exposure to the elevated platform CORT plasma levels were
significantly (t(8) = -12.2, p = 0.0001) increased in the rat (Figure 3.1). There was no
significant difference between no stress, ICMS immediately after stress and ICMS 24
hours after stress on baseline (24 hours prior to ICMS and pre-stress) CORT plasma
levels (F(2,11) = 0.920, p = 0.427). Receiving an i.p. injection of anesthetics significantly
(t(4) = -5.06, p = 0.007) increased CORT plasma levels in the no stress group (Figure 3.1).
There was no significant (t(8) = -0.676, p = 0.518) difference in plasma CORT levels after
injection of anesthetics compared to post-stress CORT plasma levels.
There was no significant effect of acute stress on movement thresholds (F(2,11) =
2.17, p = 0.16) or motor map size (F(2,11) = 0.825, p = 0.464; Figure 3.2).
Since anaesthesia depth has been shown to affect movement thresholds (Tandon
et al., 2008) we performed analyses on the amount of ketamine and xylazine rats received
as a function of body weight and duration of surgery. When significant differences were
found in the amount of ketamine or xylazine received by various groups these were
reported.
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Figure 3.1: Acute stress CORT levels
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Figure 3.1: Acute stress CORT levels
Acute exposure to elevated platform increases plasma CORT levels. The immediate
ICMS group underwent ICMS immediately after the end of the elevated platform session.
The ICMS 24 hrs later group underwent ICMS 24 hours after the elevated platform
session. Post-anaesthetic blood collection occurred once the rat had achieved a surgical
anaesthesia plane. Significance was indicated when *p  0.05. Error bars indicate SEM.
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Figure 3.2: Acute stress and motor map expression
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Figure 3.2: Acute stress and motor map expression
Acute stress does not alter motor map expression. Coded forelimb movement
representations of the left motor cortex derived with ICMS. Map borders are defined as
electrode penetration sites where a maximum current of 60 μA did not produce a forelimb
movement. Quantification of ICMS derived movement thresholds and total motor map
size. Significance was indicated when *p  0.05. Error bars indicate SEM. A, anterior; M,
medial; P, posterior; L, lateral.

