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Abstract

Adolescence is a behaviorally well-defined developmental period during which
experimentation with illicit drugs such as marijuana is common. While the lasting effects
of adolescent marijuana use have been studied in humans and in animal models,
relatively little is known about the acute response to marijuana in adolescents. It is
known that adolescent rats are more impaired by the psychoactive ingredient in
marijuana, delta-9 tetrahydrocannabinol (THC), than adults in a water maze spatial
learning task. However, what causes this greater sensitivity to THC-induced learning
impairment is not understood. We characterized adolescent (postnatal day 30-35) and
adult (postnatal day 70-75) rat cannabinoid CB1 receptor number, distribution, and
functional coupling in the hippocampus, the brain which may be the site at which THC
impairs spatial learning impairment. Next, we elucidated the time course of hippocampal
CBL1 receptor desensitization in adolescents and adults in response to daily treatment
with 10 mg/kg THC. Finally, we characterized the development of tolerance to the
learning impairment caused by THC in adolescent and adult rats by pre-treating them for
five days with 10 mg/kg THC, and measuring learning performance in the Morris water
maze. Our results indicate that agonist stimulation of the CB1 receptor in adolescent
hippocampus produces less functional coupling to G proteins than adults. Also,
adolescent hippocampal CB1 receptors desensitize less rapidly in response to 10 mg/kg
THC treatment than those in adults. Finally, adolescent rats do not become tolerant to
the learning impairment effects of 10 mg/kg THC after five days of pre-treatment, while
adults do. We conclude that adolescents may be more impaired by THC than adults as a
result of more slowly desensitizing hippocampal CB1 receptors, which may be due to

lesser functional CB1-G protein coupling in adolescents.
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CHAPTER 1: Introduction

1.1 Marijuana

Marijuana is a widely used illicit drug, which is derived from preparations of the
Cannabis sativa plant. Flowering parts of female plants produce significant
concentrations of the cannabinoid molecule °-tetrahydrocannabinol (THC), which is the
principal psychotropic ingredient in marijuana. Many other cannabinoid compounds are
produced by Cannabis as well, but they do not possess psychoactive properties.
Cannabis has a long and rich history of use by humans (Figure 1), reviewed in [1]. Hemp
cultivation began in ancient times, when its fibers were discovered to be useful for
production of items such as rope and clothing. Marijuana was also used in religious
contexts in India, as well as in folk medicine in the Far East. Marijuana was introduced to
the West in the 19" century, and in 1937, the USA passed the Marijuana Tax Act,
effectively banning the use of marijuana [1]. Use of marijuana remains quite prevalent
despite the legal status of the drug.

Multiple psychoactive Cannabis plant preparations exist, which contain varying
concentrations of THC. Dried flower buds from the female plant are referred to as
marijuana, which can contain widely ranging concentrations of THC. Marijuana seized by
authorities during the first quarter of the year 2008 contained an average of
approximately 8% THC, with a maximum of 37% [2]. Other psychoactive preparations
are hashish, a preparation of concentrated THC resin from the female Cannabis flowers,
and hashish oil, which is a solvent extract of the Cannabis plant reduced to a small
volume of oil to concentrate the THC. These preparations may contain higher
concentrations of THC than marijuana. Hashish seized during the first quarter of 2008

contained an average 24% THC with a maximum of 66%, while hashish oil contained an



average of 6%, maximum 33% [2]. By far, the most prevalent form of Cannabis is
marijuana.

Cannabis preparations are typically consumed by smoking, but vaporization is
also a replacement for smoking. Both of these methods result in absorption of THC
through the alveoli, and a rapid onset of psychoactive effects that last 1-2 hours [3].
Desired dose is titrated easily by smoking due to the rapid onset of effects. Preparations
may also be ingested orally. The psychoactive effects using this route of administration
are achieved more slowly, and are longer lasting [3]. Behavioral effects after oral dosing
are more difficult to titrate, due to the slow onset and offset of the drug. Orally ingested
THC results in a lower peak blood concentration of THC than smoking due to acid
degradation in the stomach and first-pass hepatic metabolism [4]. While consuming
marijuana via different methods leads to differences in time to onset, offset, and intensity
of the psychoactive effects, the effects themselves are consistent across consumption

methods.



Timeline of Cannabis use and scientific advances
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Figure 1. Timelines of Cannabis use in human history, and major landmarks in
cannabinoid research development [1].



1.1.1 Peripheral effects of THC

Effects of marijuana intoxication include alterations of both central and peripheral
function. The magnitude of these effects can vary by individual and are dependent upon
the dose used and pharmacokinetics of administration route. Peripherally, THC affects
cardiovascular, immune, and reproductive function. It can cause vasodilation,
hypotension, and tachycardia [5, 6]. Vasodilation is readily apparent in the conjunctivae
of the eyes of marijuana users, and is a characteristic sign of intoxication. THC is
immunosuppressive as well (for review, see [7]). High doses can suppress lymphocyte
and macrophage function. More moderate doses have been shown to suppress the
production of several immune mediators, such as interferon and antibodies [8]. Finally,
THC may also affect reproduction in both males and females. THC may disrupt
organization and timing of hormonal release, uterine-embryo crosstalk, and other
biochemical events required for reproduction (reviewed in [9]). It has been shown that
perturbation of these events can lead to decreases in male fertility [10-12], and may
interrupt or delay embryo implantation in females [13-15]. Clearly, marijuana use has
effects beyond the commonly described alteration of normal central nervous system
function. However, the main focus of the present thesis is cannabinoid disruption of brain

function.

1.1.2 Central nervous system effects of THC

THC is highly lipid-soluble and easily crosses the blood-brain barrier. The effects
of acute marijuana intoxication on brain function have been widely studied and include
euphoria, hallucinations, increases in feeding, antinociception, and disruptions in
memory (for review, see [16]). Several of these effects cannot be reliably measured in

animal models. Since some of the subjective effects of cannabinoid intoxication are not



possible to test in commonly used rodent models, a behavioral “tetrad” test has been
used to determine whether compounds demonstrated cannabimimetic activity in rodents
[17]. The four behavioral parameters measured in this test are decreased spontaneous
locomotion, catalepsy, antinociception, and hypothermia.

Human subjects report a brief period of euphoria after smoking marijuana, which
correlates with achievement of peak plasma levels of THC. Additionally, elevated
electroencephalogram (EEG) alpha wave activity is correlated with subject reporting of
euphoria [18], showing that a marijuana-induced alteration of brain activity is likely
associated with euphoria. It has also been reported that marijuana use can cause
hallucinations [19], and EEG studies have shown altered brain activity in alpha and theta
waves which correlated to visual hallucinations after THC administration [20]. THC has
differing effects upon anxiety which depend upon dose. At low doses, it is anxiolytic,
whereas at high doses it is anxiogenic (reviewed in [21]). While this bidirectional effect is
of considerable interest as a potential therapeutic target, the mechanism by which THC
causes these opposing effects is not well understood.

Marijuana is also involved in regulation of feeding behaviors and body weight
[22], (reviewed in [23]). These effects are blocked in a dose-dependent manner by a
cannabinoid antagonist [24]. Administration of the antagonist molecule alone also
decreased food intake and body weight in a dose-dependent manner [25-27]. Several
cannabinoid antagonists underwent extensive clinical testing for weight loss; however,
serious psychological side effects kept the drugs from reaching the market [28].
Research of cannabinoid therapeutic molecules has been halted in several major
companies as a result, and the future of this therapeutic area has been called into

guestion.



Still another effect of marijuana, analgesia, has received considerable attention
for potential exploitation for therapeutic purposes (reviewed in [29, 30]). Folklore and
anecdotal evidence state that marijuana relieves pain, however, clinical studies have
reported inconsistent results that varied by route of administration, type of pain, dose,
and frequency of THC intake [29]. While inconsistent, the clinical evidence does promote
interest in understanding the mechanisms by which THC affects pain perception. Use of
animal models has expanded our knowledge of cannabinoid mediation of pain signaling.
In rodents, results have shown with greater consistency that cannabinoid drugs are
capable of modulating pain [29]. Reduction of pain perception may be due to
cannabinoid actions at peripheral, spinal, and supraspinal sites of action. Intrathecal
administration of a cannabinoid agonist leads to decreases in pain response [31-33], as
does intracranioventricular administration [34, 35]. Peripheral cannabinoid sites of action
have also been shown to suppress nociception [36-39]. Due to the psychotropic effects
that accompany cannabinoid use, development of cannabinoids that cannot cross the
blood-brain barrier may become useful in providing some pain relief without inducing
central nervous system effects, however, this idea has not yet been implemented in
animal models or humans.

The reinforcing properties of THC and cannabinoid agonists have proven difficult
to study. Many attempts to initiate cannabinoid self-administration in an animal model
have failed to do so [40-43]. Only fairly recently was THC self-administration reported in
nonhuman primates with a history of cocaine self-administration [44], with a later report
of initiation of THC self-administration in nonhuman primates without prior history of drug
exposure [45]. While THC self-administration by rodents has not yet been successful,

both mice and rats have been shown to self-administer the cannabinoid full agonists



WIN55,212-2 and CP55,940 [46, 47]. Self-administration of cannabinoids in all animal
models to date can be pharmacologically blocked by the cannabinoid antagonist
molecule, SR141716A [44, 46, 47]. In summary, a small body of evidence exists to
support the hypothesis that cannabinoids possess reinforcing properties.

The acute effects of THC upon the brain diminish with repeated administration.
Tolerance has been described in humans [48], and is readily observed in animal models
as well (reviewed in [49]). Development of tolerance does not occur at the same rate or
to the same magnitude for all behavioral effects of THC [50-52]. Several studies have
demonstrated that tolerance is due to adaptation in the central nervous system rather

than pharmacokinetic changes in response to long-term presence of THC [53-55].



1.2 The hippocampus and memory

A notable effect of cannabinoids that has not yet been discussed is the
impairment of learning and memory in humans and in rodent models. This is an
extensively studied topic, with a great deal of information available. As the subject of the
present thesis involves cannabinoid-induced memory impairment, this will be discussed
in greater depth. First, normal mechanisms of memory formation will be discussed.

The hippocampal formation (more commonly referred to as the hippocampus) is
a structure located beneath the temporal lobe of the cortex (Figure 2). The hippocampus
is involved in the encoding and retrieval of explicit memory [56-61]. Explicit memory, also
known as declarative memory, can be further subdivided into two subtypes: semantic
memory and episodic memory. Semantic memory encompasses factual information: “the
capital of the USA is Washington, DC.” Episodic memory involves experiences and
events and is separate from semantic memory: “l attended graduate school at Duke
University.” However, explicit memory is not the only function of the hippocampus; it is
also thought to be involved in spatial memory and navigation. There are neurons known
as place cells present in the hippocampus, which fire at different rates in the rat brain in
reference to the different available spatial reference cues [62-65]. This spatial
information processing may be involved in the creation of a “mental map” of the physical
area, referencing visual cues (reviewed in [66]). In the case of a rat searching for food in
a radial arm maze, the firing of place cells may contribute to integration of information
about the rat's present location, integrating it with memory of which arms have already
been visited. Debate exists regarding specific mechanisms, but it is widely accepted that
the hippocampus is required for explicit and spatial memory. Hippocampal lesion or

removal produces anterograde amnesia in humans.



The hippocampus functions as an extended information integration and
processing system, working cooperatively with the adjacent neocortex. Neocortical
inputs are routed through the hippocampal pathways and information is linked together
to assemble fact and experience associations, time courses, and place associations
(reviewed in [61, 67]). This is part of the process of consolidation, and is the key step
from short-term memory to long-term information storage. Information enters the
hippocampus from the neocortex through the entorhinal and perirhinal cortices. It flows
through the hippocampus proper beginning with the dentate gyrus and through CA3 to
the CALl region, then back to the neocortex via the subiculum (Figure 3). This is
accomplished through a series of excitatory neuron tracts. The perforant path sends
information from rhinal cortices to the dentate gyrus. The mossy fibers, axons of granule
cells in the DG, continue the pathway to CA3. Finally, the Schaffer collaterals, axons
from pyramidal cells in CA3, complete the pathway through CA1 , the subiculum, and to
a number of output sources. There is a vast and complex network of interneurons that
regulates the firing patterns and rhythms of these major excitatory pathway neurons. The
hippocampus is comprised of sequential excitatory pathways, which cooperate with the
cortex to integrate information and consolidate memory.

There are distinct types of firing rhythms involved in different memory-related
processes of the hippocampus. The integrity of these oscillations is required for proper
hippocampal function. High-frequency gamma oscillations are implicated in encoding
and retrieval of memory [68, 69]. Mechanisms of cellular control of these oscillations are
poorly understood. Low-frequency theta oscillations are also involved in memory
formation. This type of rhythm is thought to be generated by a “pacemaker” cell [70-74],

and is intricately controlled by GABAergic interneurons throughout the hippocampus [71,



75, 76]. Among the potential interneuron subtypes with potential for modulating the theta
rhythm are the class of basket interneurons with perisomatic synaptic contacts [77, 78].
Preservation of these critical firing rhythms is mediated by the careful control of a large
network of interneurons. Therefore, the hippocampus functions quite like a symphony,
requiring meticulous timing and proper input from a variety of sources in order to create

a properly encoded memory.
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Figure 2 . Placement of the hippocampal formation within the rat brain.

Adapted from [79].
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CAl

Figure 3. Organization of the hippocampal subfields. Excitatory inputs project to the
hippocampus via the perforant path (PP), which provides input to the dentate gyrus
(DG). Granule cells in the DG in turn project to CA3 via the mossy fiber pathway (MF).
Finally, pyramidal neurons in CA3 project to CA1 and the subiculum (Sb) via the
Schaffer collateral pathway (SC).

12



1.2.1 THC effects upon memory

The present work focuses upon the memory-impairing effects of THC. In
humans, the memory-impairing effects of marijuana intoxication are of particular note,
and have been under investigation since the 1970s (reviewed in [80]). These studies
typically involved having subjects learn word lists, number lists, or other small short-term
learning tasks before or after marijuana use, then evaluating information acquisition and
recall performance under conditions of sobriety and intoxication. The data largely
indicate that THC produces a short-term, reversible impairment in memory acquisition
during intoxication. Subjects that tried to learn a word list or story while intoxicated with
THC showed impaired free recall of the word lists or stories compared to placebo treated
subjects, in immediate and/or delayed free recall tasks [81-83]. However, recognition
recall of word lists was not impaired by THC. Even when word lists are presented using
methods to improve memory (i.e., rhyming with other words, answering questions about
the words, discussion of context), THC still impairs word list recall [84]. Fixed or free
rehearsal of word lists also does not counter THC-induced impairment of learning [85].
Additionally, THC impairs memory in a selective reminding task, in which subjects listed
as many recalled words as possible, and then were reminded of the non-recalled words,
before being asked to recall the entire list again [86]. Information acquired while under
the influence of marijuana is poorly recalled [87]. However, recall of information that was
properly acquired prior to marijuana intoxication is not impaired [88]. These results
indicate that the effect of THC upon memory may be due to the disruption of ability to
store new information, rather than the recall of previously encoded information.

Working memory in humans is also impaired by THC intoxication. Multiple

measures of working memory have shown impairment during THC intoxication. The digit

13



symbol substitution test (DSST) requires a subject to interpret a simple code of symbols
for the digits they represent. THC has been shown to impair performance, increase
errors, and decrease speed and accuracy of subject responses [89-92]. A delayed
match to sample (DMTS) paradigm is another measure of working memory. Subjects are
shown an image, and after a time delay, are asked to identify the original image from a
group of images. THC impaired performance on this task as well [93]. The impairment of
working and short-term memory by THC in humans results in critical deficits in
information encoding and retention.

The rodent model provides additional insight to the mechanisms of THC effects
in learning and memory via pharmacological manipulation. Spatial reference memory is
commonly evaluated using a water maze task, in which rodents learn the location of a
hidden platform using spatial cues throughout the testing facility [94]. Acquisition of
spatial reference memory is impaired in animals treated with THC during task training
[95-97], as is recall of newly-learned spatial reference information [97]. However, spatial
reference recall of mice that have been extensively trained in the water maze prior to
THC exposure is not disrupted by THC [98], indicating that well-established memories
are resistant to cannabinoid impairment.

Working memory performance in rodents is also impaired by THC in the radial
arm maze [99-101], DMTS [102], and delayed nonmatch to sample (DNMS) [103] tasks.
Delay is a significant factor in the latter two tasks: short delays do not induce
performance deficits, but increasing delay time shows increased working memory deficit.
Taken together, the evidence from rodent studies supports the hypothesis that THC

induces cognitive deficits by impairing the process of memory encoding.
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1.3 The central cannabinoid (CB1) receptor

The field of cannabinoid research made a major advance in 1964, when THC
was discovered as the principal psychoactive component of marijuana [104]. Further
advances followed in the 1980s and 1990s, when it was determined that a receptor
mediated intracellular effects of THC [105, 106], leading to the cloning of two
cannabinoid receptors named CB1 [107] and CB2 [108]. CB1 is the principal
cannabinoid receptor in the central nervous system, whereas CB2 is found primarily in
the periphery (reviewed in [109]). The discovery of THC and cannabinoid receptors
significantly advanced understanding of cannabinoid mechanisms of action. These
discoveries have allowed us to gain deeper insight into the mechanisms by which
marijuana affects the body. The present work focuses upon effects in the central
nervous system, so the present review will discuss the CB1 receptor.

