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ABSTRACT

Alzheimer’s Disease (AD) is a devastating neurodegenerative disorder that is categorized
by progressive memory loss and cognitive deterioration. Amyloid-beta (AP) proteins accumulate
within AD brains and trigger harmful chronic inflammation. By targeting both Ap and
inflammation, disease progression may be delayed. Cannabis is a plant containing THC and
CBD. Previous work in our lab has shown that these compounds are ineffective at reducing AD
pathology independently; however, research suggests they are more effective when combined.
This project utilizes a THC/CBD combination extract to evaluate AD pathology in APP mice by
assessing performance on memory-based behavioural tasks and by using protein markers to
determine disease progression and severity. There were no treatment-related effects of the extract
found via behavioural testing. However, the extract did decrease PFC 4G8-stained A plaques.
There were no other significant effects on A, inflammation, or HPC cell volume found. Sex

differences were found on various behavioural tasks.
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Introduction

Alzheimer’s Disease (AD) was first described in 1907 by Alois Alzheimer in the autopsy
results of his 55-year-old patient, Auguste Deter (Alzheimer, 1907; O’Brien & Wong,
2011). Deter experienced gradual cognitive decline due to a previously unknown behavioural and
cognitive disorder. The very first symptom that Alzheimer reported in his seminal 1907 paper
was the development of a ‘rapid loss of memory’ (Stelzmann et al., 1995). Later behaviours that
arose as a result included confusion, helplessness, disorientation, auditory hallucinations, and
paranoid thinking. Post-mortem analysis showed significant brain atrophy and tangled materials

where cells should be (Stelzmann et al., 1995).

Alzheimer’s Disease (AD) is now known to be the most common age-related
neurodegenerative disorder. Neurodegeneration is the gradual loss of function and structure in
both neuronal and glial cells, which results in mass cell death in the central nervous system
(CNS) (Toro et al., 2019). AD is categorized by progressive memory loss and sweeping
deterioration of one’s cognitive ability (which is defined as a decline in executive function,
attention, and working memory) (Calina et al., 2020; Guo et al., 2020; Hooli & Tanzi, 2009).
This also translates to impairments in the ability to conduct daily routines and tasks. Preclinical
symptoms can also include changes in one’s thought patterns and/or unconscious behaviour as
well as impairments in language and speech (Guo et al., 2020). These include more subtle,
routine-related behaviours that a stranger may not notice, but a spouse would have caught. This
may include confusion during tasks like dealing with money at the checkout till or locating a
parked car in the lot. These are seemingly simple cognitive tasks, but as thinking becomes more
disorganized it becomes more difficult to perform these actions. Communication also begins to

break down as words are often misplaced in one’s mind and used incorrectly in conversation,



leading to a decreased ability to communicate effectively. Overall, AD slowly begins to disrupt

every aspect of one’s life from cognitive functions to interpersonal relationships.

Present findings from the Journal of the Alzheimer’s Association estimates that over 50
million people are currently living with dementia globally, costing over a trillion US dollars
annually (Gustavsson et al., 2023). Typically, those caring for dementia patients are unpaid
family members, placing an even further burden on the loved ones of those suffering.
Furthermore, individuals with preclinical AD are estimated to be 315 million worldwide;
combined with dementia this roughly accounts for 22% of all people above the age of 50
(Gustavsson et al., 2023). The preclinical stage of AD develops slowly over the course of 20-30
years and shows virtually no symptoms. This suggests that treatment methods targeting brain
pathology must be initiated during the early stages of disease progression to be most effective at

preventing the more advanced, behavioural stages.

Disease Pathology

Ampyloid Beta Plaques and Neurofibrillary Tangles

There are two main pathological hallmarks of AD: (1) extracellular amyloid beta (Af)
plaques (also called senile plaques) and (2) intracellular neurofibrillary tangles (NFTs) produced
by aggregated hyperphosphorylated tau (Aso et al., 2016; Aso & Ferrer, 2014; Bloom, 2014;
Cooray et al., 2020; Mooko et al., 2021; Sasaguri et al., 2017; Zhao et al., 2020). Individuals with
AD also experience both neuronal and synaptic loss, as well as neuroinflammation (Hooli &

Tanzi, 2009).

The AP protein is one of the main constituents of senile plaques, thus making it a protein

of interest (Awasthi et al., 2016). AP aggregates are composed of a 40-42 amino acid chain that



develops from amyloid precursor protein (APP), through a successive cleavage process by [3-
secretase and y-secretase (Aho et al., 2010; Farkhondeh et al., 2020; Russo, 2018; Zhao et al.,
2020). Normally, APP functions to help form and maintain synapses, as well as promote neuronal
survival and expansion (Guo et al., 2020; Penke et al., 2017). The mutation of the APP gene is
one of the four most common genetic mutations responsible for the development of familial AD
(FAD) (Cooray et al., 2020). FAD is brought about by a predetermined genetic code.
Specifically, APP genetic mutations lead to the assembly of longer AP peptides that accumulate
much more readily in the brain, producing neurotoxic effects (Rosenberg et al., 2020). AP first
presents itself in the initial stages of all forms of AD, thus making it a ‘preclinical’ model of the
disease (Sasaguri et al., 2017). AP plaques develop early in the progression of AD, whereas NFTs

are indicative that the disease has reached more advanced stages.