113

A single exposure to the elevated platform increased CORT levels. Acute stress
did not significantly alter movement thresholds or motor map size. The effect of acute
stress on the excitability of pyramidal cells was determined next.
3.4.2 In vitro ICMS acute stress
In order to determine if acute stress alters layer 5 pyramidal cell excitability slice
(in vitro) ICMS was used. One 30 min session on the elevated platform significantly
increased plasma CORT levels relative to unstressed controls (Figure 3.3A; p < 0.01).
There was no significant effect of acute stress on the number of APs to ICMS at all
current intensities (p > 0.1). There was a main effect of stress on the first AP discharge to
ICMS (F(2, 79), = 5.09 p = 0.008). The acute stress group (33.1 µA ± 4.6 µA) required
significantly (p < 0.05) higher ICMS current to elicit the first AP discharge compared to
the unstressed group (19.5 µA ± 1.7 µA). There was also a main effect of stress on the
resting membrane potential (RMP; F(2, 79) = 6.39, p < 0.001). The RMP of the acute stress
group (-59.9 ± 2.3 mV) was significantly (p < 0.001) lower (more depolarized) compared
to the unstressed group (-64.8 ± 0.5 mV). There was no effect of stress (p > 0.1) on
intracellular AP threshold or APs to a current step.
Acute stress increased the amount of ICMS current needed to elicit the first AP
discharge and lowered the RMP. Following these experiments we examined the effects of
exogenous CORT on motor map expression when it is applied acutely to the motor
cortex.
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Figure 3.3: CORT levels for in vitro ICMS experiments
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Figure 3.3: CORT levels for in vitro ICMS experiments
Plasma CORT levels are elevated after acute and repeated stress exposures. A) A single
stress exposure on the elevated platform significantly elevates CORT level (n = 6). B)
Five daily sessions on the elevated platform elevate CORT on day 1 and day 5 (n = 9).
*p<0.05, **p<0.01. Error bars indicate S.E.M.
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3.4.3 Exogenous CORT acutely applied to motor cortex during ICMS
After application of CORT a second map was derived either 5 minutes or 60
minutes post application to assess for any non-genomic or genomic effects of exogenous
CORT.
We found there was no significant effect of cortical application of DMSO
(vehicle) on movement thresholds (t(4) = 2.17, p = 0.096) or motor map size (t(4) = -0.302,
p = 0.778). When the remap occurred 5 minutes after acute cortical application of
exogenous CORT there was no significant effect on movement thresholds (t(4) = -0.449, p
= 0.677) or motor map size (t(4) = 1.52, p = 0.204). When the remap occurred 60 minutes
after CORT application there was also no significant effect on movement thresholds (t(3)
= 0.752, p = 0.507) or motor map size (t(3) = -0.441, p = 0.689; Figure 3.4).
There was a significant effect of group on the amount of ketamine as a function of
body weight and duration of surgery (F(2,11) = 6.88, p = 0.012). The 60 minute remap
group received significantly more ketamine compared to the DMSO (p = 0.037) and 5
minute remap (p = 0.012) groups. Any changes in threshold or map size caused by CORT
may have been masked in the 60 minute remap group since they received a greater
amount of ketamine. However, this is unlikely as ketamine typically results in an increase
in movement thresholds and a decrease in map size (Teskey, unpublished data) and there
was no significant difference in either thresholds or map sizes in the 60 minute group
compared to DMSO and the 5 minute remap group.
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Figure 3.4: Exogenous CORT and motor map expression
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Figure 3.4: Exogenous CORT and motor map expression
Exogenous CORT does not affect forelimb motor map expression. Coded forelimb
movement representations of the left motor cortex derived with ICMS. Map borders are
defined as electrode penetration sites where a maximum current of 60 µA did not elicit
forelimb movements. Quantification of ICMS derived movement thresholds and total
motor map size. Significance was indicated when *p  0.05. Error bars indicate SEM. A,
anterior; M, medial; P, posterior; L, lateral.
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Since acute stress and corticosterone administration did not affect motor map
expression we then decided to study the effects of repeated stress on behaviour and motor
map expression.
3.4.4 Repeated stress, behaviour and in vivo ICMS
There was a significant increase in CORT plasma levels on Day 1 post-stress
compared to Day 1 pre-stress (t(10) = -20.33, p = 0.0001). There was also a significant
increase in CORT plasma levels on Day 5 post-stress compared to Day 5 pre-stress (t(10)
= -13.78, p = 0.0001). There was no significant difference in CORT plasma levels when
comparing Day 1 pre-stress and Day 5 pre-stress (t(10) = -1.18, p = 0.267). Repeated stress
caused a significant increase in CORT plasma levels when compared to Day 1 post-stress
levels (t(10) = -3.25, p = 0.009). There was no significant effect of group on baseline (24
hours prior to ICMS and pre-stress) CORT plasma levels (F(2,15) = 2.82, p = 0.091).
Receiving an i.p. injection of anesthetics significantly (t(6) = -4.88, p = 0.003) increased
CORT plasma levels in the no stress group (Figure 3.5).
There was a significant decrease in the number of reach attempts (t(4) = 4.48, p =
0.011) and percentage of success (t(4) = 5.92, p = 0.004) in the stress group when
comparing baseline (the mean of Days 13-15) to Day 20. Rats in the stress group made
significantly less reach attempts (t(9) = 2.40, p = 0.040) and had significantly lower
percentage of success (t(9) = 3.39, p = 0.008) compared to rats in the no stress group on
Day 20 (Figure 3.6). There were no significant changes in the number of reach attempts
(t(5) = -0.729, p = 0.499) or percentage of success (t(5) = 0.395, p = 0.709) in the no stress
group when comparing baseline (the mean of Days 13-15) to Day 20.
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Figure 3.5: Repeated stress CORT levels
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Figure 3.5: Repeated stress CORT levels
Repeated stress increases plasma CORT levels. The elevated platform increased CORT
levels on day 1 and day 5. The ICMS 24 hrs later group underwent ICMS 24 hours after
the elevated platform session. Post-anaesthetic blood collection occurred once the rat had
achieved a surgical anaesthesia plane. Significance was indicated when *p  0.05. Error
bars indicate SEM.
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Figure 3.6: Repeated stress and skilled behaviour
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Figure 3.6: Repeated stress and skilled behaviour
Repeated stress impairs performance on the single pellet skilled reaching task.
Repeatedly stressed rats made fewer reach attempts and a lower percentage of success
compared to no stress rats. Repeated stress also impaired reaching subcomponents 7
(grasp) and 9 (supination 2). Rats that received no stress improved execution of reaching
subcomponent 3 (elbow to midline).
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A frame-by-frame analysis of forelimb movements revealed that compared to
baseline after 5 days of stress rats had a significantly greater error scores for
subcomponent 7, grasp (z = -2.06, p = 0.019) and subcomponent 9, supination II (z = 1.76, p = 0.039). While rats that received no stress had significantly lower error scores for
subcomponent 3, elbow to midline (z = -2.00, p = 0.023) on day 20 compared to baseline
(Figure 3.6).
Stressed rats that received reach training had significantly higher movement
thresholds (t(9) = -1.87, p = 0.047) and smaller motor map size (t(9) = 1.92, p = 0.044)
compared to rats that were not stressed and received reach training (Figure 3.7). There
was no significant difference in the portion of distal (t(9) = 0.474, p = 0.647) and proximal
(t(9) = -0.474, p = 0.647) points in the motor maps of stressed reach trained rats (distal: 48
± 4.2 %; proximal: 52 ± 4.2%) compared to non-stressed reach trained rats (distal: 51 ±
4.0 %; proximal: 49 ± 4.0%).
Repeated stress increased CORT levels, decreased the number of reach attempts
and percentage of success as well as impaired grasp and supination 2 reaching
subcomponents. Repeated stress also increased movement thresholds and decreased
motor map size. Next we determined the effects of repeated stress on pyramidal cell
excitability.
3.4.5 In vitro ICMS repeated stress
In order to determine if repeated stress alters layer 5 pyramidal cell excitability
slice (in vitro) ICMS was used.
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Figure 3.7: Repeated stress and motor map expression
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Figure 3.7: Repeated stress and motor map expression
Repeated stress in reach trained rats increases movement thresholds and decreases motor
map size. Coded forelimb movement representations of the left motor cortex derived with
ICMS. Map borders are defined as electrode penetration sites where a maximum current
of 60 µA did not elicit forelimb movements. Quantification of ICMS derived movement
thresholds and total motor map size. Significance was indicated when *p  0.05. Error
bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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Plasma CORT levels measured immediately after stress exposure were significantly
higher than baseline on both days 1 (p < 0.01) and 5 (p < 0.05; Figure 3.3B). Plasma
CORT level measured after stress exposure on days 1 and 5 was significantly different
than CORT measured in unstressed controls (p < 0.05 and p < 0.01 respectively).
There was no significant effect of repeated stress on the number of APs to ICMS
at all current intensities, first AP discharge to ICMS, RMP, intracellular AP threshold or
APs to a current step. Repeated stress did not affect ICMS-induced excitation or the
intrinsic physiological properties of motor cortex layer 5 pyramidal neurons. We then
examined the effects of stress on CB1R sensitivity.
3.4.6 Repeated stress effects and CB1R sensitivity
Repeated stress altered motor map expression and skilled reaching behaviour.
Since previous studies have shown endocannabinoids mediate the effects of stress on
neurotransmission (Cota et al., 2007; Gorzalka & Hill, 2009; Hill et al., 2011; Popoli et
al., 2012) we then wanted to examine if CB1 signaling was involved in the stress effects
seen on motor map expression.
There was a significant difference between the no stress, ICMS immediately after
the last stressor and ICMS 24 hours after the last stressor groups on movement thresholds
(F(2,15) = 17.95, p = 0.0001). Post-hoc analysis revealed that repeatedly stressed rats that
underwent ICMS immediately after the last stressor had significantly higher movement
thresholds compared to rats that were not stressed (p = 0.0001) and repeatedly stressed
rats that underwent ICMS 24 hours after the last stressor (p = 0.0001). There was also a
significant difference between the no stress, ICMS immediately after the last stressor and
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ICMS 24 hours after the last stressor groups on motor map size (F(2,15) = 4.00, p = 0.040).
Post-hoc analysis revealed that repeatedly stressed rats that underwent ICMS
immediately after the last stressor had significantly smaller motor maps compared to rats
that were not stressed (p = 0.034; Figure 3.8)
Therefore, we were able to replicate our previous finding that repeated stress
increases movement threshold and decreases map size but only when the motor maps are
derived immediately after the last stressor.
Rats that were not stressed had significantly higher movement thresholds (t(5) = 3.49, p = 0.018) and significantly smaller motor maps (t(5) = 4.28, p = 0.008) after cortical
application of ACEA, a CB1 agonist. However, repeatedly stressed rats that underwent
ICMS immediately after the last stressor had significantly lower movement thresholds
(t(5) = 2.78, p = 0.039) and no significant change in map size post ACEA application (t(5)
= 1.47, p = 0.201). Repeatedly stressed rats that underwent ICMS 24 hours after the last
stressor had no significant changes in movement threshold (t(3) = 2.15, p = 0.121) or