The CB1 receptor is one of the most abundant and ubiquitous receptors in the
central nervous system, and is the site of action for THC and other cannabinoid drugs
(for review, see [109]). CB1 belongs to the seven-transmembrane-spanning G protein
coupled receptor (GPCR) superfamily, and couples to inhibitory intracellular pathways
via G i/o proteins (Figure 4) [110-112]. Agonist action at CB1 is known to inhibit
neurotransmission via closure of calcium channels by activated G proteins [113-118],
preventing synaptic vesicle release (Figure 5). Many other signaling events are also
affected by CB1 stimulation, downstream of G i/G o protein activation. These include
potassium channel opening [119], adenylyl cyclase inhibition, mitogen-activated protein
kinase induction, focal adhesion kinase induction [120, 121], and immediate early gene
expression [122-124]. Thus, agonist activity at the CB1 receptor by endogenous or

exogenous cannabinoids is capable of causing both rapid, transient changes in cellular
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function, as well as slower-onset, lasting changes in cellular activity and synaptic
function.

The CB1 receptor is expressed widely across brain regions, with notably low
expression in the brainstem and high expression in the cerebellum, hippocampus, and
basal ganglia (Figure 6) [125-127]. Interference with endogenous signaling through the
CB1 receptor leads to the observed neurobiological effects of acute marijuana
intoxication (for review, see [16]). It has been demonstrated that CB1 receptors in
different brain regions couple to downstream signaling pathways with varying efficiency
[128], and that different brain regions adapt to chronic drug treatment at different rates
[128-130]. This differential regional activity leads to the multiple central effects of
marijuana intoxication, and differences in receptor adaptation across different brain

regions lead to effect-specific rates of tolerance development.
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Figure 4 . CB1 receptors are localized presynaptically, and couple to inhibitory G
protein coupled downstream signaling pathways [131].
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Figure 5. CBL1 receptors on presynaptic terminals inhibit the release of neurotransmitter
into the synapse. Endogenous activators of CB1 are the endocannabinoids, which are
synthesized in response to postsynaptic increases in calcium concentrations [132].
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Figure 6 . CB1 receptors are located in varying densities throughout the brain, but are
not present in significant numbers in the brainstem (top). CB1 agonist-stimulated [**S]
GTP S incorporation is particularly prevalent in the basal ganglia, the cerebellum, and
the hippocampus [133]. Regions with greater CB1 numbers tend to have lower CB1-G
coupling than regions with lower CB1 numbers [128].
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1.4 Normal function of the endocannabinoid system

The CB1 receptor is the effector of the endogenous cannabinoid signaling
system. The endogenous cannabinoid signaling pathway is involved in a wide variety of
functions in the central nervous system, including an array of cognitive processes such
as learning, memory retention, consolidation, and extinction learning. Endocannabinoids
(ECs) such as anandamide and 2-arachidonyl glycerol are arachidonic acid derivatives
which are synthesized and released by the postsynaptic cell [134-136]. Synthesis of ECs
can be initiated by simultaneous activation of perisomatic membrane voltage-gated
calcium channels (VGCCs), and either group | metabotropic glutamate receptors
(mGIuRs) or muscarinic acetylcholine receptors (MAChRs) [137-142]. The resulting
increase in intracellular calcium triggers enzymatic synthesis of ECs, which are released
back into the synapse to bind CB1 receptors. The known ECs are able to stimulate the
CBL1 receptor with varying efficacy and are present in varying concentrations across
brain regions, indicating that they may have separate or interdependent functions [116,
143]. The stimulation of CB1 leads to decreases in presynaptic neurotransmitter release
as discussed previously, making endocannabinoid signaling a rare case of retrograde
neuronal signaling (Figure 5). In presynaptic GABAergic neurons expressing CB1, for
example, this leads to a net loss of inhibitory tone upon the postsynaptic cell [144]. In the
hippocampus, this endogenous regulation of presynaptic inputs exerts precise control
over the finely orchestrated firing of neuronal networks involved in learning and memory.

THC is a partial agonist at the CB1 receptor, which may disrupt the normal
control exerted by the ECs upon presynaptic cells. Few studies have investigated
changes in endocannabinoid production in THC-tolerant animals, and little information is

available. Anandamide concentrations in the limbic forebrain increase during THC
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tolerance, while 2-AG concentrations in the striatum decrease in THC-tolerant rats [145].
THC will activate presynaptic CB1-mediated signaling in the absence of
endocannabinoids, and may displace endocannabinoid binding at the CB1 receptor. The
loss of endogenous retrograde signaling from postsynaptic neuron to presynaptic neuron
may disrupt cross-talk across the synapse and lead to deregulation of the inherent
precise firing rhythms required for information processing and integration in neuronal

networks.
1.4.1 Adaptation and regulation of CB1 receptors

GPCRs such as the CB1 receptor undergo a well-characterized process of
desensitization, downregulation and recycling upon agonist activation. This process
functions to maintain cellular homeostasis by enabling cells to adapt to the presence of
continuous extracellular signal. It may also contribute to the development of cannabinoid
tolerance. The basic blueprint of the agonist-induced desensitization pathway has been
well-defined over years of investigation (reviewed in [146, 147], Figure 7). Agonist
stimulation of CB1 receptors leads to G activation, which leads to dissociation of G
subunits from G dimers. A downstream effector of G , G-protein coupled receptor
kinase (GRK), phosphorylates the intracellular carboxyl-terminal region of the receptor
[148, 149]. The phosphorylation of the receptor by GRK facilitates the binding of -
arrestin [150], which uncouples the receptor from its G  signaling partner and therefore
halts the ability of that receptor to transduce agonist signal into the cell [151, 152]. At this
stage, the receptor is uncoupled from its downstream G proteins, desensitized. -
arrestin also links desensitized receptors to the adapter protein AP-2 and target it for
internalization [153, 154]. CB1 is internalized via clathrin-coated pits [155], where it can

be dephosphorylated and recycled back to the membrane as a fully functional receptor,
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or targeted for proteolytic degradation [146]. An additional role for -arrestin in GPCR
signaling has recently been characterized: it can serve as a scaffold for signaling of “ -
arrestin biased” ligands, which do not activate G proteins, but induce signaling through
proteins associated with -arrestin scaffolds (reviewed in [156]). To date, ho -arrestin
biased cannabinoid ligands have been characterized; however, this is an area that
remains to be investigated.

Agonist efficacy is a contributing factor to downregulation of receptors. High-
efficacy CB1 agonists are capable of inducing rapid CB1 internalization and
downregulation from the membrane, which leads to rapid receptor recycling back to the
membrane as fully functional proteins. THC, however, has low efficacy agonist
properties at the CB1 receptor. Low-efficacy agonists such as THC do not lead to
substantial CB1 internalization even at high concentration [155], leaving low-efficacy
agonist-stimulated receptors at the membrane, bound to -arrestin and therefore
desensitized. Evidence supports this idea, as CB1 desensitizes more after THC than
after higher-efficacy agonists [157]. Hence, the partial agonist THC leads to substantial
desensitization of CB1 receptors.

However, constitutive activation, or receptor activity in the absence of agonist
ligand, also plays a role in the normal CB1 receptor trafficking pathway. In the basal
state, the CB1 receptor exhibits low-level constitutive activity leading to endocytosis and
relocation of newly-synthesized CB1 from cell body to presynaptic terminal [158]. Since
this activity is agonist-independent and does not reflect a desensitization event, this
phenomenon will not be considered further.

CB1 receptors undergo classical GPCR desensitization and recycling in

response to agonist stimulation. Agonist efficacy is a deciding factor in how the receptor
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will be processed by endocytic and recycling mechanisms. This is important to note, as
the drug of interest in the present study, THC, is a low-efficacy agonist and therefore
allows for lasting CB1 desensitization. Effects of THC upon CB1 receptor desensitization

will be discussed in further detail in the next section.

23



Figure 7. Agonist-induced desensitization and internalization pathway of GPCRs.
Receptors are phosphorylated by GRKs, arrested by -arrestins, and targeted for
internalization and recycling or degradation. Adapted from [159].
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1.4.2 Magnitude and timecourse of CB1 receptor dese  nsitization
In response to cannabinoid exposure

While the GPCR superfamily has a generally defined pattern of receptor
desensitization and recycling, specific receptors undergo homeostatic regulation and
recovery from pharmacological treatment at different rates. CB1 receptors in the brain
exhibit regional differences in the extent of desensitization and downregulation that
occur after drug treatment. Additionally, agonist efficacy and dose of the
pharmacological treatment play significant roles in receptor regulation.

Brain CB1 receptors do not significantly uncouple from downstream G i/o
proteins after a single dose of 10 mg/kg THC. However, after 21 days of this treatment,
significant, substantial desensitization was noted in most, but not all, brain regions [130].
The effects of THC upon CB1 desensitization become greater in most brain regions as
the dose is increased. A chronic treatment of 10 mg/kg is less effective than a dose
ramping from 10 mg/kg to 30 mg/kg, which in turn is less effective than a dose ramping
from 10 mg/kg to 60 mg/kg [160]. However, at such large doses, the physiological
relevance to humans becomes questionable. This latter treatment translates to a dose of
THC far above what even a heavy marijuana user would receive. Further investigation
comparing THC to the full agonist WIN55,212-2 demonstrated that the full agonist
produced a lesser degree of CB1 receptor desensitization in most, but not all, brain
regions. In contrast, receptor number was similarly decreased by THC and WIN55,212-2
[52].

Loss of CB1 receptor presence at the membrane and receptor functionality is
time-dependent and brain region-dependent. During a 21-day treatment regimen with 10

mg/kg THC, CB1 receptor binding and stimulation of G i/o proteins steadily decreased.
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Maximal decreases were found at 14 days in cerebellum, 7 days in hippocampus, and
21 days in striatum [161]. This result is corroborated by a second study measuring the
timecourse of CB1 downregulation from the membrane as well as changes in mMRNA
expression. In addition to the finding that CB1 downregulation is time- and region-
dependent, no significant change in mMRNA expression was found in any brain region
except the caudate-putamen [162]. After a ramping dose regimen from 10 mg/kg to 160
mg/kg THC or 3 mg/kg to 48 mg/kg WIN55,212-2 over 15 days, CB1 receptor binding
and G i/o stimulation were significantly decreased. Analyses of membrane preparations
of hippocampus and striatum/globus pallidus (GP) were conducted at several timepoints
over 14 days to measure recovery of receptor number and function. Full recovery took
up to 14 days in striatum/GP, while 14 days was not sufficient for full recovery in the
hippocampus [163]. mRNA and protein levels were also monitored over the 14 days of
recovery. mRNA levels were not decreased at the end of drug treatment or correlated
with loss of receptor number or function. Protein levels, however, were decreased at the
end of the drug treatment and showed trends of increasing over the recovery period
[163]. This indicates a protein-level, but not an mRNA level, regulation of CB1 receptors
in response to this type of pharmacological treatment. To summarize, CB1 receptors
exhibit downregulation and desensitization in response to agonist, which varies by brain

region, agonist efficacy, dose, and time.
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1.5 Adolescence

Adolescence is the transition from childhood to adulthood, characterized by
increases in peer social behavior, risk-taking and novelty-seeking, and maturation of
cognitive function (reviewed in [164]). Adolescence in humans spans the ages of 10-12
years old to approximately age 24. It includes, but is not defined by, puberty [165, 166].
There is no specific endpoint of adolescence, and adolescent behaviors may persist into
the mid twenties [167, 168]. The importance of the biological, behavioral, and social
development occurring during this stage is often understated. During this time period in
humans, adolescents attain the skills and knowledge they need to operate as functional
adults in society. They learn to become independent, to use higher reasoning skills, and
attain a considerable amount of necessary education, the successful completion of
which impacts how well they handle adulthood. Entry into legal adulthood occurs during
late adolescence, and often with it comes a series of mistakes from which it is critical to
learn. The educational, social, and developmental demands upon adolescents are
considerable. lllicit drug use can acutely interfere with the progression of development,
and therefore impose limits on how well adolescents transition into adulthood.

This constellation of behavioral phenotypes of adolescence predisposes this age
group to drug experimentation, much more so than non-adolescent age groups.
Increased involvement in social situations, exposure to peer pressure, and greater risk-
taking and novelty-seeking behaviors all contribute to an increased likelihood of
adolescent drug-taking [168-170]. Adolescents are more sensitive to the impairing
effects of many drugs, but less sensitive to the aversive effects [171-178]. As such,
adolescents are more likely to experiment with and escalate drug use at a more rapid

rate than adults.
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Animal models such as the rat also have a defined adolescent epoch. Based
upon behavioral observations, adolescence in the rat is generally considered to begin at
postnatal day 28 (P28) [164]. Like in humans, the transition to adulthood is not strictly
defined. Some adolescent traits may remain until P55-60 [179, 180]. However, rats are
generally characterized as early adults by P65. For the purposes of the present studies,
adolescents were defined as P30-P35, and adults were defined as P70-P75.

As adolescence is a period of vulnerability coupled with behavioral traits that can
affect the long-term well-being and success of the individual, it is critical that we work to
better understand the effects of commonly-used drugs during adolescence. The purpose
of the present thesis is to characterize the underlying differences in adolescent and adult
memory performance sensitivity to THC, the main psychoactive component of the

commonly used illicit drug marijuana.
1.5.1 Marijuana use during adolescence

Surveys of the adolescent population show that drug use is widespread during
this developmental phase. Marijuana is the most commonly used illicit drug in America,
third most used overall after the legal drugs alcohol and tobacco [181]. This use is
especially prevalent among adolescents. National survey data indicate that initiation of
marijuana use generally takes place during mid-to-late adolescence, with use peaking in
people aged 18-24 (Figure 8) [181]. Results from the Monitoring the Future survey in
2008 indicate that over 40% of Grade 12 students report having ever used marijuana,
with approximately 20% reporting use in the past month (Figure 8) [182].

The 2007 National Survey on Drug Use and Health (NSDUH) reports that over
50% of people aged 18-25 have ever used marijuana, with nearly 20% having used it in

the past month [181]. The past-month use reports fall dramatically in the population over
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the age of 25. These survey results demonstrate that a significant percentage of people
try and regularly use marijuana during adolescence, but seem to largely discontinue
regular use as they mature into adulthood. Therefore, it is of great importance to study
the effects of marijuana in adolescence, as they are most relevant in the context of
typical human use patterns.

Scholastic performance is strikingly correlated with marijuana use. In 2005,
students who earned “D” grade averages or lower reported past-month marijuana use at
a rate five-fold greater than students who earned “A” grade averages. With each
decrement in grade average, an increase in marijuana use is reported (Figure 9) [183].
Survey results also show that as frequency of marijuana use increases, average
academic performance decreases [184]. Finally, marijuana use is correlated with poor
school attendance, which may affect grade performance, as well as increased high
school dropout rate [185]. While a causative relationship between marijuana use and
academic achievement cannot be established by these statistics, it is clear that
marijuana use is associated with poor academic skills and knowledge acquisition or poor
performance in educational activities.

In addition to the concerns about acute effects of marijuana use in adolescence
and its immediate effects upon education, adolescent exposure to marijuana may have

lasting consequences upon the brain.
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Figure 8. Survey results from the Monitoring the Future survey (MTF) and the National

Survey of Drug Use and Health (NSDUH)

showing percent of respondents reporting

lifetime, past year, past month, and daily use (MTF only). Survey data for NSDUH were
collected in 2007 [181], MTF data collected in 2008 [182].
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Figure 9. Academic performance of survey respondents sorted by marijuana use
patterns. Overall grade performance deterioration correlates with increasing frequency of
marijuana use [184]. Survey data from 2002-2004.
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1.5.1.1 Chronic effects of adolescent THC exposure

Adolescent use of marijuana may have long-lasting biological consequences. As
adolescence is a period of developmental susceptibility, disturbances of this process by
marijuana use may alter the outcomes of development. In humans, several long-term
outcomes of adolescent THC exposure have been investigated: impaired adult cognitive
function, increased risk of adult psychosis, and disturbances in adult emotional behavior.

Several studies have lent support to the hypothesis that adolescent marijuana
use is a risk factor for psychosis [186-189]. Additionally, two studies have found
significant cognitive deficit in adults who used marijuana as adolescents [190, 191]. The
associations between adolescent marijuana use and adult psychosis or cognitive deficit
seem to point to early adolescent THC exposure as a driving factor in perturbation of
development. Marijuana use prior to age 15 conferred greater risk of psychosis [187]
than use later in adolescence, whereas use before age 16 [190] or age 17 [191] was a
greater correlate of adult cognitive deficit than delayed-onset use. Use in later
adolescence led to lower risk of deleterious effects, leading authors to conclude that
encouraging a delay of onset of marijuana use in adolescents may lead to less harmful
outcomes.

To better understand the neurobiological changes behind these outcomes,
studies of these phenomena have also been conducted in rodent models. Psychosis is
difficult to describe in rodent models, however, effects of cannabinoids upon innate
social behaviors can provide some insight. Social interaction and social recognition were
decreased in adults that were chronically treated with the cannabinoid full agonist
WIN55,212-2 as adolescents [192]. This result was also seen in adult females treated

with the cannabinoid full agonist CP55,940 as adolescents [193]. Additionally, social play
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during the light phase and self-grooming were increased in the WIN55,212-2-treated
adults. It should be noted that increased self-grooming behavior may have been a
coping strategy for the stress of novel social interactions in these socially-deficient
animals [192]. While the comparison of these observations to human psychosis is
difficult, impairment of critical social interactions after adolescent exposure to
cannabinoid drugs raises a salient point about the long-term effects of adolescent
cannabinoid exposure upon social development.