motor map size (t(3) = 1.68, p = 0.191) after application of ACEA (Figure 3.8).
ACEA had no significant effects on APs fired to ICMS (p > 0.05; Figure 3.9B),
first AP discharge (Figure 3.9C), APs to current step (Figure 3.9F), resting membrane
potential (Figure 3.9D) or intracellular threshold (Figure 3.9E; p > 0.05)
After repeated stress ACEA did not increase movement thresholds or decrease
motor map size and did not produce any changes in the number of APs in response to
ICMS current, the minimum ICMS current to elicit first AP, the number of APs in
response to intracellular current step, RMP and AP threshold.
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Figure 3.8: Repeated stress effects and CB1R sensitivity: In vivo ICMS
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Figure 3.8: Repeated stress effects and CB1R sensitivity: In vivo ICMS
Repeated stress increases movement thresholds, decreases motor map size and
desensitizes CB1 receptors. Coded forelimb movement representations of the left motor
cortex derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 µA did not elicit forelimb movements. Quantification of ICMS
derived movement thresholds and total motor map size. Significance was indicated when
*p  0.05. Error bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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Figure 3.9: Repeated stress effects and CB1R sensitivity: In vitro ICMS
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Figure 3.9: Repeated stress effects and CB1R sensitivity: In vitro ICMS
CB1 receptor agonist ACEA does not affect ICMS-induced excitation of layer 5
pyramidal neurons from rats that underwent repeated stress (one 30 min session per day
for 5 consecutive days). In coronal slices of motor cortex, ICMS stimulation was
administered with an extracellular electrode (slice-ICMS) while individual layer 5
pyramidal neurons (n = 11) were recorded in whole-cell configuration. A) Two
representative current-clamp traces showing the responses of a layer 5 pyramidal cell
before (top) and after (bottom) bath application of ACEA (1 μM). B) Mean total number
of APs evoked at each 5 μA increment of ICMS stimulation. C) The mean minimum of
ICMS stimulation to elicit the first AP. D) Mean resting membrane potential measured
directly before administering ICMS stimulation to the slice. E) Mean intracellular AP
threshold (700 pA ramp over 300ms). F) Mean number of APs elicited in response to an
intracellular current injection (500 pA ramp delivered over 4 s). Error bars indicate SEM.
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These results indicate that repeated stress desensitized CB1 receptors involved in motor
map expression and motor cortex pyramidal cell excitability as determined by in vitro
ICMS which is consistent with other brain sites (Patel et al., 2009). However, despite
receptor desensitization, repeated stress has been shown to impact synaptic transmission
through an increase in 2-AG signaling (Patel et al, 2005, 2008, and 2009). So we
examined the effects of repeated stress on endocannabinoids in motor cortex and 2-AG.
3.4.7 Endocannabinoid content in the motor cortex after repeated stress
Stressed rats had significantly (t(13) = -2.675, p = 0.019) more 2-AG in their motor
cortex compared to non-stressed rats. However, there was no significant (t(13) = 1.45, p =
0.170) difference in the amount of AEA in the motor cortex of stressed rats compared to
non-stressed rats (Figure 3.10).
To determine if this increase in 2-AG was relevant to the stress effects seen on
motor map expression we then examined how blocking CB1 receptors alters the effects
of repeated stress on motor map expression.
3.4.8 Repeated stress and CB1R blockade
There was no significant (t(11) = 0.071, p = 0.945) difference in plasma CORT
levels post-stress on day 1 between the stress + AM 251 and the stress + vehicle groups.
Administration of AM 251 20 minutes prior to the onset of the last stress testing session
did not significantly affect post-stress plasma CORT levels on day 5 (t(11) = -0.564, p =
0.584) compared to rats that received vehicle (DMSO) 20 minutes prior to the onset of
stress testing.
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Figure 3.10: Endocannabinoid content in the motor cortex after repeated stress
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Figure 3.10: Endocannabinoid content in the motor cortex after repeated stress
Repeated stress increases 2-AG content in the motor cortex but does not affect AEA
content in the motor cortex. Significance was indicated when *p  0.05. Error bars
indicate SEM.
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There was a significant increase (t(12) = -2.93, p = 0.013) in plasma CORT levels poststress on day 5 compared to day 1 of stress. Plasma CORT levels measured at 24 hours
prior to ICMS (t(8) = 1.13, p = 0.292) and post i.p. injection (t(8) = 0.598, p = 0.566) were
not significantly different between the no stress group that received AM 251 and the no
stress group that received vehicle. Receiving an i.p. injection significantly (t(9) = -7.16, p
= 0.0001) increased CORT plasma levels in the no stress group (Figure 3.11).
Again, we were able to replicate our repeated stress effect on motor maps. Rats in
the stress + vehicle group had significantly higher movement thresholds (t(8) = -3.75, p =
0.006) as well as smaller motor map sizes (t(8) = 2.39, p = 0.044) compared to the no
stress + vehicle group (Figure 3.12).
In the no stress group there was no significant effect of AM 251 on movement
thresholds (t(9) = -0.528, p = 0.611) or motor map size (t(9) = 0.274, p = 0.790). In the
stress group, rats that received AM 251 prior to their last stressor had significantly (t(9) = 4.44, p = 0.002) lower movement thresholds than rats that received DMSO prior to their
last stressor. There was no significant effect of AM 251 motor map size in the stress
group (t(9) = -0.874, p = 0.405; Figure 3.12).
Rats in the stress + AM 251 group did not have significantly different movement
thresholds (t(10) = 1.05, p = 0.319) or smaller motor map sizes (t(10) = 0.255, p = 0.804)
compared to the no stress + AM 251 group (Figure 3.12).
Receiving an injection of AM 251 prior to the last stressor prevents the increase in
movement thresholds caused by repeated stress. Our results suggest that repeated stressinduced increase in 2-AG contributes to changes in motor map excitability.
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Figure 3.11: Repeated stress and CB1R blockade: CORT levels
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Figure 3.11: Repeated stress and CB1R blockade: CORT levels
AM 251, a CB1 receptor antagonist, does not affect plasma CORT levels. Stressed rats
that received AM 251 (SAM) had comparable increases in plasma CORT after the
elevated platform on day 1 and day 5 compared to stressed rats that received vehicle
(SV). CORT levels were not different in no stress rats that received an injection of AM
251 (NSAM) compared to no stress rats that received an injection of vehicle (NSV).
Significance was indicated when *p  0.05. Error bars indicate SEM.
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Figure 3.12: Repeated stress and CB1R blockade: Motor map expression
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Figure 3.12: Repeated stress and CB1R blockade: Motor map expression
Administration of AM 251 prior to the last stressor in repeated stress decreases
movement thresholds. Repeated stress increased movement thresholds and decreased
motor map size in the stress + vehicle (SV) group compared to the no stress + vehicle
(NSV) group. Stressed rats that received AM 251 (SAM) had lower movement thresholds
compared to stressed rats that received vehicle (SV). The movement thresholds and map
sizes in the no stress + AM 251 (NSAM) group were not significantly different compared
to No + vehicle (NSV). Coded forelimb movement representations of the left motor
cortex derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 µA did not elicit forelimb movements. Quantification of ICMS
derived movement thresholds and total motor map size. Significance was indicated when
*p  0.05. Error bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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Finally, as elevating AEA has been shown to reverse the effects of stress (Hill et al.,
2006; Rossi et al., 2010; Hill et al., 2013) we examined the effect of a FAAH inhibitor on
repeated stress and motor map expression.
3.4.9 Repeated stress and FAAH inhibition
PF 04457845, a FAAH inhibitor, significantly (F(2,10) = 39.06, p = 0.0001)
increased AEA content in the motor cortex 12 hours after a single administration (p =
0.0001) as well as after five consecutive administrations (p = 0.0001) compared to rats
that received vehicle. There was no significant (F(2,10) = 0.396, p = 0.683) difference in 2AG levels within the motor cortex (Figure 3.13).
Administration of PF 04457845 12 hours prior to the onset of stress testing using
the repeated stress paradigm did not significantly affect post-stress plasma CORT levels
on day 1 (t(10) = -0.632, p = 0.542) or day 5 (t(10) = 0.231, p = 0.822) compared to rats that
received vehicle (peanut butter) 12 hours prior to the onset of stress testing. There was no
significant difference between rats that received the FAAH inhibitor and those that
received vehicle in regards to pre-stress plasma CORT levels on day 1 of stress (t(10) = 1.091, p = 0.301) or day 5 of stress (t(10) = -0.600, p = 0.542), or post-anaesthetics (t(10) =
0.376, p = 0.715). There was a significant increase in CORT plasma levels on Day 1 poststress compared to Day 1 pre-stress (t(11) = -13.40, p = 0.0001). There was also a
significant increase in CORT plasma levels on Day 5 post-stress compared to Day 5 prestress (t(11) = -10.97, p = 0.0001). Plasma CORT levels were significantly (t(10) = -2.416, p
= 0.034) higher for pre-stress on Day 5 compared to pre-stress on Day 1.
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Figure 3.13: Endocannabinoid content in the motor cortex after FAAH inhibition
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Figure 3.13: Endocannabinoid content in the motor cortex after FAAH inhibition
FAAH inhibitor PF 04457845 selectively increases AEA content in the motor cortex.
AEA content in the motor cortex was increased 12 hours after a single administration of
PF 04457845 as well as after 5 consecutive administrations over 5 days. Significance was
indicated when *p  0.05. Error bars indicate SEM.
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Plasma CORT levels were also significantly (t(11) = -3.944, p = 0.002) higher for poststress on Day 5 compared to post-stress on Day 1. Plasma CORT levels measured at 24
hours prior to ICMS (t(8) = -1.342, p = 0.216) and post-anaesthetics (t(7) = 0.248, p =
0.811) were not significantly different between the no stress group that received PF
04457845 and the no stress group that received vehicle. Receiving an i.p. injection of
anesthetics significantly (t(7) = -9.75, p = 0.0001) increased CORT plasma levels in the no
stress group (Figure 3.14).
In the no stress group there was no significant effect of PF 04457845 on
movement thresholds (t(9) = -0.036, p = 0.972) or motor map size (t(9) = 0.115, p = 0.911;
Figure 3.15). There was also no significant effect of PF 04457845 on movement
thresholds (t(10) = -0.553, p = 0.593) or motor map size (t(10) = -1.11, p = 0.291; Figure
3.15) in the stress group.
Once again, we were able to replicate our repeated stress effect on motor maps.
Rats in the stress + vehicle group had significantly higher movement thresholds (t(11) = 8.53, p = 0.0001) as well as smaller motor map sizes (t(11) = 2.70, p = 0.021) compared to
the no stress + vehicle group.
Rats in the stress + PF 04457845 group also had significantly higher movement
thresholds (t(8) = -3.89, p = 0.005) as well as smaller motor map sizes (t(8) = 3.02, p =
0.017) compared to the no stress + PF 04457845 group (Figure 3.15).
Rats in the stress + PF 04457845 group received significantly more ketamine (t(8)
= -3.51, p = 0.008) and xylazine (t(8) = -2.53, p = 0.035) as a function of body weight and
duration of surgery compared to rats in the no stress + PF 04457845 group.
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Figure 3.14: Repeated stress and FAAH inhibition: CORT levels