Memory is much more readily tested in rodents, and several publications have
described lasting impairment of function in different memory tasks after adolescent
exposure to cannabinoids. Object recognition was impaired in adults treated with
WIN55,212-2 during adolescence [192]. Preference for a novel object was reduced in
adult females chronically treated with CP55,940 during adolescence [193], which may
indicate a decrease in working memory. Additionally, radial arm maze performance is
impaired in adults treated with the cannabinoid partial agonist THC during adolescence
[194], indicating impaired spatial working memory in this task. Combined with the data
indicating that early exposure to marijuana in humans is correlated with decreased adult
cognitive performance, this suggests that early exposure to cannabinoids may cause
aberrations in development of cognitive ability.

Emotional behavior is another potential area disrupted by cannabinoids.
Depressive behavior in humans has not been correlated to marijuana use; however,
rodent models have shown alterations in adult emotional behavior after adolescent
treatment with THC. Periadolescent treatment with CP55,940 showed an increase in
open arm time in the elevated plus maze (EPM) in adulthood, indicative of a long-term

anxiolytic effect [195], however, this effect was not found when rats were treated with

33



THC during adolescence [196]. Depressive-like behavior in the forced swim test (FST) in
adulthood was found after adolescent THC treatment only in female rats [196]. Use of
synthetic full agonists in adolescents appears to lead to more robust behavioral effects in
adulthood than use of THC. The effects of full agonist treatment, however, may be
exaggerated compared to THC treatment.

To summarize, chronic exposure to THC during adolescence may lead to long-
term increases in risk for psychosis and decreases in cognitive function. However, this
phenomenon remains poorly understood. Mechanisms by which THC elicits lasting
changes in the brain have not yet been investigated. Also, different results have been
discovered with drugs of different agonist efficacy. Clearly, use of THC in experiments is
more relevant than use of synthetic full agonists that are not used recreationally. Further
investigation is required to better understand how THC exposure during adolescence

leads to alterations of adulthood behaviors.
1.5.1.2 Acute effects of adolescent THC exposure

Studies focusing upon the long-term effects of marijuana use and exposure to its
primary psychoactive ingredient, THC, are fairly abundant in the human and animal
model literature. However, the acute effects of THC in adolescents as compared to
adults are still poorly understood. Improving our understanding of the acute effects of
THC may contribute to a better understanding of the chronic effects of THC, as well.
Few articles have been published, but important inroads have been made with several
descriptive studies. Unfortunately, mechanistic studies remain very sparse.

Schramm-Sapyta, et al. [177] have characterized the anxiogenic, aversive, and
locomotor effects of THC in adolescent and adult rats. Their findings indicate that THC in

adolescents is less anxiogenic, less aversive, and caused a lesser reduction in
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locomotion than in adults. Since the use-limiting effects may discourage use, the finding
that adolescents are more resistant to these effects is one explanation for greater use in
adolescence, which declines into adulthood. Results from a second study of the aversive
effects of THC corroborated the finding that THC is less aversive in adolescents than
adults [178].

Age differences in sensitivity to the classical “tetrad” of cannabinoid behavioral
effects were measured by Wiley et al [197]. Adolescent males were found to be more
sensitive to the locomotor and hypothermic effects compared to adults. Interestingly,
adolescent females responded differently, showing decreases in sensitivity to the
antinociception and catalepsy effects relative to adults. Wiley also studied tolerance to
the locomotor effects of THC, finding that adolescents became rapidly tolerant [198].

Two spatial learning and memory studies were published by Swartzwelder’'s
group [95, 96]. Adolescent rats were found to be more impaired by THC than adults in
the Morris water maze spatial learning task. Also, effects of THC upon learning
impairment were dependent upon both age and sex. A follow-up study using
electrophysiology of hippocampal slices showed that slices of adolescent hippocampus
depressed inhibitory postsynaptic currents more than adults when treated with the
cannabinoid full agonist WIN55,212-2, again indicating a greater hippocampal sensitivity
to cannabinoid signaling activation [171]. This important step showed that there are
neurobiological differences in adolescents leading to the increased behavioral sensitivity
to THC that was observed.

While research upon acute THC effects in adolescents is sparse, the available
body of knowledge shows that adolescents are more sensitive to the acute memory-

impairing effects of THC and less sensitive to the use-limiting effects of THC than adults.
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These findings imply that adolescents, while less likely to find THC aversive, are also
more vulnerable to THC-induced impairment than adults. The suppression of use-limiting
effects may contribute to the observed increase in THC use in adolescents, while having
the additional unexpected effect of impairing memory in adolescents more than in adults.
However, the greater THC-induced memory impairment of adolescents is a recent
finding, and the neurobiological characteristics that make adolescents more vulnerable

to impairment by THC have not yet been investigated.
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1.6 Cannabinoids and disruption of hippocampal func tion

Behavioral tests of learning and memory indicate that cannabinoid-mediated
memory impairment is similar to the impairment induced by hippocampal lesion [199,
200]. A very recent study has demonstrated that the memory impairing effects of THC
are mediated by CB1 receptors specifically present in the hippocampus [201].
Exogenously administered cannabinoid agonists are implicated in impairment of short
term memory [103], spatial learning [202, 203], working memory [204], and in the
facilitation of extinction learning (via effects in the basolateral amygdala) [205]. The
mechanisms behind these aberrations from normal function are not well understood, and
under investigation.

CB1 receptors in the hippocampus are found at the axon terminals of
cholecystokinin-expressing GABAergic basket interneurons that synapse on the cell
bodies or apical dendrites of pyramidal cells (Figure 8) [206-208]. As was mentioned
previously, these interneuron types are also the types that are known to regulate theta
oscillations. Agonist application to these receptors will decrease GABA release from the
terminal, removing inhibitory regulation from the postsynaptic cell [144, 206, 209]. Very
high levels of CB1 receptor immunoreactivity are found on these GABAergic synaptic
boutons, with substantially lower immunoreactivity measured on glutamatergic terminals
[206, 210]. Evidence also indicates a role for cannabinoid effects upon glutamatergic
transmission inhibition [211, 212]; however, the inhibitory effect is not diminished in CB1
knockout animals [212]. More recent work has confirmed a CB1-mediated decrease of
presynaptic glutamatergic neurotransmission [213].

Evidence suggests that adolescent and adult hippocampi are differentially

sensitive to the effects of CB1 receptor agonist application. Hippocampal CB1
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stimulation caused a greater decrease in inhibitory postsynaptic currents in adolescents
than adults, but excitatory postsynaptic currents were similarly decreased across age
groups [171]. This comparison suggests that the developmental differences in
cannabinoid signaling are limited to the GABAergic neurons.

Currently, it is known that presynaptic regulation of neurotransmitter release by
endocannabinoids is involved in the maintenance of proper neuronal network firing
frequencies [206, 209, 214] which results in dynamic strength of memory encoding [103,
215, 216], however, further details are still under investigation. Strength of memory
encoding is dynamic throughout trials of a learning task. An incorrect response in a
DMTS trial, for example, normally triggers the hippocampus to increase encoding
strength for the next trial. Increased encoding strength would improve the likelihood of a
correct response. Exogenous cannabinoids disrupt endocannabinoid-mediated
dynamics of encoding strength, causing weaker memory encoding regardless of trial
result [103]. Clearly, deregulation of dynamic memory encoding processes through the
application of an exogenous cannabinoid will elicit negative effects upon memory.

THC induces greater memory impairment in adolescents than in adults.
Electrophysiological studies show in brain slices that a full cannabinoid agonist
suppresses inhibitory postsynaptic currents more in adolescents than in adults via a
CB1-mediated mechanism. However, the age differences in CB1 receptor signaling that
give rise to increased adolescent learning impairment by THC remain unknown. It is
possible that adolescents express more CB1 receptors in the hippocampus, or that
adolescent CB1 receptors are more functionally coupled to downstream signaling
mechanisms than in adults. CB1 receptors in adolescent hippocampus may become less

desensitized than adult in response to THC treatment. Another possibility is that
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adolescents become less tolerant to the memory impairing effects of THC than adults.
The purpose of the present thesis is to describe the neurobiological mechanisms in the
hippocampus that lead to greater memory impairment of adolescents by THC compared

to adults.
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1.7 Specific Aims

The literature shows that the acute effects of THC in adolescents are poorly
characterized, yet they are clearly relevant to public health. The enhanced negative
effects of THC upon adolescent learning and memory as compared to adult are of
particular public health relevance. The effects of THC upon CB1 receptors in the
hippocampus are responsible for the learning and memory deficits produced by acute
intoxication [201]. It can be hypothesized that age differences in CB1 receptor action and
adaptation may occur in the hippocampus. Adolescents may have greater numbers of
CB1 receptors in the hippocampus than adults, or CB1 receptors that are more
functionally coupled to downstream signaling mechanisms. Adolescents may desensitize
hippocampal CB1 receptors more poorly than adults, or become less tolerant to the
memory-impairing effects of THC than adults. These potential age differences may
account for increased adolescent memory impairment by THC. We sought to better
understand these differences and their relevance in adolescent learning and memory

impairment.

Aim 1. Characterization of normal ontogeny of CB1 receptor number, coupling efficiency

and anatomical distribution in the hippocampus. To better understand the normal

ontogeny of the CBL1 receptor and its distribution in the hippocampus, we performed
radioligand binding assays using the CB1 antagonist ligand SR141716A in hippocampal
homogenates, and immunofluorescence staining in hippocampal sections from drug-
naive adolescent (postnatal day 28-30: P28-30) and adult (P65-70) rats. We also

characterized age differences in CB1-G protein coupling using agonist-stimulated
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incorporation of the non-hydrolyzable GTP analog, [**S] guanosine 5-O-[ -

thio]Jtriphosphate (GTP S assay) in membrane homogenates and sections.

Aim 2. Characterization of receptor desensitization in adolescent and adult

hippocampus. To describe the desensitization of hippocampal CB1 receptors in
adolescent and adult rats, we treated adolescents (P30-35) and adults (P70-75) with 10
mg/kg THC or vehicle for 3 or 7 days. Recovery of receptor activation after drug
withdrawal was also measured by treating animals of both ages for 7 days with drug,
and then allowing either 7 or 14 drug-free days to pass before collecting hippocampi for
analysis. Hippocampal membranes were analyzed with the GTP S assay. Additionally,
adolescent and adult rats were treated with THC for 3 or 7 days, and hippocampal

sections were collected and analyzed using slice GTP S assays.

Aim 3. Tolerance in the Morris water maze after repeated THC administration in

adolescents and adults. To understand the contribution of tolerance to the greater

adolescent impairment of memory in a behavioral task, adolescent (P30) and adult (P75)
rats were treated with 10 mg/kg THC or vehicle for 5 days to allow for tolerance
development. Rats were then challenged with 10 mg/kg THC or vehicle during training in

the Morris water maze, and spatial learning and memory performance was measured.
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CHAPTER 2: Methods

2.1 Materials

The radiochemical [*H] SR141716A was ordered from GE Healthcare
(Piscataway, NJ) and [**S] GTP S from Perkin-Elmer. WIN55,212-2, GDP, adenosine
deaminase, and GTP S were ordered from Sigma-Aldrich. URB597 was from Cayman
Chemical (Ann Arbor, MI). SR141716A was a generous gift from the NIMH Chemical
Synthesis and Drug Supply Program (RT! International, RTP, NC). °THC was a
generous gift from the NIDA Drug Supply Program (RTI International, RTP, NC). CB1
antibody was from Affinity BioReagents (Rockford, IL) and Alexa-Fluor-conjugated
secondary antibody was from Invitrogen (Carlsbad, CA). Phosphor screens were from

GE Healthcare.

2.2 Subjects

Rats were used as a model organism in all studies. The rat was chosen for its
close representation of human biology and central nervous system development, as well
as its brief and well-characterized period of adolescence [164]. Learning and memory
can be assessed using well-developed water maze techniques specific to rodents which
provide a model for hippocampal function [94]. Given the ethical complications of
administering illicit drugs to humans and the necessity for postmortem tissue collection
and biochemical analysis, the rat represents an ideal model organism for use in these
studies. Male rats were used in all studies in order to eliminate the possible complication

of results by gonadal steroids.
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Rats were received from Charles River Laboratories, Inc (Raleigh, NC). Male
Sprague-Dawley CD strain rats were used in all experiments, and housed in an
AAALAC-approved animal housing and care facility on a 12:12 light-dark cycle and ad
libitum access to food and water. Rats were allowed to acclimate to the housing facilities
overnight prior to beginning treatment. All animal handling procedures were approved by
the Duke University or Durham VAMC Institutional Animal Care and Use Committee.
Adolescent rats used were 28-35 days old at the start of each experiment. Adult rats
were 70-75 days old at the start of each experiment; based upon behavioral evidence,

these ages appropriately model adolescent and adult stages [164].

2.3 Drugs

Cannabinoid drugs are highly lipophilic and cannot be directly dissolved in
aqueous solution. All drugs were dissolved in 1:1 ethanol-emulphor solution and then
diluted in 18 parts normal saline (0.9% NacCl). The final composition of the vehicle
solution was 18:1:1 normal saline:ethanol:emulphor. Drugs were freshly dissolved in
solution the morning of injection and administered at a volume of 1 L/gram of rat
weight, with vehicle control animals receiving an equal volume of vehicle. Doses used

across all studies were 10 mg/kg THC and 1 mg/kg URB597.

2.3.1 Injections

Drug treatments were administered via intraperitoneal (i.p.) injection. THC is
most commonly smoked, and therefore absorbed through the lung mucosa in humans,
rapidly entering into circulation to the brain without first-pass metabolism. Bioavailability
of smoked THC is very high, but plasma concentrations fall relatively quickly [3]. The

dose of drug received by smoking is difficult to quantify, making it a difficult experimental
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administration route. Enteral THC is absorbed from the gastrointestinal tract more
slowly, and a significant amount is lost to degradation in the low-pH environment of the
stomach [4]. Intravenous injection produces a rapid peak in plasma concentrations, as
no absorption step is required. However, as with the smoking route, plasma levels drop
rapidly [4]. THC injected i.p. is absorbed rapidly due to the large surface area of the
peritoneal cavity and high level of blood perfusion. For the administration routes other
than smoking and intravenous injection, first-pass hepatic metabolism of THC results in
decreased bioavailability and lower drug concentrations ultimately reaching the brain. In
mice, plasma THC concentration 20 minutes after i.v. dose of 3 mg/kg THC is 325 ng/mL
[251]. In humans, THC concentrations peak at 50 ng/mL after smoking a marijuana
cigarette containing 9 mg of THC. Use of the i.p. administration route resulted in rapid
absorption of drug into the bloodstream with first-pass metabolism and equilibration with
tissues. It was chosen as the most practical administration route for use in experimental
animals, and data suggests this dose reflects a six to seven-fold higher effective blood
concentration of drug compared to what a human might receive after smoking a single

marijuana cigarette.

2.4 Membrane Homogenate Radioligand Binding

Rats were killed by decapitation without anesthesia. We have concluded that
rapid decapitation produced no greater corticosterone elevation in the bloodstream, a
physiologic sign of stress, than any form of euthanasia involving general anesthesia.
This method of euthanasia is consistent with the Panel on Euthanasia of the AVMA.
Brains were immediately removed and placed into ice cold saline. Hippocampi were

freehand dissected and snap frozen on dry ice, then stored at -80<C.
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2.4.1 Membrane Preparation

Hippocampal tissue was homogenized in a glass-Teflon homogenizer in
homogenization buffer (50 mM Tris-HCI, 3 mM MgCl,, 1 mM EGTA, pH 7.4), then
centrifuged 10 minutes at 48,000 x g at 4C. Pellets w ere resuspended in
homogenization buffer and centrifuged again at 48,000 x g at 4C. Resulting pellets were
resuspended in assay buffer (50 mM Tris-HCI, 3 mM MgCl,, 0.2 mM EGTA, 100 mM
NacCl, 0.1 mg/mL bovine serum albumin (BSA), pH 7.4), and centrifuged at 48,000 x g at
4<C a final time. Final pellets were resuspended in 5 mL assay buffer. Protein content
was measured with the Bio-Rad DC protein assay. The BSA standard curve was diluted
in assay buffer to prevent artifacts in protein concentration measured by the protein

assay.
2.4.2 Radioligand Binding Assay

Binding assays were run in triplicate in a final volume of 0.5 mL assay buffer.
Tissue containing 6 g protein was incubated with [*H] SR141716A concentrations
ranging from 0.04-2 nM, and 40 M GDP [161]. Nonspecific binding was determined for
each concentration of [*H] SR141716A using 1 M unlabeled SR141716A. Assay tubes
were incubated in a shaking water bath at 30°C for one hour. Reactions were stopped
using ice-cold assay buffer in a Brandel harvester, with filtration through GF/B glass filter
paper. Radioactivity was extracted overnight with shaking in 4 mL scintillation fluid, and
counted the next morning. Nonspecific binding was subtracted from total binding at each
[*H] SR141716A concentration. Calculated specific binding (pmol/mg protein) was

graphed against the logarithm of [°*H] SR141716A concentration to construct dose-
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response curves. The B.x and Ky were determined for adolescent and adult rats and

compared as described in Data Analysis.
2.5 Membrane Homogenate GTP S Incorporation

Drug-naive rats were used in the normal ontogeny study. For the THC-induced
CB1 receptor desensitization study, timecourses of treatment to visualize the
desensitization and recovery of CB1 receptors were performed using a daily dose of 10
mg/kg THC or vehicle i.p. (Figure 10). Group 1 was treated for three days and sacrificed
on day four. Group 2 was treated for seven days and sacrificed on day eight. Group 3
was treated for seven days, was drug-free for seven days, and sacrificed on day 14.
Group 4 was treated for seven days, was drug-free for 14 days, and sacrificed on day
21. All acutely drug-treated animals were sacrificed by decapitation as described
previously, 24 hours after the last drug injection to allow time for metabolism and

clearance of drug.

2.5.1 Membrane Preparation

Membranes for this assay were prepared as detailed in the radioligand binding

assay method section.
2.5.2 [*>*S] GTP S Assay

Membranes were pre-incubated with 3 mU/mL adenosine deaminase at 30C for
10 min prior to addition to the assay, to reduce background signal. Assays were
conducted in triplicate in a final volume of 1.0 mL assay buffer. CB1 receptors were
stimulated with the cannabinoid full agonist WIN55,212-2 (20-8000 nM for naive animals
study, 0.4-800 nM in desensitization studies) in the presence of 20 M GDP and 0.05

nM [*®*S] GTP S [161]. Basal (un-stimulated) levels of [**S]JGTP S binding were
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determined in the absence of WIN55,212-2. Unlabeled GTP S (10 M) was used in the
absence of WIN55,212-2 to determine nonspecific binding by displacing radioligand.
Assay tubes were incubated in a shaking water bath at 30C for one hour. Reactions
were stopped by filtration through GF/B filter paper with ice cold assay buffer in a
Brandel harvester. Radioactivity was extracted by shaking for one hour in 4 mL
scintillation fluid, and counted immediately. Specific binding was determined by
subtracting the nonspecific binding from total binding at each concentration of
WIN55,212-2. Percent stimulation was determined by dividing WIN55,212-2-stimulated
binding by basal binding. Percent stimulation was graphed against the logarithm of
WIN55,212-2 concentration. Maximal stimulation and EC50 were determined and

compared in adolescent and adult rats, as described in Data Analysis.
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Figure 10 . Time course of drug treatment used in desensitization experiments. Animals
were treated for three or seven days with drug or vehicle. After a seven-day treatment,
groups were allowed to recover for seven or 14 days.
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2.6 Distribution of CB1 in Hippocampal Subfields

2.6.1 Tissue Section Preparation

Drug-naive adolescent and adult rats were terminally anesthetized with 75 mg/kg
nembutal and transcardially perfused with 10% formalin. Brains were removed and
stored overnight in 10% formalin at 4°C, then cryopro tected in 30% sucrose phosphate
buffer for 3 days at 4C. Brains were then frozen in tissue embedding medium on
ethanol and dry ice, and stored at -80T until use. Tw enty-micron thick coronal sections
of rostral hippocampus were collected using a cryostat (Figure 12) and placed free-

floating into Tris-buffered saline (TBS).

2.6.2 Immunofluorescence

Sections were incubated in blocking buffer (5% normal goat serum (NGS), 0.3% Triton-
X100 in TBS) for one hour at room temperature. Sections were then incubated overnight
on a shaker at 4 in rabbit anti-CB1 polyclonal anti body (1:1000) in antibody buffer
(0.5% NGS, 0.3% Triton-X100 in TBS). Sections were washed twice the next morning in
blocking buffer. They were incubated with Alexafluor anti-rabbit 594 secondary antibody
(1:400) in antibody buffer for 2 hours at room temperature on a shaker. They were then
washed twice in blocking buffer, and mounted onto slides using 70% glycerol in
phosphate-buffered saline. Slides were imaged using a Zeiss Axio Imager widefield
fluorescence microscope and MetaMorph v7.5 software (Molecular Devices,

Downington, PA). Data were analyzed as described in Data Analysis.
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2.7 Hippocampal Section GTP S Incorporation

Adolescent and adult rats were treated for three or seven days with a daily i.p.
injection of 10 mg/kg THC or vehicle. Twenty-four hours were allowed to pass for drug

metabolism and elimination before rats were sacrificed.
2.7.1 Brain Section Preparation

Rats were killed by decapitation without anesthesia as previously described.
Brains were removed and snap frozen in tissue embedding medium on dry ice and
ethanol. Twenty-micron thick coronal sections of rostral hippocampus were collected
from each brain using a cryostat (Figure 11), thaw-mounted onto gelatin-subbed slides in
a cold, humid environment, and stored at -80C. Slid es contained alternate sections in
triplicate. Adjacent sections were used to determine basal versus stimulated GTP S
incorporation. Prior to use, sections were allowed to fully dry and warm to room

temperature under a stream of air for 30 minutes.
2.7.2 Brain Section [ **S] GTP S Assay

Sections were rinsed in TME buffer (50 mM Tris, 3 mM MgCl,, 0.2 mM EGTA,
100 mM NacCl, 0.1 mg/mL BSA, pH 7.4) for 10 minutes at 25T. Next, sections were
incubated in the above solution with 10 mU/mL adenosine deaminase (ADA) and 2 mM
GDP added for 10 minutes at 25<C. Finally, they were incubated in the TME + ADA
+GDP solution with added 10 M of the full cannabinoid agonist WIN55,212-2 (for
stimulated assays only) and 0.04 nM [**S]GTP S for 2 hours at 25C. Sections were
then dipped in room-temperature 50 mM Tris (pH 7.4) for 1 minute, and then dipped in
dH,O briefly. Sections were dried under a stream of air for 30 minutes and exposed to a

storage phosphor screen overnight. The next morning, screens were scanned with a
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Typhoon phosphorimager (GE Healthcare) in storage phosphor mode, with resolution of

50 microns (Figure 12). Data were analyzed as described in Data Analysis.
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Figure 11. Sections collected from representative areas of adolescent and adult rat
brains for section GTP S assays. Six serial sections were taken from the rostral
hippocampus area, and mounted on alternate slides.
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Basal incorporation

Stimulated incorporation

Figure 12 . Representative autoradiograms of basal and WIN55,212-2-stimulated
[*S]GTP S incorporation in brain sections.
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2.8 Hippocampal Spatial Learning

Adolescent and adult rats were pre-treated for five days with daily i.p. injections
of 10 mg/kg THC or vehicle solution. On days six through 10, the same rats were treated
with daily injections of 10 mg/kg THC or vehicle, and then trained in the Morris water

maze spatial learning task 30 minutes after injection (Figure 13).
2.8.1 Morris Water Maze

Rats were housed in the same room as the water maze apparatus to minimize
stress of daily transport from a separate housing facility. The room contained a 1580 cm
diameter water tank and video camera tracking apparatus. There were five two-
dimensional visual cues on the wall and several three-dimensional cues. Visual cues
were not moved from day to day and the experimenter was careful to maintain a
consistent appearance and position during the course of water maze training. The
escape platform was submerged under water and not visible to the rats, necessitating
use of external visual cues to navigate to the escape. The platform remained static
throughout all trials. Rats were injected 30 minutes prior to each episode of training.
Each day, rats swam six trials in which they were released from a randomized sequence
of release points along the wall of the water tank. The rat was allowed to swim for 60
seconds; if it did not reach the hidden platform within this timeframe, it was guided there
and allowed to rest. Upon successfully reaching the platform, the rat was allowed to
briefly rest and observe its position in the room, then was gently removed from the
platform and placed into a dry towel before beginning the next trial. Rat swim paths were
tracked using ANY-Maze video tracking system v4.5 (Stoelting Co, Wood Dale, IL). Data

were analyzed as described in Data Analysis.
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Figure 13 . Timecourse of treatment for water maze testing. During a pre-treatment
phase, rats were treated with either THC or vehicle daily for five days. The challenge
treatment was either THC or vehicle. Rats were trained in the water maze during the

challenge treatment.
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2.9 Data Analysis

2.9.1 Radioligand Binding Assay

All graphs were generated using GraphPad Prism v5 (GraphPad Software, San
Diego, CA). For binding assays, [°H] disintegrations per minute (DPM) counts were
converted to total pmol [*H] SR141716A bound for each assay replicate. Nonspecific
binding for each [°*H] SR141716A concentration was subtracted from total binding data to
determine specific binding for each concentration of [*H] SR141716A used. Graphs were
generated by graphing the logarithm of [°H] SR141716A concentration against pmol [°H]
SR141716A bound per mg tissue and fitting dose-response curves to the data. Data are
presented as mean = SEM. B,.x and Ky values were determined using the best-fit dose-
response curves. These values were compared between adolescents and adults using
one-way analysis of variance (ANOVA) in JMP (SAS Inc, Cary, NC). Negative data were

analyzed post-hoc for statistical power using the Fisher's Z Test for Statistical Power.
2.9.2 [*>*S] GTP S Assay

For [*>*S] GTP S membrane assays, [*°S] counts per minute (CPM) data for
nonspecific binding were subtracted from all basal and stimulated data points so that
only specific binding data were used in calculations. Stimulated binding CPM was then
divided by basal [**S] GTP S incorporation CPM and multiplied by 100 to give the
WIN55,212-2-stimulated percent of basal stimulation levels. Percent stimulation was
graphed against the logarithm of WIN55,212-2. Dose-response curves were fit to the
data. Data are expressed as mean + SEM. Maximal stimulation and EC50 were

determined for each subject using values from the best-fit dose-response curves, and
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ages were compared using one-way ANOVA in JMP. Post-hoc statistical power was
analyzed with the Fisher’s Z test as described.

For desensitization experiments, percent stimulation over baseline was
determined and graphed as described. One-way ANOVA was used to determine effect
of treatment. The values from each drug-treated group were then normalized to the
matched control group to determine percent THC-induced change in maximal
stimulation. Percent change data were analyzed with two-way ANOVA (Age x Days) in
Prism.

For [**S] GTP S assays in sections, ImageQuant TL v2003 (GE Healthcare) was
used to quantify autoradiograms of brain sections. Image pixel intensity, a measure of
radioactivity present in the brain section, was measured in CAl, CA3 and dentate gyrus
(DG) regions of the hippocampus (Figure 14). Data were averaged across left and right
hemispheres of the brain, and triplicates of basal or stimulated sections were averaged.
The stimulated brain section values were divided by the basal values to determine
percent WIN55,212-2-induced stimulation of [*>S] GTP S incorporation over basal
levels. Percent stimulation of vehicle-treated rat brain sections were compared to THC-
treated rat brain sections to determine the effect of THC treatment. Percent stimulation
data were analyzed with a three-way ANOVA (Age x Days x Treatment) using JMP.
Additionally, percent change from control of WIN55,212-2-induced stimulation was
calculated for THC-treated rat brain sections. Percent change data were analyzed with a

two-way ANOVA (Age x Days) also using JMP.
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GCL

PCL

Figure 14. Quantification of hippocampal autoradiograms after brain section GTP S
assays. Quantification areas (boxes) were selected in CAl, CA3, and dentate gyrus
(DG) subfields. Care was taken to specifically include the pyramidal cell layer (PCL,
dotted line) in CA1 and CAS3 areas. The granule cell layer (GCL, solid line in DG area)
was quantified in DG. These are the areas of greatest CB1 receptor localization in the
hippocampus.
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2.9.3 Immunofluorescence

Immunofluorescence data were analyzed using ImageQuant TL v2003. Images
were analyzed by selecting the pyramidal cell layer in each region and calculating total
regional pixel intensity- a measure of total fluorescence stain in the region selected.
Pixel intensity for adolescent and adult CA1 and CA3 hippocampal subfields were

compared using two-way ANOVA (Age x Region) in JMP.

2.9.4 Morris Water Maze

Morris Water maze data were analyzed using SPSS Statistics v17.0 software
(SAS Inc, Cary, NC). Three-way repeated-measures ANOVAs (Age x Pre-treatment x
Challenge, repeated measure of day) were run for the parameters of mean daily (the
average of each day’s six trials) swim speed, time to reach the platform, distance, time in
thigmotaxis, and path efficiency. For datasets in which interactions of Age x Pre-
treatment x Challenge were found, each age group was separately subjected to a two-
way repeated-measures ANOVA (Pre-treatment x Challenge, repeated measure of day).
Data by trial were also analyzed with a three-way repeated-measures ANOVA (Age X
Pre-treatment x Challenge, repeated measures of trial and day) for the parameters of
distance and path efficiency. For datasets in which interaction of Age x Pre-treatment x
Challenge were found, each age group was individually analyzed with two-way
repeated-measures ANOVA (Pre-treatment x Challenge, repeated measures of trial and

day).
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CHAPTER 3: Characterization of normal ontogeny of C Bl
receptor number, coupling efficiency and anatomical
distribution in the hippocampus.

Previously published work showed that adolescent rats were more impaired than
adults by THC in a spatial learning task in the Morris water maze [95, 96]. Also, when
treated with a cannabinoid agonist, adolescent hippocampal interneurons depressed
inhibitory neurotransmission more than in adults [171]. Because the hippocampus plays
a critical role in the spatial and navigational learning required in the water maze task, we
focused our studies on this region where age differences in memory effects of THC were
likely to originate. One potential underlying mechanism for this differential drug
sensitivity could be an age-related shift in hippocampal receptor number, distribution, or
function. To determine whether differences in these factors were present along with the
differential drug sensitivity, the normal ontogeny of the CBL1 signaling system was

characterized.

Experiment 1: Hippocampal CB1 receptor number in
adolescents and adults.

The number of available receptors for a drug are critical in determining the
maximal efficacy of the drug. Since adolescents demonstrated a greater memory
impairment in response to THC, we hypothesized that adolescents had greater total
numbers of CB1 receptors in the hippocampus than adults. To test this hypothesis,
number of CB1 receptors were compared in hippocampal membrane homogenates from
drug-naive adolescent and adult rats using a radioligand binding assay with the CB1
antagonist SR141716A as described in the Methods. B,.x and Ky were determined by

graphing the dose-response curves and using the best-fit sigmoidal curve in GraphPad
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Prism. Data for individual animals were grouped by age, and adolescents were
compared to adults.

Results indicated that total hippocampal CB1 receptor number did not differ
between adolescents and adults (Fig. 15, Table 1). Statistical power analysis showed a
power ratio of 0.65, indicating this is a reasonable conclusion. Also, affinity of
SR141716A for CB1 receptor was slightly, but not significantly, lower in adolescents
than adults(Fig. 15, Table 1). This trend toward lesser affinity is the opposite of the
expected effect, adolescents with greater impairment by a cannabinoid drug should have
greater drug-receptor affinity. Thus, age differences in CB1 receptor number do not

explain the observed age differences in THC response.
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Figure 15. Radioligand binding to CB1 receptors in naive adolescent and adult rats.
Membrane homogenates were incubated with excess GDP and radiolabeled CB1
antagonist [*H] SR141716A. Nonspecific binding was determined for each drug
concentration by displacing radioligand with 1 M unlabeled SR141716A. Specific
binding was calculated by subtracting nonspecific binding from each total binding data
point. Data are presented as mean + SEM. N=9/group. No differences are observed
between ages.
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EC50 Bimax

Adolescent 3.5x10%+ 0.5x10™° 1.7+0.2
Adult 2.0x10™° + 0.3x10™"° 1.7+0.1
[df] F value [1,17] 0.51 [1,17] 0.63
P value 0.48 0.44

Table 1. EC50 (M) and Bnax (pmol/mg protein) values for adolescent and adult
hippocampal membranes. Data are presented as mean + SEM. N= 9/group. Data were
compared using one-way ANOVA for differences across groups. No difference was
observed between adolescents and adults.
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Experiment 2: Anatomical distribution of CB1 recept ors in the
hippocampus of adolescents and adults.

Another potential source of age differences in receptor number remained. Since
the previous binding assays were based in membrane homogenates, the anatomy of the
hippocampus was not preserved. Changes in receptor number may have been
normalized across the entire hippocampus but specifically different in specific subfields.
Since the hippocampus is made up of several neural circuits passing through the
subfields in sequence, we hypothesized that increased adolescent CB1 receptor number
in any of the major regions of the hippocampus could cause an age effect of THC
sensitivity. To determine whether subfield distribution differences existed in CB1
receptor number in adolescent and adult hippocampus that could result in differences in
memory effects of THC, immunofluorescence staining for CB1 receptors was performed
in fixed hippocampal sections from drug-naive adolescent and adult rats. The CAl1 and
CA3 subfields were analyzed for staining intensity. Presynaptic, perisomatic staining was
found mostly in the pyramidal layer, in agreement with the published literature (Figure
16, Figure 17) [208, 217]. Staining intensity was not different across ages in either CA1
or CA3 (Figure 18, Table 2). While there were differences between subfields CA1 and
CAS, these did not differ by age. We conclude that regional differences in CB1 receptor

number are not sufficient to cause increased adolescent THC sensitivity.
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Figure 16 . Representative photomicrograph of immunofluorescence staining in
adolescent CA3 hippocampus. Twenty-micron free-floating brain sections from
transcardially perfused rats were immunostained as described in Methods. CB1 staining

is largely confined to perisomatic terminals in the pyramidal layer.
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Figure 17. Representative photomicrograph of immunofluorescence staining in
adolescent CA1 hippocampus. Twenty-micron free-floating brain sections from
transcardially perfused rats were immunostained as described in Methods. CB1 staining

is largely confined to perisomatic terminals in the pyramidal layer.
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Figure 18 . Quantified CB1 staining in hippocampal regions CA1 and CAS3 in adolescent
and adult rats. Data are presented as imaged fluorescence pixel intensity in the region of
interest, mean = SEM. N=5/group. No significant differences are observed.
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CAl CA3
Adolescent 1.2x10" + 5.8x10° 2.1x10'°+ 1.0x10°
Adult 1.2x10" + 8.6x10° 1.9x10" + 1.6x10°
Effect test [df] F value P value
Age [3,19] 1.2 0.2999
Region [3,19] 53.4 <0.0001
Age x Region [3,19] 2.3 0.1489

Table 2. CA1 and CA3 total fluorescence staining intensity (pixels) in adolescents and
adults. Data are presented as mean + SEM. N=5/group. Two-way analysis of variance
was performed for age and hippocampal region. No significant age differences were

found in either region. However, CA3 contained more CB1 immunoreactivity than CAL.
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Experiment 3: Hippocampal homogenate CB1 receptor-G protein
coupling in adolescents and adults.