146

Figure 3.14 Repeated stress and FAAH inhibition: CORT levels
FAAH inhibitor PF 04457845 does not affect plasma CORT levels. Stress rats that
received PF 04457845 (SFI) had comparable increases in plasma CORT after the
elevated platform on day 1 and day 5 compared to stressed rats that received vehicle
(SV). CORT levels were not different in no stress rats that received PF 04457845 (NSFI)
compared to no stress rats that received vehicle (NSV). Significance was indicated when
*p  0.05. Error bars indicate SEM.
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Figure 3.15: Repeated stress and FAAH inhibition: Motor map expression
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Figure 3.15: Repeated stress and FAAH inhibition: Motor map expression
FAAH inhibition does not overcome the stress effects on forelimb motor map expression.
Repeated stress increased movement thresholds and decreased motor map size in both
vehicle (SV) and PF 04457845 (SFI) groups compared to no stress vehicle (NSV) and PF
04457845 (NSFI) groups. Coded forelimb movement representations of the left motor
cortex derived with ICMS. Map borders are defined as electrode penetration sites where a
maximum current of 60 µA did not elicit forelimb movements. Quantification of ICMS
derived movement thresholds and total motor map size. Significance was indicated when
*p  0.05. Error bars indicate SEM. A, anterior; M, medial; P, posterior; L, lateral.
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This could indicate that changes seen in motor map expression may have been a function
of anaesthetic depth. However, since these results replicate the findings from the repeated
stress experiment which did not have significant differences in anesthetic depth this is
unlikely.
Inhibition of FAAH did not affect the increase in movement thresholds and
decrease in motor size caused by repeated stress.
3.5 Discussion
This is the first study to demonstrate the effects of acute and repeated stress on the
expression of forelimb motor maps. We discovered that acute stress did not alter motor
map expression while repeated stress increased movement thresholds and decreased
motor map size. These effects only occurred when map derivation occurred immediately
after the end of the last stressor, and these changes had normalized 24 hours later. There
are two possibilities as to why the stress effects normalized 24 hours after the last
stressor. The first explanation is that 24 hours after the last stress the rat no longer had
high enough CORT plasma levels to affect motor map expression and the second
possibility is that the rat may have compensated for, or adapted to the effects of stress, 2AG levels may have normalized (Patel et al., 2009; Hill & Tasker, 2012) resulting in
motor map expression returning to no stress expression levels.
We determined the effects of acute stress on the excitability of layer 5 pyramidal
cells using the slice ICMS technique. We found that acute stress increases the amount of
ICMS current that is necessary to elicit an AP and depolarizes the resting membrane
potential of pyramidal neurons. Despite these findings acute stress did not significantly
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affect motor map expression. Acute stress has previously been shown to increase
glutamate release (Lowy et al., 1995; Bagley et al., 1997; Reznikov et al., 2007) and
enhance glutamatergic transmission (Yuen et al., 2009; 2011), which contradicts the
higher ICMS current needed to elicit an action potential suggesting there is an increase in
inhibitory synaptic tone. However, the studies that found an increase in glutamate release
used in vivo microdialysis to measure extracellular glutamate and as such it is unknown if
the increase in glutamate comes from glia or neurons (Timmerman & Westerlink 1997)
and were not examining the motor cortex.
Next, we found that acute exogenous cortical application of CORT did not affect
motor map expression. Previous research has shown significant effects of a single
administration of glucocorticoids to cell firing (Venero & Borrell, 1999; Karst et al.,
2005). Despite this we were unable to find an effect of acute cortical application of
CORT on motor map expression. However, the previously cited studies were being
performed on either limbic areas of the brain or areas that are directly involved in the
stress response. Therefore, it could be that acute exogenous CORT application is only
effective at eliciting a response in limbic structures and structures involved in the stress
response. It’s also possible that alterations in other areas of the brain must occur prior to
seeing changes in motor map expression with regards to stress and glucocorticoid
administration.
Repeated exposure to glucocorticoids and repeated stress has been shown to
decrease glutamate receptor expression and reduce glutamatergic transmission in the
prefrontal cortex (Gourley et al., 2009; Yuen 2012) which would likely result in a
decrease in cortical excitation. We found that repeated stress increased movement
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thresholds and decreased motor map size. Since motor maps that are derived using short
duration ICMS can be used as an indicator of cortical excitability (Scullion et al., 2013),
it is possible that glutamate transmission and receptor expression is also altered in the
motor cortex after repeated stress. Surprisingly, repeated stress did not affect ICMS
induced excitation or the electrophysiological properties of layer 5 pyramidal cells in
vitro. Since we demonstrate the stress effects on the motor cortex are mediated by 2-AG
it is conceivable there was no effect of repeated stress in our in vitro model of ICMS
because the intracortical network was not intact in the motor cortex slice, therefore
potentially limiting the production of 2-AG and its ability to affect cortical excitability.
Acute and repeated stresses as well as glucocorticoids have previously been
shown to impair performance on the single pellet skilled reaching task (Metz et al., 2005;
Jadavji et al., 2011). Our results showed that the number of reach attempts and
percentage of success decreases with repeated stress as well as the mean error score on
subcomponents 7 (grasp) and 9 (supination 2) increased indicating an impaired
performance of reaching. Our results differ from the Metz lab in one way; they found
stress increases reach attempts. This difference may be due to the definition of a reach
attempt. We defined an attempt as one where the rat touched the sugar pellet whereas the
Metz lab defined a reach attempt as any forelimb movement towards the pellet (Metz et
al., 2005).
ACEA, a CB1R agonist, did not cause an increase in movement thresholds or a
reduction in motor map size (the effect was seen in non-stressed rats) when applied to the
cortex of rats that underwent repeated stress indicating a desensitization of CB1 receptors
in the motor cortex. In slices of motor cortex taken from rats that underwent repeated
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stress ACEA also did not alter the number of APs to ICMS at all current intensities, first
AP discharge to ICMS, RMP, intracellular AP threshold or APs to a current step in slice
ICMS experiments, again suggesting a desensitization of the CB1 receptor in the motor
cortex. In support of our findings, previous research has shown CB1R desensitization
using multiple models of stress. Research has demonstrated desensitization of CB1
receptors in the dorsomedial hypothalamus after acute food deprivation (Crosby et al.,
2011) as well as in the paraventricular nucleus of the hypothalamus after five days of
immobilization stress (Wamsteeker et al., 2010) and that the receptor desensitization was
due to the genomic actions of corticosterone (Wamsteeker et al., 2010; Crosby et al.,
2011). Moreover, using a model of inflammation (lipopolysaccharide injection) as a
stressor, Hu et al., (2012) showed there was a decrease in CB1R expression in the
hippocampus after acute inflammation. In order to ascertain that the CB1 desensitization
is truly a stress related effect an experiment could be performed where a glucocorticoid
and mineralocorticoid receptor antagonist are given prior to the stressor and then
determine the effects of ACEA. If CB1R desensitization was caused by glucocorticoids
ACEA should now elicit an effect.
It is thought that AEA acting at the level of the basolateral amygdala sets the
basal tone of the HPA axis (Morena et al., 2015). When a stressor is experienced there is
a significant reduction of AEA through an increase in FAAH activity which results in
activation of the HPA axis (Hill & McEwen, 2010). Following activation of the HPA axis
there is a CORT dependent increase in 2-AG via inhibition of MAGL, which is thought
to terminate activation of the HPA axis and return neuronal functioning back to basal
levels (Morena et al., 2015; Figure 3.16). Therefore, we then examined the
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endocannabinoid content within the motor cortex and found that repeated stress increased
2-AG levels within the motor cortex while AEA levels were unchanged. In contrast to
our results, previous research has shown a decrease in AEA levels after repeated stress in
regions of the brain that are associated with the stress response such as the amygdala,
hippocampus, hypothalamus and medial prefrontal cortex (Morena et al., 2015).
Therefore, we did not see a decrease in AEA content in the motor cortex because the
motor cortex is not involved in the stress response.
To determine if the increase in 2-AG was relevant to the stress effects seen on
motor map expression we then examined how blocking CB1 receptors alters the effects
of repeated stress on motor map expression. We found that when AM 251 was given
prior to the last stressor it prevented the increase in movement thresholds seen in
repeatedly stressed rats suggesting that the stressed induced increase in 2-AG contributes
to alterations in motor map expression. This finding is consistent with research showing
that during repeated stress 2-AG is elevated within the prefrontal cortex and this
elevation has been associated with neuronal habituation (as determined by Fos
expression) that is abolished with the administration of a CB1R antagonist prior to the
last stressor (Patel et al., 2005). It is thought that administration of the CB1R antagonist
during repeated stress, blocks 2-AG synaptic suppression on glutamatergic cells in the
prefrontal cortex allowing for an increase in excitatory transmission (Patel & Hillard,
2008). This is because CB1 receptors have been found in layer 5 of the prefrontal cortex
and activation of these receptors results in a decrease in evoked excitatory post synaptic
currents that is mediated by 2-AG (Lafourcade et al., 2007).
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Figure 3.16: Illustration of relationship between stress and endocannabinoids
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Figure 3.16: Illustration of relationship between stress and endocannabinoids
When a stressor is encountered there is an increase in FAAH activity which results in a
decrease in AEA brain content and there is also a decrease in MAGL activity which
results in an increase in 2-AG brain content.
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We did not see an increase in plasma CORT levels after administration of AM 251
however; this could be because elevated platform stress is non-habituating while previous
literature that shows an increase in CORT levels after administration of a CB1R
antagonist used restraint stress paradigms that resulted in habituation after repeated
administrations (Patel et al., 2005; Hill et al., 2010)
Research performed in the paraventricular nucleus of the hypothalamus has
shown that glucocorticoids, acting through a non-genomic mechanism induce a rapid
increase in 2-AG which contributes to fast feedback inhibition of the HPA axis (Di et al.,
2003; Evanson et al., 2010; Tasker & Herman, 2011). Endocannabinoids have also been
shown to contribute to the slow feedback inhibition of the HPA axis via a delayed
increase of 2-AG via activation of nuclear receptors within the prefrontal cortex (Hill &
Tasker, 2012). Therefore, it appears that the map effects seen in repeatedly stressed rats
may be caused by CORT acting on membrane bound receptors which produce the
increase in 2-AG content within the motor cortex. This is because administration of AM
251 prior to the last stressor prevented the stress induced increase in movement
thresholds and motor maps normalize within 24 hours of the last stressor. A future study
should determine endocannabinoid content in the motor cortex 24 hours after the last
stressor to lend support to this proposed mechanism.
Previously it has been shown that administration or application of a FAAH
inhibitor prior to a stressor prevents the stress effect being studied (Hill et al., 2006; Rossi
et al., 2010; Hill et al., 2013). Therefore we administered a FAAH inhibitor prior to
repeated stress and found that this did not impair the stress effect which perhaps is not too
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surprising as our mass spectrometry data did not show a change in AEA levels in stressed
rats.
This is the first study to investigate the effects of stress on motor map expression.
We have shown that repeated stress impairs skilled reaching behaviour and alters motor
map expression. Repeated stress increases movement thresholds and decreases map size
and these effects are due in part to increased levels of 2-AG within the motor cortex.
Taken all together these results indicate that endocannabinoid signaling plays a role in the
stress effect on motor maps. Therefore, it appears that repeated stress plays an inhibitory
role on motor map expression. This is important as it provides a possible explanation as
to why rodents subjected to repeated stress exhibit hypo-locomotion (Strekalova et al.,
2004; Liu et al., 2014).

158

Chapter Four: The effects of Delta-9-tetrahydrocannabinol (THC) on forelimb
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4.1 Abstract
Delta-9-tetrahydrocannabinol (THC), the main psychoactive ingredient in
marijuana has been shown to act on cannabinoid (CB) receptors in the brain. Previously it
has been shown that THC exerts a dose-dependent effect on simple locomotor activity
with low doses of THC causing hyperlocomotion and high doses causing
hypolocomotion. The effect of acute THC administration on cortical-based skilled
learned movements and their representations (motor maps) is unknown. Three doses of
THC were used: 0.2 mg/kg, 1.0 mg/kg and 2.5 mg/kg. Acute peripheral administration of
THC to drug naïve rats resulted in dose-dependent alterations in motor map expression
using high resolution short duration intracortical microstimulation (SD-ICMS). 0.2 mg/kg
THC decreased movement thresholds and increased motor map size while 1.0 mg/kg and
2.5 mg/kg had the opposite effect. A dose of 1.0 mg/kg resulted in fewer complex
movements elicited by long duration (LD)-ICMS. A dose of 1.0 mg/kg and 2.5 mg/kg
THC reduced the number of reach attempts but did not affect percentage of success or the
kinetics of reaching on the single pellet skilled reaching task. Rats that received 2.5
mg/kg THC had an increased grasp latency in the bar task. Dose dependent effects of
THC on unskilled locomotor activity using the rotorod, horizontal ladder and open field
were not observed. These results suggest there may be compensatory strategies used by
rats after receiving injections of THC, which may account for the changes in motor map
expression but not behaviour.

160

4.2 Introduction
The hemp plant Cannabis sativa and Cannabis indica (marijuana) have been used
as recreational and medicinal drug for thousands of years (Felder & Glass, 1998).
Marijuana use in the past decade has been on the rise (Substance Abuse & Mental Health
Services Administration; 2014) and with the legalization of marijuana in certain states
within the United States (Hall, 2015) it has become pertinent to study the effects of
marijuana on complex skilled behaviours. The report from Substance Abuse & Mental
Health Services Administration in 2014 indicated that the rate of current illicit drug use in
2013 was 9.4% (24.6 million users) which was an increase from 2002 in which the rate of
illicit drug use was 7.9%. 80% of those reporting current illicit drug use reported using
marijuana. People that reported using marijuana in the past month increased to 7.5% or
19.8 million people from 5.8% in 2002. Locomotor impairments induced by marijuana
has come to the attention of researchers due to potential safety issues while driving under
the influence of marijuana (Shi et al., 2005; Ramaekers et al., 2006; Smirnov & Kiyatkin,
2008; Sewell et al., 2009). The development of a marijuana breathalyzer (Cannabix
Technologies Inc) also demonstrates the necessity of determining the degree of
locomotor impairment with various doses of delta-9-tetrahydrocannabinol (THC).
The main psychoactive agent in marijuana is THC (Gaoni & Mechoulam, 1964;
Mechoulam et al., 1970), which binds to two G-protein coupled cannabinoid receptors
termed CB1 and CB2 (Harris et al., 1978, Devane et al., 1988; Matsuda et al., 1990;
Herkenham et al., 1991; Munro et al., 1993). CB1 receptors are highly expressed in the
cortex, basal ganglia, and cerebellum, and are found on pyramidal neurons and
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interneurons at axon terminals (Herkenham et al., 1991; Mailleux & Vanderhaeghen,
1992; Tsou et al., 1998; Castillo et al., 2012) while CB2 receptors have limited
expression in the brain (Lynn & Herkenham, 1994; Van Sickle et al., 2005; Castillo et al.,
2012). Activation of CB1 receptors leads to attenuation of neurotransmitter release via
hyperpolarization and prevention of calcium entry into the pre-synaptic cell, thereby
reducing