Though receptor number and distribution across hippocampal subfields did not
differ in adolescents and adults, the possibility remained that each receptor in
adolescent rats was more functional. Specifically, we hypothesized that each individual
CB1 receptor might couple more efficiently to G proteins to exert an increased
downstream signaling effect upon agonist stimulation in adolescents. To determine
whether the increased adolescent sensitivity to THC was accompanied by an increased
coupling of CB1 receptors to their downstream G proteins, hippocampal membranes of
naive adolescent and adult rats and brain sections of vehicle-treated adolescent and
adult rats were compared by age using the GTP S assay. This assay determined
radiolabeled GTP S incorporation, a measure of G protein activation, in response to
CB1 stimulation with the full agonist WIN55,212-2.

We found that receptor-stimulated GTP S incorporation in membrane
homogenates did not differ across age groups (Figure 19, Table 3). Efficacy of CB1
agonist WIN55,212-2-stimulated activation of G proteins also did not change across
development (Figure 16, Table 2). Statistical power of this conclusion was weak,
however, with a power ratio of 0.093. As with receptor binding, adolescents showed a
non-significant trend toward having a greater EC50 in this assay than adults. This
directionality is the opposite of what would be expected should adolescent CB1

receptors more efficiently transduce signal into the cell.
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Figure 19 . Incorporation of the radiolabeled, non-hydrolyzable GTP analog [**S]GTP S
in adolescent and adult rat hippocampus. Membrane homogenates were incubated in a
solution containing excess GDP, [**S]GTP S, and the CB1 agonist WIN55,212-2. Data

are presented as mean + SEM of percentage of unstimulated [*S]GTP S incorporation.
N=9/group. No differences are observed across ages.
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EC50 Bumax

Adolescent 2.0x107 + 0.3x10” 261+ 18
Adult 1.8x107+ 0.2x10”7 263 + 20
[df] F value [1,17] 0.38 [1,17] 0.0084
P value 0.55 0.93

Table 3. EC50 (M) and B (percent stimulation over basal) in adolescent and adult rat
hippocampal membranes. Data are presented as mean + SEM. N=9-10/group. Data
from adolescents and adults were compared using one-way ANOVA. No differences are
observed across ages.
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Experiment 4: Hippocampal section CB1 receptor-G pr  otein
coupling in adolescents and adults.

While studies of functional activation of CB1 receptors in membrane
homogenates demonstrated no developmental changes from adolescence to adulthood,
there were several caveats to interpreting this data. Functional activation of GPCRs
depends upon the physical arrangement of the receptor and its downstream G proteins
at the intracellular membrane surface. Differing G proteins may be expressed in different
cell types. By homogenizing membranes for this functional assay, the anatomical
resolution and the normal membrane arrangement of cells was lost. Membrane
fragments from any type of cell can associate in a homogenate, leading to results that
may not accurately reflect the physiology of the hippocampus. Due to these possible
confounds of homogenizing membranes, it was also important to evaluate this assay in
brain sections. We hypothesized that CB1 in adolescents would be more functionally
coupled to downstream G-protein mediated signaling pathways.

In brain sections from drug-naive adolescents and adults, it was found that adolescent
CB1 receptors coupled to G i/o proteins less than in adults (Figure 20, Table 4). This is
also in the opposite direction from what would be expected if CB1-G coupling were an
underlying cause of increased adolescent effects of THC. Since G protein activation
leads to mobilization of receptor desensitization and downregulation pathways, this may
indicate that adolescent CB1 desensitization in response to THC may be less efficient

than in adults.
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Figure 20. Incorporation of the radiolabeled, non-hydrolyzable GTP analog [**S]GTP S
in adolescent and adult rat hippocampus. Data are presented as mean = SEM of
percentage of unstimulated [**S]GTP S incorporation. N=10. *Adult greater than
adolescent.
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CAl CA3 DG

Adolescent 194+12 222+13 193+12
Adult 242+12 270£15 247+13
Effect test [df] F value p value

Age [1,114] 22.7 <0.0001

Region [2,114] 3.0 0.0545

Age x Region [2,114] 0.04 0.9613

Table 4. Quantified percent stimulation over baseline of rat brain sections, shown by
hippocampal subfield and section position on the rostro-caudal axis. Data are presented
as mean = SEM, N=10. Significant effects of age were seen in rostral and mid sections.
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CHAPTER 4: Characterization of CB1 receptor desensi tization in
adolescent and adult hippocampus.

Examining normal ontogeny of cannabinoid receptor number, distribution, and
function showed no age differences in receptor number and distribution. However, adult
CB1 receptors were more functionally coupled to downstream G proteins than
adolecent. We had hypothesized that adolescent receptors would be more functionally
coupled than adult. This reversal of our hypothesis led us to consider that greater adult
G protein-mediated signaling may lead to greater receptor desensitization and
downregulation in response to THC. Homeostatic regulation at the receptor level is a key
component of tolerance development. Since CB1 in adolescents couples less efficiently
to downstream G proteins, we hypothesized that adolescents less efficiently activate the
downstream signaling molecules responsible for receptor desensitization, and as a result
are deficient in desensitization of the CB1 receptor. We set out to characterize the
mechanism behind age differences in learning impairment by examining this biochemical

component of tolerance.

Experiment 1: Timecourse of THC-induced CB1 desensi  tization
and recovery in hippocampal membranes in adolescent s and
adults.

Because adolescents showed less functional coupling of the CB1 receptor than
adults, we hypothesized that adolescent rats treated with THC repeatedly would show
lesser CBL1 receptor desensitization in the hippocampus than adults. To test this
hypothesis, both age groups were subjected to a treatment regimen as shown (Figure

21). Rats were treated with 10 mg/kg THC i.p. daily as shown and sacrificed 24 hours
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after the final dose. Whole hippocampal membranes were analyzed with the GTP S
assay to determine levels of CB1 desensitization for each treatment timepoint.

Rat weight was measured over the course of THC treatment (Figure 22, Table 5).
All animals gained weight over the course of treatment (main effect of day,
F[1,192]=342.6, p<0.0001). Both age groups gained weight more slowly when treated
with THC (main effect of treatment, F[1,192]=254.7, p<0.0001). Adolescent weight gain
was less impacted by THC treatment than adults (age x treatment interaction,
F[1,192]=97.0, p<0.0001.) This may be due to the more rapid overall weight gain in
adolescents (age x day interaction, F[1,192]=12.6, p=0.0005). Also, the cumulative effect
of THC upon weight gain became less prevalent with treatment time (interaction of
treatment x day, F[1,192] 9.1, p=0.0028).

Both adolescent and adult rats showed low-magnitude CB1 receptor
desensitization as a result of THC treatment (main effect of treatment, F[8,71]=12.96,
p=0.0006), (Figure 23, Figure 24, Table 6). Comparison of the percent change in THC
treated animals during the treatment period showed that adults overall desensitized CB1
in response to THC more than adolescents (main effect of age, F[1,36]=12.2, p=0.0013),
and that adults desensitized CB1 more over days, while adolescents desensitized CB1
less over the timecourse (interaction of age x day, F[1,36]=4.8 p=0.0357). When both
treatment and recovery periods were analyzed together, there was no main effect of
age, but CB1 desensitization increased during treatment and returned to normal after
cessation of treatment (main effect of day, F[3,72]=3.7, p=0.0153). Also, adults
desensitized CB1 more over days, while adolescents desensitized less (age x day
interaction, F[3,72]=4.7, p=0.0049). These results demonstrate that adolescents

desensitize CBL1 to a lesser extent after THC than adults (Figure 25, Table 7). However,
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it should be noted that the percent change values are low, likely due to the loss of

anatomic resolution and rearrangement of membrane structures as discussed earlier.
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Figure 21 . Timecourse of desensitization and recovery experiment. Groups of rats were
treated for 3 or 7 days with drug. Additionally, groups that had been treated with drug for
7 days were allowed to recover for 7 or 14 days to measure time for receptor function to
recover.
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Weight gain during THC treatment

- Adolescent THC
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Figure 22. Animal weights during THC treatment. Rats were treated with 10 mg/kg THC
or vehicle solution in a volume of 1 L per gram of rat weight, once every 24 hours via
i.p. injection. They were weighed every other day prior to injection. Adults treated with
THC lost weight initially, but recovered during the remainder of the treatment regimen.
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Effect test [df] F value p value

Age [1,192] 87.9 <0.0001
Treatment [1,192] 254.7 <0.0001
Day [1,192] 342.6 <0.0001
Age x Treatment [1,192] 97 <0.0001
Age x Day [1,192] 12.6 0.0005
Treatment x Day [1,192] 9.1 0.0028
Age x Treatment x Day [1,192] 0.03 0.8681

Table 5. Results of ANOVA of rat weights during treatment. Adolescent rats weighed
less than adults throughout treatment. All rats increased in weight over the course of
treatment. THC resulted in a decreased weight gain compared to vehicle, though the
effect diminished across treatment days. Adolescents were less sensitive to the slowed
weight gain induced by THC.
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Figure 23 . Comparisons of THC and vehicle treated rats for either three or seven days
of treatment. Adolescent and adult rats were treated with 10 mg/kg THC or vehicle daily
and sacrificed 24 hours after the last injection. WIN55212-2-stimulated incorporation of
[*S]GTP S in membrane homogenates was used to determine desensitization of CB1
stimulation of G proteins in response to THC treatment. Data are presented as mean +
SEM. N=4-6/group. ANOVA showed an effect of treatment across all days
(F[8,71]=12.96, p=0.0006).
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Figure 24 . Comparisons of THC and vehicle treated rats after seven or 14 days of
recovery from treatment. Adolescent and adult rats were sacrificed seven or 14 days
after the last injection. WIN55212-2-stimulated incorporation of [*>S]GTP S in
membrane homogenates was used to determine desensitization of CB1 stimulation of G
proteins in response to previous THC treatment. Data are presented as mean + SEM.
N=4-6/group. ANOVA showed an effect of treatment across all days (F[8,71]=12.96,

p=0.0006).
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Adolescent Adult

Day Vehicle THC Vehicle THC
3|215+7 198 + 13 227 +10 205+ 10
71199+5 194 +7 218+ 11 193+4

14 | 213+6 203+ 9 223+3 206 £ 9
211218+12 200+ 10 222 +7 204+ 6

Table 6. Descriptive statistics for maximal stimulation (percent stimulation over basal) by

age, drug treatment group, and days of treatment. Data are presented as mean + SEM,
n=4-6 per group.
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Figure 25 . Maximal CB1-stimulated [*>S]GTP S incorporation in THC treated rats over
the timecourse of the experiment. Shown are B, values of THC-treated rats as
normalized to control animals. Data are presented as mean + SEM. *Adolescent value
significantly lower than adult.
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All days

Effect test [df] F value P value
Age [1,72] 2.6 0.1130
Days [3,72] 3.7 0.0153
Age x Days [3,72] 4.7 0.0049
Treatment days only

Effect test [df] F value P value
Age [1,36] 12.2 0.0013
Days [1,36] 0.8 0.3885
Age x Days [1,36] 4.8 0.0357

Table 7. Results of two-way ANOVA of THC of CB1 desensitization (percent change
from control) across THC treatment and recovery. Across all days of study (top),
desensitization decreased over days, and adolescents were less desensitized by day
than adults. Treatment days only (bottom), adolescents are less desensitized in
response to THC treatment than adults. Additionally, the age x days interaction indicates
that while adolescents are becoming less desensitized over time, adults are becoming
more desensitized over time.
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Experiment 2: Anatomical distribution of CB1 recept or
desensitization in hippocampal sections from adoles cents and
adults.

The use of the membrane GTP S assay to determine age differences in receptor
desensitization provided a general trend of CB1 desensitization, but the anatomical
integrity of each tissue sample was lost in homogenization. This may have resulted in
loss of desensitization. To assess CB1 coupling to G proteins in an anatomically intact
preparation, the previous study was replicated in hippocampal sections. Adolescent and
adult rats were treated with THC or vehicle for three or seven days, and sacrificed 24
hours after the last injection. Brains were frozen, and rostral, mid, and caudal coronal
sections of hippocampus were collected for analysis in the slice assay.

After three days of treatment, adolescent CB1 activity was not significantly
different between THC-treated animals and controls. Adults, however, showed a
significant loss of CB1 functional coupling (Figure 26, Table 8). After a seven day
treatment, however, adolescent CB1 receptors also lost functional coupling (Figure 26,
Table 8). Sections of caudal hippocampus did not show a main effect of treatment at any
time (Figure 27, Table 9). When normalized to controls and expressed as a percent
change from control data, adolescent receptors showed minimal change from control
after three days. Adults showed up to 45% loss of CB1 function compared to vehicle
treated animals (Figure 28, Table 10). After seven days of THC, both adolescents and
adults were similarly desensitized compared to vehicle rats (Figure 28, Table 10). Our
results demonstrate that adolescents undergo delayed desensitization of CB1 receptors

compared to adults after treatment with THC.
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Figure 26 . CB1 stimulation over baseline in hippocampal sections. Data are from
adolescent and adult animals treated for 3 days with THC or vehicle. Data are presented
as mean = SEM, Day 3 N=10, Day 7 N=5.
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Figure 27 . CBL1 stimulation over baseline in caudal sections by hippocampal subfield.
Caudal sections showed no significant effect of treatment. Data are presented as mean
+ SEM, N=5.
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Rostral

CAl

Effect test [df] F value | P value
Day 8.0 0.007
Treatment 9.5 0.003
Day x Treatment 4.8 0.034
CA3

Effect test [df] F value | P value
Day 5.2 0.026
Treatment 9.8 0.003
DG

Effect test [df] F value | P value
Day 6.9 0.011
Treatment 5.1 0.027
Day x Treatment 24 0.125

Table 8. Three-way ANOVA results for rostral sections of hippocampus. Age x treatment
x days of treatment were factors in the analysis. Main effect of treatment was present in
all hippocampal subfields in rostral sections.
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Caudal

CAl

Term [df] F value | P value
Age x Day [1,39] 6.5 0.016
CA3

Term [df] F value | P value
Day [1,39] 7.5 0.010
Age x Day [1,39] 9.7 0.004
DG

Term [df] F value | P value
Day [1,39] 8.9 0.006
Age x Day [1,39] 11.7 0.002
Day x Treatment [1,39]4.7 0.037

Table 9. Three-way ANOVA results for caudal sections of hippocampus. Age x
treatment x days of treatment were factors in the analysis. No main effect of treatment

was present in caudal hippocampal sections.
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Figure 28 . THC treatment-induced desensitization expressed as normalized to vehicle-
treated controls in rostral coronal hippocampal sections. Data are from animals treated
for 3 days with THC or vehicle. Data are presented as mean = SEM, Day 3, N=10. Day
7, N=5.
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CAl

Effect test [df] F value | P value
Age x Day [1,25] 4.7 0.040
CA3

Effect test [df] Fvalue | P value
Age x Day [1,25] 7.1 0.013
DG

Effect test [df] F value | P value
Age x Day [1,25] 6.2 0.020

Table 10. ANOVA results for percent CB1 receptor desensitization in THC-treated
animals. Rostral hippocampal sections showed an interaction of age x day, indicating
that adolescents were less desensitized than adults on day 3, but achieved a similar
magnitude of desensitization compared to adults by day 7.
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Experiment 3: Effects of increasing the endocannabi noid
anandamide upon receptor sensitivity in adolescents and adults.

Another potential mechanism for the age differences in sensitivity to hippocampal
functional disruption in response to THC is that age differences might exist in
endocannabinoid tone. Higher endocannabinoid tone in adult hippocampus may more
easily overcome disruption by the presence of the lower-efficacy agonist THC, leading to
a lesser effect upon hippocampal function. Levels of the endocannabinoid anandamide
(AEA) can be manipulated by inhibiting the catabolic enzyme fatty acid amide hydrolase
(FAAH). To determine if increasing the normal levels of AEA altered CB1 receptor
responsivity to stimulation by the full agonist WIN55,212-2 in hippocampus, adolescent
and adult rats were dosed with 1 mg/kg of the FAAH inhibitor URB597 for 7 days, and
WIN55,212-2-stimulated activation of G proteins was assessed in hippocampal
membrane preparations. URB597 has been shown to maximally inhibit AEA degradation
at a dose of 0.3 mg/kg for 12 hours [218]. The dose of 1 mg/kg was used to ensure that
the effect remained maximal for the full 24 hours between doses during treatment.
Adolescent CBL1 receptors did desensitize slightly but significantly (effect of treatment
F[1,134]=6.557, p=0.0116) after URB597 treatment, but adult CB1 did not (Figure 29,

Table 11). No change was observed in EC50 values in either age.
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Figure 29 . Comparisons of URB597 and vehicle treated rats after seven days of
treatment. Adolescent and adult rats were treated with 3 mg/kg URB or vehicle daily and
sacrificed 24 hours after the last injection. Membrane homogenates were analyzed for
agonist-stimulated incorporation of [*>S]JGTP S to determine desensitization of CB1
stimulation of G proteins. Data are presented as mean + SEM. N=4-6/group.
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Adolescent Adult
URB 2.6x10%+ 0.4x10® 245+ 4| 1.9x10%+0.3x10°® 250 + 3
Control 2.6x10%+ 0.4x10°® 261+4 | 2.2x10%+0.3x10°% 249 + 3
[df] F value [1,134] 0.0007 [1,134] 6.6 | [1,134] 0.59 [1,134] 0.05
P value 1 0.01* 0.5 0.8

Table 11. EC50 (M) and B« (percent of basal) after URB or vehicle treatment in
hippocampal membranes. Data are presented as mean + SEM. In adolescents, URB
treatment resulted in a small but significant decrease in Bnax. *Significant, p<0.05.
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CHAPTER 5: THC tolerance as measured by a hippocamp al
spatial learning task in adolescents and adults.

Since adolescent CB1 receptors couple less efficiently to downstream G
proteins, the lower intracellular signal may lead to lower levels of receptor
desensitization and downregulation. Since these are processes involved in the
development of tolerance to THC, adolescents may become less tolerant to the effects
of THC than adults, or become tolerant more slowly. Deficits in rate or extent of
tolerance development would lead to a greater or longer-lasting effect of THC over the
multiple days of Morris water maze training in adolescents, and therefore greater or
longer-lasting impairment in this age group. To test this hypothesis, a pre-treatment and
challenge behavioral study design was implemented in adolescent and adult rats (Figure
30). A five-day pre-treatment period with vehicle or THC was used to induce
development of tolerance to THC. Then rats were challenged with THC or vehicle for five
days while learning to navigate the Morris water maze task, using spatial cues in the
facility (Figure 31). This is the same task in which age differences in THC-induced
learning impairment were previously characterized. We hypothesized that only adult rats
that were pre-treated with THC would show more rapid performance improvement when
treated with THC during the water maze, compared to rats that received THC only as a
challenge treatment. Distance swum to reach the escape platform would decrease, and
path efficiency (expressed as the actual distance traveled divided by the distance of the
most direct path from release point to escape platform) would increase across days of
training.

Multiple variables in the water maze results showed that adolescents did not

become tolerant to THC as a result of pre-treatment, while adults did. Measures
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investigated include path distance from release point to reaching the platform (distance)
and the ratio of the most direct path to the actual path taken (path efficiency).
Thigmotaxis (swimming in the area nearest to the tank wall), latency to reach the
platform, and swim speed were also measured.

Adolescents overall swam more quickly in the water maze than adults (main
effect of age, F[1,69]=14.2, p<0.001) regardless of treatment (Figure 32, Table 12).
However, swim speed decreased as a function of day in all animals (main effect of day,
F[1,69]=39.3, p<0.001). Additionally, THC challenge increased swim speed in all rats
(main effect of challenge, F[1,69]=20.2, p<0.001). Adolescents pre-treated with THC
swam faster than adults (age x pre-treatment interaction, F[1,69]=6.4, p=0.014), which
also held true for THC challenge (age x challenge, F[1,69]=4.6, p=0.035). Adult rats
became tolerant to the effects of THC upon swim speed after a five-day pre-treatment.
Adolescents pre-treated with THC, however, swam even more quickly during THC
challenge than during acute THC challenge only.

Due to the main effect of age upon swim speed, data describing latency to reach
the escape platform must be interpreted with caution. Rats that swim faster also cover
greater distances over time, increasing probability that they will encounter the escape
platform. Escape latency decreased as rats learned the spatial reference cues in relation
to platform position (main effect of day, F[4,276]=124.5, p<0.001) (Figure 33, Table 13).
Rats pre-treated with THC showed lower escape latency times (main effect of pre-
treatment, F[1,69]=10.5, p=0.002). However, rats given THC during the challenge period
showed greater escape latency times than vehicle-challenged rats (main effect of
challenge, F[1,69]=115.4, p<0.001). Pre-treatment with THC lessened impairment by

THC challenge (interaction of pre-treatment x challenge, F[1,69]=5.8, p=0.018) as well.
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The results of the distance measure showed that adolescent rats did not become
tolerant to the spatial learning impairment effects of THC, while adults did (Figure 34,
Table 14). All rats showed continual improvement of performance in the water maze task
across days (main effect of day, F[4,276]=103.9, p<0.001). Challenge treatment with
THC impaired all rats compared to controls (main effect of challenge, F[1,69]=102.0,
p<0.001). Adults pre-treated with THC, however, were less impaired by the THC
challenge than adolescents that underwent the same treatment (age x pre-treatment x
challenge interaction, F[1,69]=4.7, p=0.033).

Adolescent rats improved their maze distance performance over the five days of
training (main effect of day, F[4,140]=46.3, p<0.001) Adolescent learning was impaired
by THC challenge (main effect of challenge, F[1,35]=63.3, p<0.001). This learning
impairment in response to the THC challenge was not affected by pre-treatment with
THC. Adults also improved their maze distance performance over the five-day training
period (main effect of day, F[4,136]=63.0, p<0.001. Pre-treatment with THC decreased
distance traveled (main effect of pre-treatment, F[1,34]=5.3, p=0.028). THC challenge,
however, increased distance traveled (main effect of challenge, F[1,34]=39.6, p<0.001).
THC challenge increased distance swum less in adult rats pre-treated with THC (pre-
treatment x challenge interaction, F[1,34]=8.8, p=0.006). This indicates that adults
became tolerant to THC during the five-day pre-treatment with THC, while adolescent
did not.

The results in distance swum are paralleled in the path efficiency measure
(Figure 35, Table 15). Path efficiency of all rats improved daily (main effect of day,
F[4,276]=82.3, p<0.001). Pre-treatment with THC increased path efficiency (main effect

of pre-treatment, F[1,69]=7.3, p=0.009). Path efficiency was universally lower in THC
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challenged rats (main effect of challenge, F[1,69]=124.1, p<0.001). Pre-treatment with
THC modified the response to challenge THC (pre-treatment x challenge interaction,
F[1,69]=5.5, p=0.022). Additionally, pre-treatment of adults with THC resulted in lesser
impairment by THC challenge than shown in matched adolescents (age x pre-treatment
x challenge interaction, F[1,69]=4.02, p=0.049). This indicates that the two age groups
were differentially impaired by THC challenge after a THC pre-treatment.

Adolescent rats learned the task and increased path efficiency daily (main effect
of day, F[4,140]=35.5, p<0.001). However, learning was impaired by THC challenge
(main effect of challenge, F[1,35]=71.3, p<0.001). This learning impairment in response
to the THC challenge was not affected by pre-treatment with THC. Adults also increased
path efficiency daily (main effect of day, F[4,136]=48.6, p<0.001). Pre-treatment with
THC resulted in greater path efficiency (main effect of pre-treatment, F[1,34]=5.7,
p=0.023). THC challenge decreased path efficiency (main effect of challenge,
F[1,34]=54.1, p<0.001). Path efficiency performance was less impaired by THC
challenge when rats were pre-treated with THC (pre-treatment x challenge interaction,
F[1,34]=8.6, p=0.006).

When analyzed by individual trial performance instead of mean of daily trials, age
differences in tolerance development were also noted (Figure 36, Table 16). Distance
swum decreased as a factor of trial (main effect of trial, F[5,58]=5.9, p<0.001) and day
(main effect of day, F[1,62]=51.8, p<0.001), indicating that rats learned the task over
repeated trials and over days. THC challenge significantly increased distance swum to
reach the platform (main effect of challenge, F[1,62]=117.2, p<0.001). Within each day,
distance decreased by trial (interaction of trial x day, F[20,43]=4.5, p<0.001). Pre-

treatment with THC decreased distance swum in adults but not adolescents (age x pre-
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treatment interaction, F[1,62]=97.4, p=0.009) and adults but not adolescents were less
impaired by THC challenge when pre-treated with THC (age x pre-treatment x challenge
interaction, F[1,62]=9.7, p=0.003).

Adolescents learned the task over repeated training experiences (main effect of
trial, F[5,29]=2.8, p=0.037 and main effect of day, F[4.30]=29.5, p<0.001). Rats
challenged with THC swam greater distances than rats challenged with vehicle (main
effect of challenge, F[1,33]=Learning within days decreased as days progressed
(interaction of trial x day, F[20,30]=3.5, p=0.010). Also, acute THC challenge impaired
learning over repeated trials (interaction of trial x challenge, F[5,29]=6.3, p<0.001).

Adult rats learned the task over repeated training experiences as well (main
effect of trial F[5,25]=7.0, p<0.001 and main effect of day, F[4,26]=22.3, p<0.001). Pre-
treatment with THC decreased distance swum in the water maze (main effect of pre-
treatment, F[1,29]=9.5, p=0.004). THC challenge increased distance swum to reach the
platform (main effect of challenge, F[1,29]=44.9, p<0.001). Pre-treatment with THC
ameliorated the impairing effects of THC challenge (pre-treatment x challenge
interaction, F[1,29]=13.4, p=0.001).

Path efficiency analysis by trial provided similar results (Figure 37, Table 17).
Path efficiency increased as a factor of trial and days (main effect of trial, F[5,57]=2.7,
p=0.031, main effect of day, F[[4,58]=47.9, p<0.001). Within-day learning decreased as
days progressed (interaction of trial x day, (F[20,42]=1.9, p=0.042). Pre-treatment with
THC resulted in an overall improvement of path efficiency (main effect of pre-treatment,
F[1,61]=5.9, p=0.018). THC challenge resulted in impaired path efficiency performance
(main effect of challenge, F[1,61]=111.6, p<0.001). Pre-treatment with THC ameliorated

the impairment after a THC challenge (interaction of pre-treatment x challenge,

100



F[1,61]=4.4, p=0.039). Adults, but not adolescents, were less impaired by a THC
challenge when pre-treated with THC (interaction of age x pre-treatment x challenge,
F[1,61]=6.0, p=0.017).

Adolescents learned the water maze task over days (main effect of day,
F[4,30]=27.7, p<0.001). Animals challenged with THC showed reduced path efficiency
than animals challenged with vehicle (main effect of challenge, F[1,33]=82.3, p<0.001).
Additionally, challenge with THC impaired within-day learning (trial x day x challenge
interaction, F[20,14]=2.9, p=0.023).

Adults also learned the water maze task over days of training (main effect of day,
F[4,25]=22.0, p<0.001). Pre-treatment with THC resulted in overall improved path
efficiency (main effect of pre-treatment, F[1,28]=5.3, p=0.029). Challenge with THC
impaired path efficiency (main effect of challenge, F[1,28]=38.5, p<0.001). Pre-treatment
with THC decreased the impairing effects of a THC challenge (interaction of pre-
treatment x challenge, F[1,28]=7.7, p=0.010).

In short, the distance swum and path efficiency measures indicate that five days
of THC pre-treatment was insufficient to cause tolerance to the learning impairment
effects of THC in adolescents. However, adults became significantly tolerant to THC
over the five-day pre-treatment phase, and showed markedly better learning
performance after THC challenge compared to vehicle pre-treated, THC-challenged

controls.
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Figure 30 . Timecourse of experimental conditions for Morris Water maze behavioral
tolerance testing in rats. Days 1-5 included only a daily injection of 10 mg/kg THC or
vehicle. Days 6-10 included a daily THC or vehicle injection and a Water maze training

session 30 minutes after injection.
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Figure 31 . Arrangement of the water maze facility. The water tank was off-center in the
room with various 2D (arrows) and 3D (rectangles) visual cues. The platform was always
located in the same location in the tank.
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Figure 32. Mean swim speed per day for rats of each treatment group and age.
Adolescent rats swam more quickly than adults regardless of treatment. Additionally,
THC-challenged rats swam more quickly than vehicle challenged rats, and THC-
challenged adolescents swam more quickly than THC-challenged adults.
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Figure 33. Mean daily latency to reach the escape platform by age and by treatment
group. Rats challenged with THC took more time to reach the escape platform than
vehicle-challenged controls. Pre-treatment with THC lessened the impairing effects of
THC challenge.
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Adolescent Distance
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Figure 34 . Mean swim distance per day for rats of each treatment group and age.
Adolescent rats challenged with THC swum farther than vehicle challenge rats,
regardless of pre-treatment. Adults pre-treated with THC swam less in response to acute

THC challenge than adults pre-treated with vehicle. No pre-treatment effect was
observed in vehicle-challenged rats.
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Figure 35 . Path efficiency to the escape platform in adolescent and adult treatment
groups. In accordance with the distance data, adolescent impairment by THC challenge
was not attenuated by pre-treatment with THC. In adults, THC pre-treatment improved
the performance of THC-challenged rats.
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Figure 36. Distance swum by trial within each day. Rats swam six trials per day. Dashed

vertical lines indicate the start of a new day of training. N=10 per group, data are
presented as mean = SEM.
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Figure 37. Path efficiency by trial within each day. Rats swam six trials per day. Dashed
vertical lines indicate the start of a new day of training. N=10 per group, data are
presented as mean =+ SEM.
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Swim speed

Main effects

Effect [df] F value | p value
Day [4,276] 39.3 <0.001
Age [1,69] 14.2 <0.001
Challenge [1,69] 20.2 <0.001
Interactions

Interaction [df] F value | p value
Age X pre-treatment [1,69] 6.4 0.014
Age x challenge [1,69] 4.6 0.035

Table 12. Results of Age x Pre-treatment x Challenge ANOVA for swim speed data.
Animals decreased their swim speed over the training days. Adolescents swam faster
than adults, and THC-challenged rats swam more quickly than those challenged with
vehicle. Adolescents swam more quickly than adults in response to pre-treatment with
THC. Also, adolescents swam more quickly than adults in response to THC challenge.
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Latency

Main effects

Effect [df] F value p value
Day [4,276] 124.5 <0.001
Pre-treatment [1,69] 10.5 0.002
Challenge [1,69] 115.4 <0.001
Interactions

Interaction [df] F value p value
Pre-treatment x challenge | [1,69] 5.8 0.018

Table 13. Results of Age x Pre-treatment x Challenge ANOVA for escape latency data.
Animals decreased their escape latency over the training days. THC pre-treatment
decreased escape latency, and THC-challenged rats escaped more slowly than those
challenged with vehicle. Pre-treatment with THC alleviated the effect of a THC
challenge, but no interaction with age was noted.
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Distance

Main effects

Effect [df] F value p value
Day [4,276] 103.9 <0.001
Challenge [1,69] 102.0 <0.001
Interactions

Interaction [df] F value p value
Age X pre-treatment x challenge | [1,69] 4.7 0.033
Adolescent

Effect/Interaction [df] F value p value
Day [4,140] 46.3 <0.001
Challenge [1,35] 63.3 <0.001
Adult

Effect/Interaction [df] F value p value
Day [4,136] 63.0 <0.001
Pre-treatment [1,34] 5.3 0.028
Challenge [1,34] 39.6 <0.001
Pre-treatment x challenge [1,34] 8.8 0.006

Table 14. Results of Age x Pre-treatment x Challenge ANOVA for distance data.
Animals decreased their distance swum to reach the escape platform over the training
days. THC challenge increased distance swum to reach the platform. Adults pre-treated
with THC were less impaired by the THC challenge, however, this interaction was not
present in adolescents. Post-hoc analysis of adult data revealed a pre-treatment x

challenge interaction, which was not present in adolescents.
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Path efficiency

Main effects

Effect [df] F value | p value
Day [4,276] 82.3 <0.001
Pre-treatment [1,69] 7.3 0.009
Challenge [1,69] 124.1 <0.001
Interactions

Interaction [df] F value | p value
Pre-treatment x challenge [1,69] 5.5 0.022
Age X pre-treatment x challenge | [1,69] 4.0 0.049
Adolescent

Effect/Interaction [df] F value | p value
Day [4,140] 35.5 <0.001
Challenge [1,35] 71.3 <0.001
Adult

Effect/Interaction [df] F value | p value
Day [4,136] 48.6 <0.001
Pre-treatment [1,34] 5.7 0.023
Challenge [1,34] 54.1 <0.001
Pre-treatment x challenge [1,34] 8.6 0.006

Table 15. Results of Age x Pre-treatment x Challenge ANOVA for path efficiency data.
Animals increased path efficiency over the training days. THC pre-treatment resulted in
increased path efficiency, and THC challenge decreased path efficiency. Pre-treatment
with THC alleviated the effects of THC challenge, and this effect was greater in the
adults than in the adolescents. No interaction of pre-treatment x challenge was noted in
post-hoc analysis of adolescents, while the interaction was present in adults.
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Distance

Main effects

Effect [df] F value | p value
Trial [5,58] 5.9 <0.001
Day [4,59] 51.8 <0.001
Challenge [1,62] 117.2 <0.001
Interactions

Interactions [df] F value | p value
Trial x Day [20,43] 4.5 <0.001
Age X Pre-treatment [1,62] 7.4 0.009
Age x Pre-treatment x Challenge [1,62] 9.7 0.003
Adolescent

Effect/Interaction [df] F value | pvalue
Trial [5,29] 2.8 0.037
Day [4,30] 29.5 <0.001
Trial x Day [20,30] 3.5 0.01
Trial x Challenge [5,29] 6.3 <0.001
Challenge [1,33] 75.9 <0.001
Adult

Effect/Interaction [df] F value | p value
Trial [5,25] 7.0 <0.001
Day [4,26] 22.3 <0.001
Pre-treatment [1,29]1 9.5 0.004
Challenge [1,29] 44.9 <0.001
Pre-treatment x Challenge [1,29] 13.4 0.001

Table 16. Results of Age x Pre-treatment x Challenge ANOVA for distance swum by trial

data.
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Path efficiency

Main effects

Effect [df] F value | p value

Trial [5,57] 2.7 0.031
Day [4,58]47.9 <0.001
Pre-treatment [1,61] 5.9 0.018
Challenge [1,61] 111.6 <0.001
Interactions

Interactions [df] F value | pvalue

Trial x Day [20,42] 1.9 0.042
Pre-treatment x Challenge [1,61]4.4 0.039
Age x Pre-treatment x Challenge | [1,61] 6.0 0.017
Adolescent

Effect/Interaction [df] F value | p value

Day [4,30] 27.7 <0.001
Trial x Day x Challenge [20,14] 2.9 0.023
Challenge [1,33] 82.3 <0.001
Adult

Effect/Interaction [df] F value | p value

Day [4,25] 22.0 <0.001
Pre-treatment [1,28] 5.3 0.029
Challenge [1,28] 38.5 <0.001
Pre-treatment x Challenge [1,28] 7.7 0.010

Figure 17 . Results of Age x Pre-treatment x Challenge ANOVA for path efficiency by

trial data.
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CHAPTER 6: Discussion
6.1 Normal ontogeny of hippocampal CB1 receptors

Adolescent rats are more impaired in a spatial learning task by acute THC
intoxication than adults. Increased impairment of adolescents in response to THC may
be explained by normal ontogenetic differences at the receptor level. We hypothesized
that adolescents had greater numbers of CB1 receptors than adults. If adolescents had
greater numbers of CB1, more intracellular signal could be transduced in response to
THC in neurons. If CB1 receptors in adolescents were more functionally coupled to G
proteins, each CB1 receptor could transduce more signal into the cell. Either of these
differences could lead to greater effects of THC upon the hippocampus, and following
this, greater memory impairment in adolescents. To determine normal CB1 ontogeny,
we characterized adolescent and adult receptor number, agonist-stimulated G i/o

activation, and distribution in hippocampal subfields.