both

inhibitory

and

excitatory

synaptic

transmission

(Howlett

&

Mukhopadhyay, 2000; Sharkey & Pittman 2005).
Previous research has shown a dose-dependent effect of THC on simple
locomotor activity, with low doses causing hyper-locomotion and high doses causing
hypo-locomotion and catalepsy (Sañudo-Peña et al., 2000; Wiley et al., 2007; Katsidoni
et al., 2013). These studies examined locomotor behaviour using an activity box or the
open field task and therefore assess unskilled behaviour rather than skilled behaviour
(Sañudo-Peña et al., 2000; Wiley et al., 2007; Katsidoni et al., 2013).
The single pellet skilled reaching task involves rats producing a complex multijoint coordinated behaviour. In this task a rat is trained to reach through a slit to obtain a
sugar pellet on a shelf. A successful reach attempt is one where the rat reaches through
the slit, grasps the pellet, retracts their forepaw through the slit and then consumes the
pellet (Whishaw et al., 2003). This reaching motion can be parsed into 10 discrete
subcomponents (Whishaw et al., 2003; Henry et al., 2008). A rat’s performance improves
on the single pellet skilled reaching task across training days and eventually reaches a
plateau (Monfils & Teskey, 2004). Studies that have altered the cholinergic, serotonergic
and dopaminergic systems or have created lesions in brain structures involved with
locomotion have shown rats exhibit a decrease in reaching performance (Whishaw et al.,
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1992, 1993, 2007; Gharbawie & Whishaw 2003; Conner et al., 2010; Brown et al., 2011;
Scullion et al., 2013). While other studies modeling stroke and epilepsy have also shown
disruptions in the single pellet skilled reaching task (Kleim et al., 2003; Gharbawie et al.,
2005; Henry et al., 2008; Flynn et al., 2010; Boychuk et al., 2011). Therefore, the single
pellet skilled reaching task has previously been used as an indicator of brain function and
is sensitive to neurotransmitter system manipulations.
Motor maps are the topographical representation of movement in the brain.
Forelimb motor maps can be produced using two methods: short duration intracortical
microstimulation (SD-ICMS) and long duration intracortical microstimulation (LDICMS). SD-ICMS produces simple, single joint distal (digits, wrist) or proximal (elbow,
shoulder) movements, while LD-ICMS can produce complex, multi-joint movements
(Ramanathan et al., 2006; Harrison et al., 2012; Bonazzi et al., 2013; Brown & Teskey,
2014). Both SD-ICMS and LD-ICMS map representations can be altered by the type and
quantity of neurotransmitter present in the cortex (Metz et al., 2004; Brown et al., 2009,
2011; Viaro et al., 2011; Conner et al., 2003; Ramanathan et al., 2009; Scullion et al.,
2013). Forelimb motor maps produced by SD-ICMS have been used as an indication of
the balance between excitation and inhibition in the motor cortex (Teskey et al., 2007;
Henderson et al., 2012). Manipulations that enhance cortical inhibition increase
movement thresholds and decrease motor map size, while manipulations that decrease
cortical inhibition have the opposite effect (Henderson et al., 2011; Young et al., 2011,
2012; Scullion et al., 2013). LD-ICMS maps can be used to examine the expression of
complex movements of the forelimb (Brown & Teskey, 2014).

163

While there is some evidence to suggest that THC has a dose-dependent effect on
locomotor behaviour (Sañudo-Peña et al., 2000; Wiley et al., 2007; Katsidoni et al.,
2013), no one has assessed the effect of THC on motor maps or skilled reaching
behaviour at any doses. Therefore, the purpose of this study was to determine for the first
time the skilled and unskilled locomotor impairments and motor map expression at three
ecologically valid and acute doses of THC. We also used a complement of simple
unskilled behavioural tasks. To test the hypothesis that THC dose dependently affects
motor map expression we conducted SD-ICMS map-remap studies using a low dose and
high dose of THC. Next, having shown an inhibitory effect of 1.0 mg/kg THC on SDICMS derived motor maps we then determined the effect of 1.0 mg/kg of THC on
complex movements using LD-ICMS. In separate groups of rats we conducted several
behavioural tests to examine the effects of THC on both skilled behaviour using the
single-pellet reaching task and unskilled behaviour using a battery of locomotion-based
assays.
4.3 Materials and Methods

4.3.1 Rodents
Adult male LE rats (n = 61) were used in this study. All rats were obtained from
Charles River (Quebec, Canada; North Carolina, USA). All experiments were approved
by the Health Sciences Animal Care Committee at the University of Calgary. Rats were
maintained and handled in accordance to the Canadian Council for Animal Care
guidelines. Rats were maintained on a 12 hour light/dark cycle with lights on at 07:00
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hours and pair housed (except for the reach training study) in clear plastic cages in a
colony room. Rats had free access to food and water; all experiments were performed
during the light phase.
4.3.2 Drugs.
THC was obtained through Sigma Aldrich (Oakville, ON) and was dissolved in
100% DMSO. Three different concentrations (0.2 mg/kg; 1 mg/kg; 2.5 mg/kg) of 9
THC were chosen since hyper- and hypo- locomotion has been shown to occur at these
doses (Sañudo-Peña et al., 2000; Katsidoni et al., 2013). We chose not to use any higher
doses as we did not want to induce catalepsy in rats as Sañudo-Peña et al., (2000) showed
that catalepsy starts to emerge in approximately 16% of rats at a dose of 2.5 mg/kg. THC
was acutely administered via intraperitoneal injection with an injection volume of 1
ml/kg for all experiments. The THC dosages used for short duration ICMS were 0.2
mg/kg, 1.0 mg/kg and 2.5 mg/kg while long duration ICMS used 1.0 mg/kg. A dosage of
1.0mg/kg and 2.5 mg/kg of THC was used in the single pellet skilled reaching task. The
unskilled motor tasks were performed using 0.2 mg/kg, 1.0 mg/kg and 2.5 mg/kg.
4.3.3 Short Duration (SD) ICMS
ICMS was performed and analyzed as described in Chapter 2. Following the
baseline ICMS mapping either 0.2 mg/kg THC (n = 4), 1.0 mg/kg THC (n = 4), 2.5
mg/kg THC (n = 5), or vehicle (DMSO; n = 5) was injected i.p. and 15 minutes later the
motor cortex was re-mapped.
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4.3.4 Long Duration (LD) ICMS
Induction and maintenance of anaesthesia as well as the craniotomy procedure
were completed in the same manner as short duration ICMS. An injection of DMSO
(vehicle) was given 15 minutes prior to the first electrode penetration. LD-ICMS
methodology was used according to Brown and Teskey (2014). Glass insulated platinum
(80%), iridium (20%) microelectrodes (FHC, Inc., Bowdoin, ME, USA) with impedance
values of 0.3 – 0.5 M were used. The microelectrode was lowered to a depth of 1550
µm and stimulation consisted of 500 ms trains of 200 µs biphasic pulses, delivered at a
frequency of 333 Hz and an intensity of 100 µA. Biphasic pulses were chosen to avoid
tissue damage (Tehovnik 1996; Graziano et al., 2002) Each penetration site was
stimulated at a frequency of 0.2 Hz to a maximum of six times to ensure consistency of
evoked responses and to prevent the spread of neuronal activation (Nudo et al., 1990;
Brown & Teskey 2014). The forelimb was lightly adjusted to baseline position after each
stimulation. The penetration site was considered non-responsive if a movement was not
evoked at 100 µA on more than half of the delivered stimulation trains. The first
penetration site occurred at 1 mm anterior and 2 mm lateral of bregma. Each successive
penetration site moved in the para-sagittal direction until a non-forelimb (vibrissae, neck,
jaw, trunk, hindlimb, tail) or a non-responsive occurred. The map was considered
complete once all forelimb points were bordered by non-forelimb or non-responsive sites.
Evoked movements were classified as simple or complex. Simple movements
involved a single forelimb joint and were digit flexion, elbow extension, elbow flexion,
wrist extension as well as supinations of the forelimb. Complex movements involved
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multiple forelimb joints and included elevate (flexion of the elbow followed by extension
of the wrist), advance (forward displacement of the elbow and shoulder with wrist
extension and hand opening), grasp (flexion of the wrist and simultaneous digit
contraction and hand closure) as well as retract (caudal displacement of the elbow and
shoulder).
Once a baseline (vehicle) map had been derived 1.0 mg/kg THC (n = 6), was
injected i.p. and 15 minutes later the motor cortex was re-mapped. Motor maps were
analyzed for movement representation topography. A dose of 1.0 mg/kg THC was chosen
for this experiment as it was shown to have an inhibitory effect on short duration ICMS
maps.
4.3.5 Single pellet skilled reaching task
To determine the effect of acute THC on performing a task involving skilled use
of the forelimb, we trained rats on the single pellet reaching task (Whishaw et al., 2003).
Reach training was conducted as described in Chapter 2. On day 17 rats received an i.p.
injection of 1.0 mg/kg THC, 2.5 mg/kg THC or vehicle (DMSO) 15 minutes prior to the
start of the reaching session.
4.3.6 Unskilled motor tasks
All rats were habituated to handling prior to performing the unskilled motor tasks.
Each unskilled motor task was performed once by the rats in the following order: Bar
task, rotorod, horizontal ladder rung walking, and open field.
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4.3.6.1 Bar Task
We used the bar task to measure catalepsy as previous research has shown that at
higher doses of THC catalepsy emerges (Sañudo-Peña et al., 2000). A metal bar 4.76 mm
in diameter was placed through two holes that were drilled into a standard home cage at a
height of 8.89 cm. Rats were placed in the home cage with their forepaws placed on the
metal bar with their hindpaws remaining on the ground. We digitally recorded this task
for an offline analysis of the latency it took for the rats to remove both forepaws off the
bar.
4.3.6.2 Rotorod
An accelerating protocol going from four to 40 rotations per minute (RPM) with a
trial length of five minutes was used. Rats were placed on the rota rod (Panlab; Harvard
Apparatus) with an initial RPM of four. We recorded the latency to fall and the RPM at
which the rat fell.
4.3.6.3 Horizontal Ladder Rung Walking
The apparatus was comprised of 20.32 cm walls made of clear Plexiglas which
were 1 meter in length and metal rungs that were 3 mm in diameter, which created a
floor. The metal rungs were irregularly spaced such that no more than 2 rungs were
removed in sequence. The width of the apparatus was variable such that it was always
slightly wider than the rat, in order to prevent the rats from turning around. A bright light
was placed at one end of the ladder while a home cage was placed at the end in order to
provide incentive to the rat to cross the ladder. We digitally recorded the crossing of the
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(http://www.videolan.org/vlc/index.html). We used a modified version of Metz &
Whishaw (2002; 2009) scoring system for each paw placement; where 0 represents a
perfect placement, 1 a slight slip, 2 a deep slip and 3 a fall or complete miss. The first and
last step cycle were not analyzed. We also analyzed the time it took to cross the
horizontal ladder.
4.3.6.4 Open Field
Rats were placed in the outer zone of the open field at the start of the trial. The
open field task consisted of a square container measuring 91.44 cm by 91.44 cm, with
38.74 cm walls, and a five by five grid drawn on the floor of the container. There were
three zones used; outer, middle and inner. The outer zone consisted of five by five square,
the middle zone a three by three square and the inner zone was a one by one square (the
centre square). Behaviour was recorded using SMART 3.0.04 (Panlab Harvard
Apparatus) software. Trial length was 10 minutes. The open field was evenly illuminated
at 300 ± 10 lx.
4.3.7 Statistics
Short duration ICMS map re-map data was analyzed using paired samples t-tests
while long duration ICMS map re-map data was analyzed using the Wilcoxon signed
ranks test. Number of reach attempts, percentage success and time to execute the
reaching motion was analyzed using a repeated measures ANOVA with Bonferroni posthoc comparisons. The 10 subcomponents of reaching were analyzed using the Friedman
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test with the Wilcoxon signed ranks test post-hoc comparisons using Bonferroni adjusted
p values for multiple comparisons. Data from the open field, rota rod and bar task as well
as time to cross from the rung walking task were analyzed using an ANOVA with Tukey
post-hoc comparisons. The error scores from the rung walking task were analyzed using
Kruskal-Wallis non-parametric ANOVA. An alpha value of 0.05 was used in all
experiments and all statistical analyses were conducted using Statistical Package for the
Social Sciences (IBM SPSS). Data are presented as mean ± SEM.
4.4 Results

4.4.1 Short Duration ICMS and THC 0.2, 1.0, 2.5 mg/kg map-remaps
An i.p. injection of DMSO (vehicle) did not have a significant (t(4) = 0.86, p =
0.44) effect on movement thresholds compared to pre DMSO thresholds. DMSO also did
not significantly (t(4) = 1.77, p = 0.15) affect forelimb motor map size compared to pre
DMSO map size.
THC was used at various doses to assess for effects on motor map expression. 0.2
mg/kg of THC caused a significant (t(3) = 6.10, p = 0.009) decrease in movement
thresholds and a significant (t(3) = -5.44, p = 0.012) increase in forelimb motor map size
compared to pre-drug values (Figure 4.1 & 4.2).
The effect of 1.0 and 2.5 mg/kg THC were opposite to that of 0.2 mg/kg THC. 1.0
mg/kg THC caused a significant (t(3) = -4.48, p = 0.021) increase in movement thresholds
and a significant (t(3) = 5.31, p = 0.013) decrease in forelimb motor map size compared to
pre-drug values (Figure 4.1 & 4.2).
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Figure 4.1: SD ICMS motor maps and THC
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Figure 4.1: SD ICMS motor maps and THC
THC had a dose dependent effect on motor map expression. 0.2 mg/kg THC decreased
movement thresholds and increased motor map size. 1.0 mg/kg and 2.5 mg/kg increased
movement thresholds and decreased motor map size. Coded forelimb movement
representations of the left motor cortex derived with SD-ICMS. Map borders are defined
as electrode penetration sites where a maximum current of 60 µA did not elicit forelimb
movements. A, anterior; M, medial; P, posterior; L, lateral.
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Figure 4.2: Quantification of SD ICMS derived movement thresholds and motor
map size
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Figure 4.2: Quantification of SD ICMS derived movement thresholds and motor
map size
0.2 mg/kg THC decreases movement thresholds and increases map size while 1.0 and 2.5
mg/kg increases movement thresholds and decreases map size. Significance was
indicated when *p  0.05. Error bars indicate SEM.
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2.5 mg/kg also caused a significant (t(4) = -8.36, p = 0.001) increase in movement
thresholds and a significant (t(4) = 5.52, p = 0.005) decrease in forelimb motor map size
compared to pre 2.5 mg/kg THC values (Figure 4.1 & 4.2). The reduction in map size
was significantly (t(7) = 3.34, p = 0.013) greater in rats that received 2.5 mg/kg compared
to rats that received 1.0 mg/kg THC.
No significant differences were found in the amount of ketamine (F(3,14) = 1.91, p
= 0.18) or xylazine (F(3,14) = 1.35, p = 0.29) as a function of body weight and duration of
surgery between rats that received DMSO and rats that received the various doses of
THC. This indicates that changes seen in movement threshold and map size were not a
function of anaesthesia depth.
THC has a dose dependent effect on motor map expression. 0.2 mg/kg decreased
forelimb movement thresholds and increased motor map size while 1.0 mg/kg and 2.5
mg/kg increased movement thresholds and decreased motor map size. Previous research
has shown that disruption in forelimb motor map expression can affect skilled forelimb
movements (Kleim et al., 2003; Flynn et al., 2010; Brown et al., 2011; Henderson et al.,
2012; Scullion et al., 2013). Therefore we next examined how a dose of 1.0 mg/kg THC
affects the expression of complex movement representations using long duration ICMS.
4.4.2 Long Duration ICMS and 1.0 mg/kg THC map-remap
There was a significant (Z = -2.03, p = 0.04) decrease in the number of complex
multi-joint movements in the THC post-map (12.50 ± 2.33) compared to the DMSO premap (17.67 ± 3.81; Figure 4.3 & 4.4).
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Figure 4.3: LD ICMS motor maps and THC
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Figure 4.3: LD ICMS motor maps and THC
Representative forelimb movement topography pre (1) and post (2) THC. THC
significantly reduced the number of complex movements produced by LD-ICMS.
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Figure 4.4: Quantification of LD ICMS derived complex movements

178

Figure 4.4: Quantification of LD ICMS derived complex movements
THC reduces the number of complex movements produced by LD-ICMS. Quantification
of the number of complex movements pre and post THC. Significance was indicated
when *p  0.05. Error bars indicate SEM.
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Since THC decreased the number of complex multi joint movements in LD ICMS motor
maps we then determined the effects of THC on skilled reaching.
4.4.3 THC and skilled reaching
DMSO did not have a significant effect on number of reach attempts (F(2,8) =
0.989, p = 0.413), percentage of success (F(2,8) = 0.415, p = 0.674). 1.0 mg/kg of THC
significantly (F(2,10) = 18.04, p = 0.0001) reduced the number of reach attempts compared
to pre THC (p = 0.023) and post THC (p = 0.017). However, 1.0 mg/kg THC did not
have a significant (F(2,10) = 1.907, p = 0.199) effect on percentage success (Figure 4.5).
2.5 mg/kg of THC significantly (F(2,10) = 6.54, p = 0.015) reduced the number of reach
attempts compared to pre-THC (p = 0.037) but did not significantly alter percentage of
success (F(2,10) = 0.439, p = 0.656; Figure 4.5).
Since it was found that rats administered THC performed less reach attempts we
then examined if the reason for the reduction in reach attempts was due to a slower
execution of the reaching motion. 1.0 mg/kg (F(2,6).= 0.546 p = 0514) and 2.5 mg/kg
(F(1,4) = 0.343, p = 0.590) THC did not have a significant effect on the time it took to
execute the reaching motion (Figure 4.5).
A frame-by-frame analysis of forelimb movements revealed there were no
significant differences in the mean error score for the ten sub components of reaching in
the DMSO or THC groups (Figure 4.5). 1.0 mg/kg and 2.5 mg/kg reduced the number of
reach attempts in a training session. This reduction in attempts was not due to the
execution of the reach taking a longer period of time. 1.0 mg/kg and 2.5 mg/kg did not
affect the success rate and did not impair the 10 subcomponents of reaching.
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Figure 4.5: THC and skilled reaching
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Figure 4.5: THC and skilled reaching
THC reduces the number of reach attempts in the single pellet skilled reaching task.
There was a significant decrease in the number of reach attempts made on the THC
training day compared to the training day before THC and the training day 24 hours after
THC. THC did not significantly affect percentage of success, time to execute the reach,
or the 10 subcomponents of reaching. Significance was indicated when *p  0.05. Error
bars indicate SEM.
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We then decided to determine if THC affects unskilled motor tasks using bar, rotorod,
horizontal ladder run walking, and open field tasks.
4.4.4 THC and unskilled motor tasks

4.4.4.1 Bar Task
One rat from the DMSO group was excluded from analysis on the bar task as the
latency to remove both forepaws (2.548 seconds) from the bar was 6 standard deviations
away from the DMSO group mean. There was a significant (F(3, 27) = 2.838, p = 0.057)
group effect on the latency to remove both forepaws from the bar. Post-hoc analysis
revealed rats that received 2.5 mg/kg THC held onto the bar longer than rats that received
DMSO (p = 0.037; Figure 4.6).
4.4.4.2 Rotorod
One rat from the DMSO group was excluded from analysis on the rotorod as the
RPM (29) and latency to fall (204 seconds) for this rat were 13 and 14 standard
deviations respectively, away from the DMSO group mean (Figure 4.6). There was no
significant difference in the latency to fall (F(3,