6.1.1 CB1 number

The results of the present study did not confirm our hypothesis. Instead, we
found that adolescent and adult rats have similar numbers of CB1 receptors in the
hippocampus, as assessed by membrane homogenate binding studies and
immunofluorescence staining of CB1 receptors in intact hippocampal sections.
Adolescents showed a non-significant trend toward a right-shift in drug-receptor binding
affinity, which is in the opposite direction from what would be expected if adolescent
receptors were more sensitive to the presence of drug. Other studies in the literature
report that CB1 receptor numbers peak during the preadolescent period and reach adult
levels in early adolescence [219-221], which is in accordance with the present results.

This, however, is the first study that has explicitly compared adolescents and adults.
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Both the affinity of the radiolabeled antagonist SR141716A for the receptor and the total
receptor binding are similar in P30 adolescents and P65-70 adults. While radiolabeled
agonist molecules have been more commonly used in CB1 binding assays due to early
availability of radiolabeled compounds, radiolabeled SR141716A has more recently
become available and offers the advantage of being insensitive to receptor
conformational changes in response to sodium, magnesium, or guanine nucleotide
concentrations [222]. Our EC50 values were in agreement with previously published
studies of [*H] SR141716A binding in rat hippocampal membranes. However, our
reported By Values were approximately 3-fold lower [128, 161]. This may be due to
differences in brain tissue preparation and storage prior to use, which may have affected
the total receptor binding outcome.

Other G protein-coupled neurotransmitter receptors undergo differing
developmental patterns of receptor expression levels, with a peak in early adolescence
and fall into adulthood. Adrenergic receptors show peak expression levels before
adolescence, and decline into adulthood [223, 224], dopaminergic receptors peak at
P28, falling to adult levels by P35 [225], M1 muscarinic acetylcholine receptors peak at
P21-P35, falling to adult levels by P60 [226, 227]. However, M3 muscarinic acetylcholine
receptors steadily increase expression levels until P60 [226]. We have shown that
adolescents and adults express the same number of CB1 receptors.

The present findings provide a clear demonstration of the similarity in CB1
receptor number and affinity for the antagonist SR141716A in the hippocampal formation
between adolescents and adults. This evidence indicates that age-related changes in
receptor expression do not explain increased adolescent sensitivity to THC-induced

learning impairment.
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6.1.2 CB1 distribution

As the hippocampus functions as a sequence of signaling pathways, and CB1
signaling maintains network firing pattern integrity, an age-related change in CB1
expression at any point throughout the hippocampal formation could be sufficient to
cause differential effects of THC upon neuronal network regulation. We have
demonstrated that adolescent and adult rats show similar distribution patterns of CB1 in
the pyramidal layer of the hippocampus as determined by immunofluorescence staining
in intact brain sections. In subfields CA1 and CA3, no significant differences were found
in pyramidal layer CB1 staining intensity, though a non-significant trend toward
increased adolescent expression in CA3 was observed. This result is concordant with
published work in neonatal and juvenile rats, showing that no changes in hippocampal
CB1 distribution occur from birth through P20 [228]. Our data show that differences in
THC impairment sensitivity in adolescents and adults are not due to differential
hippocampal subfield distribution of CB1 receptors. CB1 receptors at both ages maintain

similar staining distribution and intensity in the hippocampus.
6.1.3 CB1 functional coupling to G

Although CB1 receptor number and distribution in the hippocampus did not differ
in adolescents and adults, increased CB1-G coupling in adolescents may represent
another mechanism by which THC elicits a greater effect upon adolescents. To test this
possibility, we evaluated CB1-stimulated G i/o protein activation in response to agonist
stimulation in both hippocampal membrane preparations and intact hippocampal
sections. These two methods yielded differing results. In membrane preparations,
agonist-stimulated functional coupling of CB1 to G did not change from adolescence to

adulthood. There were no age differences in maximal percent agonist stimulation of
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GTP S incorporation in membrane preparations, or EC50 of the cannabinoid agonist
drug used to stimulate this incorporation. However, in brain sections, adolescents show
lesser G activation in response to CB1 stimulation. A lower maximal percent stimulation
was observed in the adolescent brain sections compared to adults.

Intact sections showed a slightly lower maximal percent WIN55,212-2-stimulated
G stimulation than homogenized membranes, and age differences were apparent in
sections that were not noted in membranes. The disruption of cells, mixing of cell types,
and rearrangement of membranes may create new functional receptor-G pairs which
may not be relevant to the actual biochemical milieu in intact tissue. This may explain
the discrepancy of results between the differing techniques. Another study has reported
differences between membrane and section assays as well, with more robust results in
intact sections [161]. Other studies in adult membranes and sections present similar
CB1 agonist-stimulated activation of G . Results of these studies show that WIN55,212-
2 is able to stimulate G activation to approximately 200-250% above basal levels,
which is in agreement with the results of the present study [130, 161, 229].

Ontogeny of CB1 functional coupling is an area of interest that has not been well-
investigated previously. One study has been published using this assay to characterize
developmental changes in functional CB1-G coupling in fetal, juvenile, and adult human
brain sections. The adolescent age group was not included in this study. This study
reported that adults had greater WIN55,212-2-stimulated GTP S incorporation than
neonatal and juvenile individuals [230]. While this study has not been replicated in rats,
studies of another GPCR, the mu opioid receptor (MOR), have shown that receptor-G
coupling efficiency steadily increases throughout postnatal development until adulthood

in several brain regions [231]. Increased coupling efficiency in adults compared to
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adolescents is unlikely to be influenced by developmental changes in G i/o protein
expression levels. In the hippocampus, adult levels of G iand G o proteins were
reached by postnatal day 25, with the exception of a small decrease in G 01 from P25
to adulthood [232]. The present work is the first study that has compared adolescent and
adult functional CB1-G coupling in a rat model. Since we have also shown that
receptor number does not change across these two age groups, we can extrapolate that
hippocampal CB1 receptors maintain lower levels of receptor-G coupling efficiency in
adolescents compared to adults. Again, the more robust CB1 response in adults is the
opposite finding from what would be expected if greater CB1 function was a directly
contributing factor to the increased adolescent learning impairment by THC. Lower G
protein coupling efficiency in adolescents may also lead to a lower level of downstream
activation of GRK and other modulators of desensitization, and therefore lesser CB1
desensitization and downregulation. As previously discussed, electrophysiologic studies
in adolescent hippocampal slices have shown that application of the CB1 agonist
WIN55,212-2 resulted in greater suppression of postsynaptic inhibition than in adult
slices [171]. This is seemingly in contrast with the present results. However, anandamide
accumulates rapidly in postmortem brain tissue [250], and may have resulted in
differential acute homeostatic regulation of CB1 receptors across ages. Potentially,
greater desensitization of CB1 receptors in adults would lead to a rapid decrease in CB1
function relative to adolescents, and may explain the age differences observed in slices
prepared for electrophysiology. We conclude that basic neurodevelopmental changes in
the CB1 cannabinoid receptor number and functional coupling to downstream signaling
pathways from adolescence to adulthood do not explain the observed differential

sensitivity to THC across age groups, but in an unexpected reversal of our hypothesis,
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may lead to lesser adolescent CB1 receptor desensitization and downregulation. This
led us to investigate adolescent and adult CB1 desensitization in response to THC

treatment.

6.2 Age differences in agonist-induced CB1 desensit  ization

The increased CB1-G coupling efficiency in adults relative to adolescents led us
to reconsider our original hypothesis that ontogenetic differences in CB1 receptor
number and activity led to a greater intracellular effect of THC in adolescents. Instead,
the lesser agonist-stimulated G  activation in adolescents may result in lesser activation
of receptor desensitization and downregulation mechanisms in response to THC. If
adolescents are less able to desensitize or downregulate CB1 receptors in response to
THC than adults, THC would remain efficacious in adolescents but efficacy would
decrease in adults after repeated THC administration. The age differences in CB1
receptor desensitization and downregulation may contribute to the increased effect of

THC in adolescents over adults.

6.2.1 CB1 desensitization in response to THC treatm ent

Age differences in CB1 signaling were studied in adolescent and adult rats
repeatedly treated with 10 mg/kg THC. As was noted in the normal ontogeny studies,
use of membrane preparations in assays resulted in less robust desensitization
universally, and less robust age differences than found in anatomically intact brain
sections. However, data from both assay techniques showed that CB1 receptors in adult
hippocampi become more desensitized during THC treatment than those in adolescents.
Different temporal patterns of desensitization were also noted in membranes compared

to intact sections.
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In the membrane homogenate assays, three days of THC treatment slightly
desensitized CB1 receptors in both adolescents and adults. After seven days,
adolescents had regained full CB1 sensitivity despite continued THC treatment, and
adult receptors remained desensitized. CB1 receptors from both age groups returned to
normal levels of function at the first timepoint measured after cessation of THC
treatment. Due to possible methodological confounds when using a membrane
preparation as discussed previously, we verified the results from membrane
homogenate assays by repeating the experiment using assays in intact frozen brain
sections.

Since recovery of full CB1 receptor sensitivity was apparent at the first drug-free
time point in the membrane homogenate assays, the intact hippocampal section assay
experiments were focused on the course of CB1 desensitization during THC treatment.
Caudal sections of hippocampus showed no effect of THC treatment at either time point.
This fairly significant portion of the hippocampal formation lacking treatment effects
could have played a role in normalizing the membrane homogenate data. In rostral and
mid-hippocampal sections, adolescent CB1 receptors were less desensitized than adult
receptors after three days of THC treatment, but desensitization was comparable to
adult levels after seven days of treatment. No effect of hippocampal subfield (CAL1, CA3,
DG) was found in either age at either treatment time point. Our normal ontogeny data
also showed no differences in baseline CB1-mediated G activation across hippocampal
subfields.

CBL1 receptors are known to be regulated by the classical GPCR downregulation
and desensitization pathway, involving phosphorylation by G protein coupled receptor

kinase (GRK) and binding of arrestin. The receptor becomes desensitized by binding
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of arrestin, and can be internalized and sorted for degradation or recycling back to the
membrane. In mice that are tolerant to THC, significant activation of these fundamental
regulators of CB1 activity has been shown in the hippocampus [233]. If adolescents
expressed less GRK or arrestin, it is possible that adolescent CB1 receptors would be
less able to desensitize as a result of agonist stimulation. However, little information is
available regarding the developmental expression of GRK and arrestin at this time.

In adult rat and mouse models, hippocampal CB1 receptors undergo rapid and
significant downregulation during THC treatment [160, 162, 234]. This downregulation is
not accompanied by decreases in receptor mRNA levels, indicating that negative
regulation of CB1 at the transcriptional level does not occur in response to THC [162,
234]. One study has found increased levels of CB1 mRNA in hippocampus after seven
days of THC treatment, indicating a possible compensatory mechanism for long-term
decreases in CB1 signaling at the membrane [129]. Robust decreases in CB1 receptor
function also occur in response to THC treatment [129, 130, 160, 161]. This loss of CB1
function may be caused in part by a reduced number of CB1 receptors available at the
membrane. However, the percent loss of CB1-mediated activation of G proteins is
greater than the percent loss of receptor binding at the membrane [161]. This indicates
that decreases in CB1 receptor intracellular signaling occur via mechanisms beyond a
simple loss of receptor presence at the membrane surface. Therefore, CB1
downregulation and desensitization probably both contribute to loss of CB1-mediated
signal transduction.

The timecourse of CB1 downregulation and desensitization has also been
investigated in rats, with maximal losses of receptor presence at the membrane after

seven days of treatment with 10 mg/kg THC. Continued treatment with THC did not
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result in further losses of CB1 binding. As with receptor downregulation, decreases in
CB1 functional coupling to G proteins were also maximal after seven days of treatment
with THC [161]. Additionally, higher doses of THC lead to greater receptor
downregulation and desensitization in hippocampus [160]. Despite the thorough
investigation of the homeostatic responses of CB1 receptors to THC treatment in rodent
models, surprisingly little information is available about the ontogeny of this process.
One study used a 1.5 mg/kg dose of THC in adolescents over 21 days, and found no
effect of treatment upon CB1 receptor number in brain areas studied: prefrontal cortex,
nucleus accumbens, and caudate-putamen over [235]. However, the dose of THC used
in this study was far lower than doses used in comparable studies. As a greater THC
effect upon CB1 desensitization has been shown with a greater dose, the low dose used
in this study may have been insufficient to trigger significant CB1 downregulation. CB1
functional coupling was not measured.

THC is a partial agonist at CB1 receptors [236]. Though treating rodents with a
full CB1 agonist such as WIN55,212-2 should produce greater downregulation and
desensitization than treating with THC, that is not the case. This may be due to the
relationship between agonist efficacy and CB1 homeostatic response. High-efficacy
agonists such as WIN55,212-2 lead to rapid CB1 internalization and recycling back to
the membrane in a cell culture model, while low-efficacy agonists such as THC trigger
CB1 desensitization with lower levels of endocytosis and recycling [155, 157]. In rodents,
THC and WIN55,212-2 produce similar levels of CB1 downregulation from the
membrane, and THC treatment produces greater CB1 desensitization effects than

WIN55,212-2 treatment [52].
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Recovery of CB1 receptor binding and functional coupling to G proteins after
cessation of THC treatment has also been investigated in mice that were treated with a
ramping dose regimen beginning with 10 mg/kg THC daily, and reaching a final daily
dose of 160 mg/kg THC. Deficits in receptor number and functional coupling showed
steady recovery toward normal levels after treatment ended, but remained below normal
levels a full 14 days after cessation of THC exposure [163]. The escalating dosing
regimen resulted in far greater cumulative THC exposure than in the present study,
which likely accounts for the longer-lasting effects after cessation of drug treatment.

The present results clearly show that the net result of repeated treatment with 10
mg/kg THC in adolescent and adult rats is rapid loss of CB1 function in adult
hippocampus, with a delayed loss in adolescents. Recovery of full CB1 sensitivity to
agonist stimulation occurred within seven days of cessation of THC treatment in both
age groups.

6.2.2 CB1 desensitization via increased anandamide

Age differences in endogenous cannabinoid tone remained another possibility as
a causative factor in age differences to exogenous cannabinoid sensitivity. If adult rats
had greater endocannabinoid tone, more endocannabinoid molecules in the synapse
may be more able to compete with THC for receptor binding sites in adults than in
adolescents. By eliminating metabolism of anandamide, increased endocannabinoid
tone may be achieved. Increased anandamide tone may also lead to increased CB1
stimulation and adaptive decreases in receptor sensitivity over time. We sought to
characterize CB1 desensitization in adolescents and adults treated with the FAAH
inhibitor URB597, which has been shown to increase synaptic anandamide levels. There

was a small but statistically significant decrease in CB1 receptor sensitivity in
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adolescents after URB597 treatment, but the functional relevance of this difference is
likely minimal. This result could be explained several ways. First, URB597 increases
anandamide concentrations by inhibiting FAAH, an enzyme which is responsible for
catabolism of far more fatty acid amide molecules than just anandamide [237]. The non-
cannabinoid-specific effects of the drug may have interfered with the cannabinoid-
specific effects to produce a net lack of change. Additionally, anandamide is not the only
endocannabinoid present in the hippocampus. Another endocannabinoid, 2-AG, is
present at much greater levels in the hippocampus than anandamide and is not affected
by the inhibition of FAAH [238]. 2-AG has been found to play a major role in regulation of
hippocampal network firing, so it is possible that in comparison, the effects of

anandamide are insignificant [238, 239].
6.3 Age differences in tolerance to learning effect s of THC

While we originally hypothesized that adolescent CB1 receptors were more
functionally coupled to downstream signaling pathways than adults, we obtained the
opposite result. Greater CB1-G coupling in adults at baseline may have enabled CB1
receptors to trigger a greater downstream response of proteins associated with CB1
desensitization, after exposure to the partial agonist THC. Results of the THC-induced
CBL1 desensitization study demonstrated that adolescents treated with THC undergo a
delayed desensitization of hippocampal CB1 receptors compared to adults. Receptor
desensitization is a key step in the development of drug tolerance. Another possible
underlying cause of increased adolescent sensitivity to THC is that adolescent CB1
receptors do not desensitize, and therefore retain functional G coupling for a longer
time period than adults. This would lead to continued efficacy of THC with repeated

exposure in adolescents, while tolerance development in adults would lead to a

126



decrease in efficacy with repeated THC exposure. Since adolescents showed delays in
CB1 receptor desensitization after THC treatment compared to adults, we hypothesized
that adolescents would also become less tolerant to the learning impairment induced by

THC.
6.3.1 Tolerance to learning impairment of acute THC

Adult rats pre-treated with THC for five days prior to training in the Morris water
maze task were significantly less impaired by a THC challenge during training than
vehicle pre-treated adults. While they were not fully recovered to the level of learning
performance achieved by rats challenged with vehicle during water maze training, they
were significantly improved over vehicle-pretreated and THC-challenged rats. Clearly,
adults became tolerant to the learning impairment effects of THC when pre-treated for
five days. Adolescents pre-treated with THC, on the other hand, were no less impaired
by a THC challenge during water maze training than vehicle pre-treated adolescents. All
THC-challenged adolescents performed similarly, and significantly more poorly on the
learning task than vehicle-challenged adolescents. This lack of effect of THC pre-
treatment upon learning performance during a THC challenge demonstrates that
adolescents indeed fail to develop tolerance to the learning impairment effects of THC
during a five-day pre-treatment period.