27)

= 1.397, p = 0.265) or the RMP at

which the rat fell (F(3, 27) = 0.989, p = 0.413) on the rotorod test.
4.4.4.3 Horizontal Ladder Rung Walking Task
No significant differences were found in the mean error scores for the right
forepaw (χ(3) = 1.95, p = 0.58), left forepaw (χ(3) = 5.05, p = 0.17), right hindlimb (χ(3) =
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Figure 4.6: THC and unskilled motor tasks
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Figure 4.6: THC and unskilled motor tasks
Rats that received 2.5 mg/kg had a longer grip latency in the bar task. There were no
significant differences across THC dosages in the latency to fall or RPM on the rotorod
task. There was no significant difference across THC dosages in the total distance
traveled in the open field task. There was no significant difference across THC dosages in
the time it took to cross the horizontal ladder rung walking task or in the mean error score
of the rung walking task. Significance was indicated when *p  0.05. Error bars indicate
SEM.
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2.53, p = 0.47), and the left hindlimb (χ(3) = 2.32, p = 0.51) across the four groups
(DMSO, 0.2, 1.0, 2.5 mg/kg THC). THC did not cause a significant (F(3,28) = 0.975, p =
0.418) difference in the time it took to cross the horizontal ladder across groups (Figure
4.6).
4.4.4.4 Open Field
There was no significant (F(3,

28)