We have shown that only adult rats become tolerant to the learning impairment
effects of THC over a five-day pre-treatment phase prior to testing in the Morris water
maze. Adolescents pre-treated with THC were no less impaired by THC challenge than
vehicle pre-treated adolescents. Few other studies have investigated tolerance to the
memory impairing effects of THC. A recently published study concluded that mice do not

become tolerant to the spatial learning impairment induced by 1 mg/kg THC after a 13-

127



day pre-treatment phase, but they do become tolerant to the locomotor effects [240].
The dose used by this group was 10-fold lower than the present study, which may not
have been sufficient to trigger CB1 desensitization. Also, mice were used rather than
rats. Species differences in THC tolerance development are presently unknown.
Tolerance to the effects of THC upon hippocampus-dependent learning have not been
thoroughly investigated, though one group has characterized impairment by THC or the
full agonist WIN55,212-2 in a DNMS task over 35 days of treatment, finding that only
after 35 days of consecutive treatment did complete tolerance develop to the impairment
of either drug [241]. However, no tolerance to the impairment of working memory in the
T maze is observed after 14 days of repeated THC treatment [242].

THC tolerance can be observed after repeated THC treatment in some, but not
all, other physiologic and behavioral studies. Acute THC treatment results in slowed
weight gain in adult rats, however after five days of repeated THC treatment, weight gain
returns to normal rate. Complete tolerance to the hypothermic effects of THC is noted
after 20 days of repeated THC treatment, and after 28 days for heart rate and blood
pressure changes [243]. THC-induced decreases in response rate in an operant
behavior task, as well as THC-induced increases in error percentage, normalize after
chronic THC treatment [244, 245]. Tolerance to the four “tetrad” effects of catalepsy,
hypothermia, locomotor depression, and antinociception were also significant after 10
days of twice-daily 10 mg/kg THC treatment [197]. Adolescent males in this study
developed tolerance to the hypothermic effects of THC more rapidly than adult males.
Tolerance develops at different rates to the differing effects of THC. The limited available
evidence indicates that there may also be age differences in rate of tolerance

development, which also vary by physiologic effect.
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It is of note in the present study that no residual learning impairment was
observed in THC pre-treated groups when challenged with vehicle during water maze
training. This suggests that there are no immediate lingering effects of THC upon
learning performance after a five-day treatment regimen in either age. This is in
agreement with a recent study published by our group [95], but another group has
reported that single exposure to a very low dose of THC (0.001 mg/kg) does lead to
lasting memory deficits in spatial learning in mice tested three weeks after the single
exposure [246, 247]. The dose of THC used in this study was 4 orders of magnitude
lower than in the present study, and a long delay was introduced between THC
exposure and water maze training. These conditions may be testing a different temporal
effect of THC than the present study.

Additionally, we did not replicate the result of a study previously published by our
group, in which adolescents were more impaired by acute THC treatment during water
maze training than adults [96]. In the present study, no age differences were seen in
magnitude of learning impairment during acute THC intoxication. The present study
included a greater number of daily training trials than the previously published work.
Animals were also housed in the same room as the water maze training apparatus,
which may have resulted in less animal stress compared to daily transport between the
housing facility and water maze facility. The increased daily training and decreased
stress during the experimental procedure may have led to normalization of the impairing
effects of THC across ages in the present study.

Reflecting our in vitro hippocampal CB1 receptor desensitization data, we have
shown that adolescents fail to become tolerant to THC in a spatial learning task even

after five days of THC pre-treatment, whereas adults become significantly tolerant during
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this time frame. Taken together, this suggests that the increased adolescent memory
impairment by THC may be due to a delayed onset of tolerance, which in turn may be
related to a delayed desensitization of CB1 receptors in the hippocampus as compared

to adults.
6.3.2 Swim speed

Adolescents as a group swam more quickly than adults in the water maze;
however, this main effect of age is created by a very large increase in swim speed in
adolescents challenged with THC during water maze training. Control animals of both
ages swam at comparable speeds, and THC challenge after five days of THC pre-
treatment did not lead to more rapid swimming in adults. This may also represent a
differential tolerance effect across ages. Previous studies of adolescent and adult
response to THC in the water maze did not find an age x treatment interaction upon
swim speed in rats acutely exposed to THC or vehicle [96]. The present results are
concordant with this observation; our data demonstrate that adolescent and adult rats
pre-treated with vehicle and challenged with THC do not swim at different rates. Another
study has found no significant differences in swim speed in THC-treated mice compared
to vehicle when 15 minutes were allowed to pass between injection and start of water
maze training [98]. The present study used a 30 minute interval between injection of
THC and training in the water maze. Species differences in the effects of THC upon
swim speed may also account in part for this observed difference. Also, time between
injection and commencement of training in the present protocol may have allowed
greater THC concentrations to be reached in the brain at the start of water maze testing,

which may lead to a greater effect upon swim speed in the present study.
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6.4 Conclusions

The purpose of this dissertation was to elucidate the mechanisms by which
adolescents are more sensitive to the learning impairment effects of THC than adults.
We hypothesized that adolescents were more impaired by greater signaling of CB1
receptors in the hippocampus. We hypothesized that adolescents had more CB1
receptors, or that CB1 receptors were more functionally coupled to G proteins in
adolescents than adults, leading to greater signal transduction across the cell membrane
in response to THC. Results showed the opposite was true, that receptor number was
the same across ages but adult CB1 receptors were more functionally coupled to
downstream signaling pathways than adolescents. This reversal of our expected results
led us to consider that greater functional activation of CB1 receptors may lead to greater
activation of downstream G protein-coupled desensitization pathways in adults than in
adolescents. Desensitization of CB1 would lead to lesser efficacy of THC after repeated
dosing. We hypothesized that adolescents desensitized CB1 receptors to a lesser extent
or more slowly than adults. We found that adolescents desensitized CB1 receptors more
slowly than adults after a time course of THC treatment. Finally, in light of the age
differences in desensitization, we hypothesized that adolescents would become tolerant
to the impairing effects of THC more slowly than adults in a learning task. We found that
after a five-day pre-treatment with THC, adults were significantly less learning impaired
by THC challenge. Adolescents, however, did not develop tolerance to THC during this
five-day pre-treatment period. We conclude that adolescents are more impaired by THC
due to delays in CB1 adaptation in response to THC treatment, and not through greater

transduction of signal at the cell surface as we had originally proposed.
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The present dissertation expands upon the available knowledge of
neurobiological responses to cannabinoids by including adolescents as a subject group.
Previous studies have largely focused on effects of cannabinoids in adult rodent models,
with few notable exceptions. Adolescent responses to other drugs of abuse have been
well characterized, and the neurobiological mechanisms behind differential responses by
age have been the subject of extensive investigation. However, the study of cannabinoid
effects in adolescence and the underlying neurobiological differences in CB1 signaling in
adolescents and adults has lagged considerably compared to other drugs of abuse. As
THC is the most widely-used illicit drug, and the largest group of THC users are
adolescents, this is an area of particular relevance to human use patterns that has not
yet been well-investigated.

Many neurotransmitter systems undergo significant changes in receptor
expression and/or function throughout ontogeny until adulthood, as previously
discussed. These neurobiological changes throughout development have been poorly
characterized in the cannabinoid signaling system, particularly during adolescence.
Ontogeny of CB1 number has been investigated in multiple studies, with a general
consensus that CB1 number reaches adult levels by early adolescence. One previous
study of CB1 function in human brain tissue had investigated agonist-stimulated CB1-G
coupling neonatal, juvenile, and adult brain sections. This study found that CB1
functional coupling to downstream signaling pathways increased from neonates through
to adulthood [230]. The adolescent age group was not included in these studies, and no
similar work has been completed in rodent models. CB1 functional coupling to
downstream signaling pathways has been well-characterized in adult rodent models.

CB1-G coupling in many brain regions has been characterized in response to several
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cannabinoid drugs. While this detailed characterization of functional coupling of CB1
receptors in adult rodents has led to significant advances in our understanding of
neurobiological response to cannabinoids, no direct information was previously available
about CB1 functional coupling in adolescents. Our data make it clear that hippocampal
CB1 receptors in adolescents activate fewer G proteins than in adults.

Decreased ability of CB1 receptors to couple to downstream signaling pathways
in adolescents may result in decreased ability of adolescents to trigger homeostatic
regulation mechanisms at the neuronal membrane, via receptor desensitization and
downregulation to reduce intracellular signal transduction by an agonist molecule.
Previous studies have extensively characterized the desensitization and downregulation
of CB1 receptors in response to THC and other cannabinoids in rodent models.
Desensitization of hippocampal CB1 occurs rapidly and extensively when rodents are
treated with THC, and greater desensitization occurs with increasing dose of THC.
However, our understanding of these processes has been based entirely upon studies
conducted in adult animals. Our knowledge of such developmental changes in
homeostatic regulation of the cannabinoid signaling system were previously unknown.
When adolescent responses to THC are compared to adults, as we have done, it can be
seen that adults desensitize CB1 receptors more rapidly than adolescents. A delay of
adaptive mechanisms in adolescent hippocampus may lead to longer-lasting impairment
by THC in a learning task.

Defects in learning and memory after cannabinoid administration are also fairly
well-characterized in rodents. It is known that acute cannabinoid intoxication causes
disruptions in hippocampal network signaling, which leads to significant impairment of

learning [102, 103, 199, 241]. Development of tolerance to the memory impairing effects
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of cannabinoids, however, is a more poorly studied phenomenon, the subject of only a
few studies in the literature. It has been shown that adult rats become fully tolerant to the
disruptive effects of THC or a full cannabinoid agonist upon memory in a delayed
nonmatch to sample task only after 35 consecutive days of repeated administration
[241]. THC-induced error rates in operant behaviors decrease over repeated THC
administration as well, indicating that tolerance develops to the defects in accuracy of
operant behavior [244, 245]. However, none of these studies included adolescents.
Tolerance to other physiologic effects of THC in rodents has been more widely studied,
and adolescents have been included in some of these studies. For example, Wiley, et al
described initial response and development of tolerance to the “tetrad” effects of THC in
both adolescents and adults [197]. Their findings showed that adolescent males were
initially more sensitive to the hypothermic and locomotor effects of THC compared to
adult males, and adolescent females were initially more sensitive to the cataleptic and
antinociceptive effects of THC than adult females. It was also found in this study that
adolescent males became more tolerant to the hypothermic effects of THC than did adult
males. No other effects of age were noted. Adolescents were compared to adults in
locomotor effects of THC in another study, and it was found that after an initial increase
in locomotion on the first day of THC treatment, adolescents became tolerant to the
locomotor effects of THC, with no locomotor effect of THC in adults [198]. This result is
difficult to interpret, however, since a robust effect of THC was not observed in adults.
Adolescents display differential responses to THC in multiple physiologic and
behavioral studies, which vary by the effect measured. Development of tolerance to the
learning impairment of acute THC intoxication is a poorly understood phenomenon in

general, and no information was previously available on adolescent tolerance to THC-
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induced learning impairment. Our data suggest that adolescents are more impaired by
THC via deficits in tolerance development, which may be mediated by delays in CB1
receptor desensitization compared to adults. This in turn may be caused by lesser
activation of intracellular signaling constituents which mediate the desensitization and
downregulation of CB1 receptors in adolescents. The present thesis has demonstrated
that adolescents are slower to develop tolerance to the impairing effects of THC upon
learning than adults, which may lead to the previously observed increased sensitivity to
THC impairment in adolescents

A possible explanation for age differences in THC response is a difference in
pharmacokinetics across ages. At present, no data is available regarding blood
concentration of THC after i.p. injection in adolescents and adults. It is possible that
adolescents simply undergo greater hepatic metabolism of THC than adults, leading to
lower concentrations of THC reaching the brain, which in turn could lead to lesser
receptor adaptation in adolescents. However, since adolescents are more learning
impaired than adults, it could also be postulated that more THC is reaching the brain in
adolescents than adults, which would cause the greater learning impairment that has
been observed. Clearly, differential pharmacokinetics does not provide a consistent
explanation for the age differences in THC effects. One other study has reached similar
conclusions regarding the lack of consistent evidence for age differences in
pharmacokinetics of THC [197]. The present findings represent a differential adaptation
response to THC treatment at the receptor level.

Differential age effects of other drugs of abuse across ontogenetic development
have also been characterized by our group. For instance, decreased functional G

coupling has been found in neonatal rats at the mu opioid receptor [248]. The same
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study found that neonates demonstrate heightened sensitivity to the antinociceptive
effects of mu agonists, much like previous findings in adolescents using THC-induced
learning impairment as the measure of drug effect. Tolerance to the mu agonist,
morphine, however, did not develop in neonates while it did in older rats [249]. These
studies in mu opioid receptors parallel the present findings with cannabinoids.

Despite the fact that adolescents are the group with the highest prevalence of
THC use in humans, the differences between adolescent and adult responses to THC in
animal models have begun to be characterized only recently. Previous studies have
shown that adolescents are more impaired by THC in a learning task than adults. In
order to better understand this greater impairment of adolescents, we investigated
mechanisms by which adolescents may be more sensitive to THC. We have shown that
adolescent CBL1 receptors in the hippocampus are less functionally coupled to
downstream signaling pathways than adults. We have also shown that in response to
repeated THC exposure, adolescent rats desensitize CB1 receptors more slowly than
adults. These observations led us to consider that adolescents may be less able to
adapt CB1 signaling pathways as a result of THC exposure. Finally, we have shown that
after five days of treatment with THC, adolescents do not become tolerant to the learning
impairment effects of THC while adults develop significant tolerance. This leads us to
conclude that adolescents are not more sensitive to the impairing effects of THC by
increased signal transduction into the cell, but by delayed development of tolerance.
Adults become rapidly tolerant to THC, which leads to a decrease in efficacy and
therefore a decrease in learning impairment by THC.

As adolescents comprise the largest group of THC users in the general

population, study of this age group is most relevant to human use of THC. Currently

136



available evidence shows that acutely, adolescents are more sensitive to the impairing
effects of THC but less sensitive to the use-limiting effects of THC compared to adults.
Long-term effects of early adolescent use of THC may lead to increased risk for
psychosis and lasting deficits in cognitive performance. Additionally, THC use has been
shown to decrease performance in educational performance in a public education
setting, and may also disrupt proper formation of memories of personal experiences that
would normally alter future decision-making and behavior. Acutely, adolescents may
develop rapid tolerance to the locomotor suppressive effects of THC, but fail to develop
tolerance to the impairing effects. As they develop tolerance to sedation but not
impairment, they may underestimate the cognitive impairment they continue to
experience. This may lead to poor decision-making leading to potentially dangerous
situations, such as driving under the influence of THC. With these effects in mind, it
seems that THC use should be discouraged until at least late adolescence to avoid the
possibility of long-term harm and to preserve critical educational and personal-

experience learning through the critical transitory phase from childhood to adulthood.
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6.5 Future directions

The present work has demonstrated that CB1 receptors in the hippocampus of
adolescent rats desensitize more slowly than adults, which may lead to decreased or
delayed tolerance to the learning impairment induced by THC. This age difference may
be due to underlying ontogenetic differences in the G protein coupled receptor
desensitization and recycling pathway. The underlying mechanisms behind this
differential desensitization should be investigated to determine the source of the
reported age differences. While total CB1 receptor and G protein levels are maintained
across ages, differences in lipid raft composition may lead to increased coupling
efficiency in adults over adolescents as described in the present work. Beta-arrestin,
GRK, and phospholipase D appear to play important roles in CB1 receptor
desensitization after agonist stimulation [157]. Future studies should focus upon
developmental characterization of these systems and their roles in tolerance
development in adolescents and adults. Additionally, the age at which adult levels of
CBL1 receptor homeostatic regulation are achieved should be determined, as well as the
age at which adult patterns of tolerance development to the learning impairment effects
of THC should be characterized. With this knowledge, we can determine the specific

endpoint of the period during which adolescents are more impaired by THC than adults.
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