= 0.605, p = 0.617) difference in the total

distance travelled in the open field by rats that received an injection of DMSO, 0.2
mg/kg, 1.0 mg/kg or 2.5 mg/kg THC (Figure 4.6). 2.5 mg/kg THC increased the latency
to remove forepaws off of the bar task. The rotorod, horizontal ladder rung walking task
and open field test were not affected by THC.
4.5 Discussion
This is the first study to demonstrate a dose-dependent effect of THC on the
expression of forelimb motor maps. We found that low dose (0.2 mg/kg) THC decreased
movement thresholds and increased motor map size, while higher dosages (1.0 mg/kg and
2.5 mg/kg) elicited the opposite effect, with 2.5 mg/kg having the greatest effect. A dose
of 1.0 mg/kg THC also reduced the number of complex movements elicited by LDICMS, complementing the results found for SD-ICMS. Rats that received 1.0 mg/kg
THC or 2.5 mg/kg THC had a significant reduction in the number of reach attempts, but
there were no significant differences in the percentage of success or the 10
subcomponents of reaching in the skilled single pellet reaching task. We also found rats
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that received 2.5 mg/kg THC took longer to remove their forepaws from the bar
compared to the vehicle, 0.2 mg/kg and 1.0 mg/kg groups indicating hypo-locomotion.
The results from the ICMS experiments are consistent with previous studies
showing that low doses and high doses of THC or CB1 receptor agonists have opposing
effects on transcallosal evoked potentials and neurotransmitter release within the
hippocampus (Turkanis & Karler 1981; Tzavara et al., 2003). Activation of CB1
receptors typically leads to reduction of neurotransmitter release, thus reducing activation
of the post-synaptic neuron (Howlett & Mukhopadhyay, 2000; Sharkey & Pittman 2005)
and causing a less excitable cortex. A possible mechanism for the biphasic effects of
THC and other CB1 receptor agonists is that low doses of these substances activate the
Gs protein receptor which activates production of cAMP while higher doses inhibit
cAMP production by activating Gi/o protein receptor (Glass & Felder 1997; Sulcova et
al., 1998; Abadji et al., 1999). Another possible explanation for the biphasic effect of
THC is that low doses of THC preferentially affect CB1 receptors located on
interneurons due to higher CB1R expression, while higher doses of THC affect CB1
receptors located on pyramidal neurons (Mackie, 2007). Activation of CB1 receptors on
interneurons would result in a release of inhibition of pyramidal neurons which could
conceivably produce lower movement thresholds and larger motor maps due to an
increase in the balance of cortical excitation compared to inhibition. While activation of
CB1 receptors on pyramidal neurons would shift the balance of cortical excitation and
inhibition to more inhibition as less glutamate would be released by the pyramidal
neurons resulting in higher movement thresholds and smaller motor maps.
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We did not observe the biphasic effects of THC on locomotor tasks as previously
reported by Sañudo-Peña et al., (2000) and Katsidoni et al., (2013). Katsidoni et al.,
(2013) observed differences one hour post injection, while Sañudo-Peña et al., (2000)
saw the largest difference in locomotor activity 15 minutes post-injection, which is the
time scale we employed. However, unlike our study, Katsidoni et al., (2013) and SañudoPeña et al., (2000) began observation of open field behaviour immediately after i.p.
administration and recorded open field behaviour for 3 hours and 1 hour respectively. In
our study rats were left in their home cage for 15 minutes prior to beginning the
complement of unskilled motor tasks. Therefore, rats were placed in the open field
approximately 20 minutes after receiving THC and were observed in the open field for 10
minutes. Another possibility for the difference in our findings is that these previous
studies used Sprague-Dawley rats while our study employed Long-Evans rats.
Behavioural differences between Long-Evans and Sprague-Dawley in motor behaviour,
the stress response, as well as learning and memory have been reported (Bielajew et al.,
2002; Harker & Whishaw 2002; Whishaw et al., 2003).
Rats are usually pre-trained in the rotorod and horizontal ladder rung walking task
(Buitrago et al., 2004; Metz & Whishaw, 2002). Pre-training allows rats to become
proficient at the task and therefore could alter the effect of THC on the task. We chose
not to do this as we wanted the purest measure of unskilled motor performance under the
influence of THC. Perhaps, if the rats had been pre-trained on the rotorod and rung
walking task, we would have seen the biphasic effect of THC on locomotion previously
described by other researchers (Sañudo-Peña et al., 2000; Katsidoni et al., 2013).
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A further consideration is the order in which we conducted the unskilled tasks.
Previous research has demonstrated that order effects occur in test batteries and that
performance on tasks are altered if the task is performed in a battery versus if there is
only one task to perform (McIlwain et al., 2001; Blokland et al., 2012). However, to the
best of our knowledge, the order in which we had the rats perform the task went from
least stressful to most stressful to minimize the possibility of testing history influencing
performance.
Rats that received 2.5 mg/kg took longer to remove their forepaws from the bar
during the bar task than rats that received DMSO. This effect does not seem to reflect a
measure of catalepsy, as the latency to remove both forepaws from the bar in the 2.5
mg/kg group was approximately 3 seconds and the available literature uses a latency of
10 seconds or greater as the operational definition of catalepsy (Sanberg et al., 1988). The
increase in latency to remove forepaws from the bar may be an indicator of hypolocomotion and an increase in reaction time. Human studies have found that THC
administration results in an increase in reaction time during virtual driving tasks (Hall,
2015). Human research on driving performance after marijuana consumption that used
simulated and on-road testing conditions have found deficits in tracking, reaction time,
concentration, short-term memory and divided attention (Beirness & Porath-Waller;
2015). Other research has shown that marijuana users are aware of their impairments and
therefore use compensatory mechanisms in an effort to reduce the deficits brought on by
marijuana use. Some of these compensatory mechanisms involve driving slower, and
increasing the distance between vehicles (Sewell et al., 2009). However, even with these
compensatory mechanisms in place, people under the influence of marijuana are twice as
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likely to be involved in a motor vehicle accident than people who have not used
marijuana (Beirness & Porath-Waller; 2015).
The administration of THC prior to the single pellet skilled reaching task resulted
in a significant decrease in the number of reach attempts made during the 15 minute
training session. While this result could be due to a lack of motivation, all rats were food
restricted to 85-90% free feeding levels to ensure motivation for food. Also previous
research has shown that administration of THC or activation of CB1 receptors results in
an increase in food intake not a decrease (Cota et al., 2008). Therefore, the rats that
received THC should be more motivated to reach for a sugar pellet compared to those
that received vehicle injections. Another possibility it is that the decrease in reach
attempts was caused by rats slowly executing the act of reaching compared to baseline
however, this was not the case. There was no significant difference in the amount of time
it took a rat to complete the reaching action during THC administration compared to
baseline. Human research examining effects of THC intoxication have shown that THC
reduces a person’s attention, and concentration among other cognitive tasks (Kelly et al.,
2004; Ramaekers et al., 2009; Desrosiers et al., 2015; Hall, 2015). Thus it is possible rats
that received 1.0 mg/kg and 2.5 mg/kg THC prior to the reaching task did not have the
focus and attention necessary or the locomotive drive to keep the number of reach
attempts comparable to that seen before THC administration.
Motor maps exhibit experience dependent plasticity. It has been previously
demonstrated that disruptions to neurotransmitter systems result in alterations to motor
map expression (maps usually become smaller) and that these rats are also impaired at
performing the single pellet skilled reaching task (Conner et al., 2003; Ramanathan 2009;
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Brown et al., 2011; Scullion et al., 2013). Changes in motor map expression caused by
neuropathophysiological conditions such as stroke and seizures (Kleim et al., 2003;
Henry et al., 2008) as well as techniques that increase motor cortex excitability
(Henderson et al., 2012) also produces deficits in fine motor control. Therefore it was
surprising we did not find a significant increase in the mean error scores on the 10
subcomponents of forelimb movements, or percentage of success during skilled reaching
behaviour for rats that received THC compared to rats that received DMSO. It could be
that the dose of 1.0 mg/kg and 2.5 mg/kg were not enough to disrupt motor behaviour, as
reaching involves multiple sensory modalities which direct the reaching movement
making it possible for compensation to occur. In contrast ICMS is performed on an
anesthetized rat and only observes changes in the motor cortex.
My data indicates that THC dose dependently affects motor map expression in
rats such that low doses of THC decreases movement thresholds and increases forelimb
map size while high doses of THC have the opposite effect. Behaviourally higher doses
of THC caused a decrease in reach attempts and increased grasp latency in the bar task.
Based off of a marijuana cigarette weight of approximately 1 gram containing 4 to 6 %
THC and that only 10-25% of available THC enters systemic circulation when inhaled, it
takes 0.2 – 4.4 mg of THC to elicit pharmacological effects in humans (Adams & Martin,
1996; Iversen, 2008). Therefore, while it is difficult to compare the dosages used in this
study to those that are found in smoked marijuana, we believe that all dosages are similar
to smoking one marijuana cigarette. This indicates that it is possible that smoking
marijuana may alter motor cortex excitability, resulting in a decreased ability to perform
simple and complex (skilled) tasks due to a lack of focus.
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Chapter Five: General Discussion
The goal of this thesis was to delineate the role of cannabinoids and stress on
forelimb motor map expression and behaviour. In order to achieve these goals three
studies were conducted as outlined in chapters 2-4, each of which attempted to associate
changes in motor map expression to alterations in behaviour.
Across all 3 empirical chapters rats were obtained from Charles River in Quebec,
Canada and North Carolina, USA. This occurred because prior to completion of the
studies the Canadian location of Charles River indefinitely stopped breeding Long Evans
rats. Shay et al., (2005) observed substrain differences in Sprague Dawley rats obtained
from Charles River Quebec and North Carolina. Rats from Quebec exhibited long lasting
facilitation of spinal reflexes whereas rats from North Carolina exhibited long lasting
depression of spinal reflexes upon bath application of serotonin to spinal preparations.
Therefore, Long Evans rats obtained from the two colonies may also have substrain
differences within the motor system which may have contributed to variability within my
data.
In chapter 2 I used a synthetic agonist for the CB1R (ACEA) whereas in Chapter
4 I used THC, which is also an agonist for the CB1R and determined the effects on motor
map expression and behaviour. ACEA and 1.0 mg/kg as well as 2.5 mg/kg THC caused
an increase in movement thresholds and a decrease in motor map size. It appeared that
cortical application of ACEA resulted in a greater increase in movement thresholds and
reduction in map size compared to systemic administration of ACEA, while the effect of
2.5 mg/kg THC was significantly greater than the effect of 1.0 mg/kg. Therefore, cortical
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application of ACEA resulted in a similar increase in movement thresholds and reduction
in motor map size as 2.5 mg/kg THC while systemic administration of ACEA had a
similar effect as 1.0 mg/kg THC. Neither ACEA nor THC significantly altered
performance on the single pellet skilled reaching task but, THC caused a decrease in the
number of reach attempts.
The finding that CB1R KO mice had increased movement thresholds and smaller
motor maps compared to WT controls was surprising as it was assumed the motor map
expression of CB1R KO mice would be similar to that seen when there is a blockade of
CB1 receptors. Constitutive CB1R KO mice have been shown to have abnormal neural
anatomy within the secondary motor cortex (Balesteros-Yanez et al., 2007) leading to the
possibility these changes in anatomy occurred due to differences in development and this
could be reason why there was a discordance in the CB1R KO mice. Therefore, I suggest
a future study where conditional knock downs for CB1R within layer 5 of the motor
cortex undergo ICMS as this would remove the confound of possible developmental
differences of constitutive KO mice compared to WT mice.
Studies examining the visual and barrel cortices have found significant
disruptions in map topography after antagonizing the CB1R during the critical period for
these regions (Liu et al., 2008; Li et al., 2009). This led us to perform a similar study
examining if cannabinoid signaling regulated the development of forelimb motor maps
(unreported). Rats received daily injections of AM 251, a CB1R antagonist, beginning on
PND 14 to PND 36 (methods modified from Li et al. 2009). The AM-251 administration
therefore began just before motor map expression is seen with pharmacological reduction
of cortical inhibition (Young et al., 2012) and motor mapping occurred between the times
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that motor map expression emerges (PND 35) without pharmacological intervention and
when motor maps reach adult size at PND 60 (Young et al., 2012). I was unable to detect
any differences in motor map expression in rats that received AM 251 compared to
vehicle and naïve controls. I believe the reason for this is because I targeted the
emergence of forelimb motor map expression instead of the development of the
corticospinal tract. The corticospinal tract first enters the spinal cord at PND 1 (Schwab
& Schnell, 1991) by PND 5 the tract reaches the cervical portion of the spinal cord
(Donatelle, 1977) which is the region of the spinal cord responsible for forelimb
movement (Kamiyama et al., 2015). By PND 9 the corticospinal tract has reached all
levels of the spinal cord (Donatelle, 1977) and myelination of the tract begins at P10
(Schwab & Schnell, 1991) with no change in tract projections seen after PND 14
(Donatelle, 1977). Therefore, I would suggest administering AM 251 either in utero as
this is the time when the corticospinal tract is developing (Schwab & Schnell, 1991) or
immediately after birth from PND 1 to PND 14.
It was found that unlike structures involved in the stress response, the motor
cortex does not significantly change in response to acute stress despite alterations in
pyramidal cell ICMS induced excitation and RMP in vitro. The range of resting
membrane potentials attributed to pyramidal neurons from the prefrontal cortex in vivo is
-76 mV to -63 mV (Degenetais et al., 2002). It is possible that while the change in resting
membrane potential was statistically significant it is not physiologically relevant as the
RMP of acutely stress rats was approximately -60 mV and only 5 mV greater than
unstressed rats. In slices of motor cortex taken from rats that underwent acute stress there
was a significant increase in the amount of ICMS current that was necessary to elicit an
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AP to approximately 33 µA. There was a slight increase in forelimb movement
thresholds to approximately 35 µA in rats subjected to acute stress although this was not
statistically significant. Therefore I would argue that the in vitro and in vivo
electrophysiology results for acute stress are similar and complementary to each other.
Administration of AM 251 prior to the last stressor returned movement thresholds
in repeatedly stressed rats to non-stressed levels but did not significantly change map size
compared to stressed rats that received a vehicle injection. I believe this in part is due to
the individual variability within the stress + AM 251 group since there was also no
significant difference in map size compared to the no stress + AM 251 group. I also think
forelimb movement thresholds are a more sensitive assay to alterations in the balance
between cortical excitation and inhibition than map size. This is due to the way
thresholds are determined during SD-ICMS. The protocol that I use for SD-ICMS uses
current stimulation up to 60 µA, which means if a penetration site has a threshold above
60 µA I would not know. Therefore, a border point in a map may actually be a forelimb
point with a threshold above 60 µA. This means a manipulation that decreases forelimb
movement thresholds may also decrease a border point forelimb threshold from 75 µA to
65 µA but the site would still be considered non responsive and therefore the map size
would not change even though the thresholds changed.
In chapter 2 I demonstrated that AM 251 caused a decrease in movement
thresholds and increases map size. In chapter 3 I administered AM 251 to determine if the
increase in 2-AG content within the motor cortex mediated the increase in movement
thresholds and decrease in map size caused by stress. As such, a group of rats were not
stressed and received an i.p. injection of AM 251 (NSAM). Based off of my results from
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chapter 2 one might have expected the NSAM group to have lower movement thresholds
and larger motor maps compared to rats that were not stressed and received an injection
of vehicle (NSV). However, the movement threshold and map size of the NSAM group
were not significantly different from the NSV group. I believe the reason for this is
experimental design. In chapter 2 AM 251 was administered and then re-mapping
occurred 10-20 minutes afterwards. Conversely in chapter 3 the NSAM group received
an injection of AM 251 approximately 50 minutes prior to the start of ICMS. Therefore
by the time the first electrode penetration occurred in the NSAM group roughly 2 hours
would have passed since the injection of AM 251.
Rats that received 1.0 mg/kg and 2.5 mg/kg THC did not make as many reach
attempts as compared to pre-THC values. Having demonstrated these dosages of THC
results in a hypo-excitable cortex through reduced expression of forelimb motor maps
using SD-ICMS, the possibility existed that these rats performed the act of reaching
slower than the rats that received DMSO. However upon analysis this was deemed not to
be the case. It appeared the reason why fewer reach attempts were made was because
upon completion of a reach attempt rats spent a longer period of time at the back of the
reaching chamber before returning to the front of the chamber to initiate the next reach
attempt.
It would be interesting to determine if the 0.2 mg/kg dose of THC would produce
deficits in the skilled reaching task. This is because the 0.2 mg/kg dose significantly
increased motor map size and techniques that increase motor cortex excitability have
been shown to produce deficits in fine motor control (Henderson et al., 2012).
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We chose not to pre-train rats on the horizontal ladder rung walking task and
rotorod test in order to obtain the purest measure of unskilled motor performance under
the influence of THC. If rats had been pre-trained on these tasks we may have seen an
effect of THC. Pre-training the rats would mean that a within-subjects repeated measures
design was employed making it easier to find significant differences in behaviour after
THC administration, as each rat would serve as its own control thereby reducing
variability. Hence, if I were to do this experiment again I would pre-train the rats on the
rotorod and horizontal ladder rung walking task prior to administering the THC.
This thesis has demonstrated that endocannabinoids and exogenous cannabinoids
as well as repeated stress can alter motor map expression. The research performed in this
thesis is important because there has been a rise in the use of synthetic and phytocannabinoids for recreational purposes. Also within the medical community drugs that
increase endocannabinoid content have become targets as a possible therapeutic approach
to neurological illness. Furthermore, research that uses emotional- and cognitive- based
tasks use motor tests as a control for the influence of these drugs. Therefore a more
complete understanding of synthetic, phyto and endo-cannabinoids role in movement is
needed. Of particular importance is determining the degree of locomotor impairment that
occurs with use of synthetic and phyto-cannabinoids as well as drugs that increase
endogenous cannabinoids due to potential safety issues while driving under the influence
while on these drugs. In summary, this is the first study that has examined a role for
cannabinoids and stress on movement representations. The present findings suggest that
endocannabinoids and repeated stress have a dampening effect on motor map expression.
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