NFTs first develop from aggregated tau proteins found within the brain. In healthy
individuals, tau acts a microtubule binding component that helps polymerize and stabilize
microtubules (Guo et al., 2020). Essentially, tau plays a crucial role in supporting the internal
skeleton of neurons. However, in AD, tau becomes hyperphosphorylated which is a process
where multiple phosphorylation sites on tau become fully saturated. This leads to decreased
biological activity as NFTs develop from aggregates of hyperphosphorylated tau protein (Guo et
al., 2020). NFTs cluster in the brain and produce neurotoxic effects as brain processes become

disrupted (Guo et al., 2020).

Essentially, AP accumulation occurs first in the progression of AD pathology; this
accumulation then triggers the transformation of tau from a normal state to a harmful one
(Bloom, 2014). Moreover, there is supporting evidence that toxic tau, in turn, exacerbates the

toxicity of AP through negative feedback (Bloom, 2014). A and NFTs create toxic conditions in



the brain that lead to compounding effects that trigger chronic neuroinflammation (which is
heavily related to the pathology and cognitive deficits associated with AD) (Gowran et al., 2011).
Thus, one key therapeutic target in the treatment of AD is glial cells which sustain prolonged
activation and produce chronic inflammation in the presence of A proteins; combined, these

factors significantly contribute to AD pathology.

Glial Cells

Glial cells (including microglia and astrocytes) consist of more than 70% of the
population of cells in the brain and spinal cord. Glial cells play a critical role in regulating the
immune system, a necessary process that induces inflammatory responses to maintain overall
body health and function (Bie et al., 2018; Romero-Sandoval et al., 2008). Acute inflammation is
an essential component of the body’s immune response against a wide variety of insults such as
trauma, infection, and disease, however disrupted and prolonged inflammatory responses (in the
form of chronic inflammation) can become extremely harmful over time (Ativie et al., 2018;
Newcombe et al., 2018). Microglia are essential macrophages (or immune cells) in the CNS that
play a fundamental role in brain development and aging by helping the brain maintain
homeostasis (Rossum, 2004; Van Rossum & Hanisch, 2004) and mediate synaptic
communication (Garland et al., 2022). Essentially, they help ensure that cellular processes,
interactions, and turnover is always running smoothly. Microglia have been shown to exist in two
distinct states known as ‘activated’ or ‘resting’; which are mainly categorized by their distinct
morphology in the two states (Rossum & Hanisch, 2004). In an ‘activated’ state, microglia
possess visibly enlarged cell bodies compared to ‘resting’ state size (Garland et al., 2022).
Microglia are the ‘first responders’ when the immune system becomes activated due to pathogens

or other unfamiliar molecules. In AD, microglia are thought to be a critical part of the early



stages of the disease and thus are key therapeutics targets (Hemonnot et al., 2019; Martin-Moreno
et al., 2011). This is likely due to the important role they play in initial inflammatory responses.
Microglia become mobile in response to AP deposition and become highly activated to mitigate
immune responses within the brain; however, they end up chronically producing a large variety
of pro-inflammatory molecules that lead to AD-related neuronal damage (Benito et al., 2007).
This chronic activation essentially wears down processes over time. Astrocytes, on the other
hand, remain relatively fixed in space and function to supply nutrients and structural support.
Astrocytes help form one key factor in the immune system, the blood-brain barrier (BBB), which
prevents pathogens and dangerous substances from entering the brain (Newcombe et al., 2018).
In the progression of AD, astrocytes have been found to lose their protective ability (Siracusa et
al., 2019). Initially, astrocytes function to remove AP, however, as the disease progresses there is
a reduction in removal (Garwood et al., 2017). Similarly, to microglia, the A accumulation
stimulates astrocytes to produce more pro-inflammatory molecules that induce a dangerous
positive feedback cycle of continuous activation (Siracusa et al., 2019). This chronic
inflammation will dimmish the structural integrity of astrocytes over time. Overall, microglia and
astrocytes play a fundamental role in both acute and chronic inflammation, making them

important therapeutic targets in the treatment of AD.

Microglia

As a key regulator of inflammation in the brain, microglia play a vital role in
neuroinflammation-causing neurodegeneration (Cooray et al., 2020). Unfortunately, microglia
are unable to clear AP effectively, which leads to prolonged inflammatory responses and a
buildup of hazardous peptides (Cooray et al., 2020). Acute inflammation is an effective immune

system response that oftentimes quickly resolves insults; however, in AD, AP plaques prolong



the immune response resulting in chronic inflammation and ultimately neuronal degeneration
(Spangenberg & Green, 2017). Microglia employ phagocytosis, a process that clears neurons of
debris and targets damaged neurons; however, when this process is disrupted, cells become
increasingly toxic due to accumulated waste (Spangenberg & Green, 2017). Interestingly, the size
and number of microglia are directly proportionate to the size of AP plaques in AB-containing
transgenic mice brains (Wegiel et al., 2001). This shows that microglia are closely linked with
AD pathology. Overall, these studies demonstrate that downregulating microglial activation early
in disease progression may be essential to reducing pathology and improving behavioural

outcomes in AD.

Similarly, aging plays a significant role in microglial function, even on a phenotypic level
(Newcombe et al., 2018). Naturally, as time progresses cells and their constituents lose their
ability to function properly as they slow and degenerate over time; this includes a decrease in
housekeeping abilities such as synaptic maintenance, neurogenesis, cognitive organization, and
immunological care (Newcombe et al., 2018). Aging combined with disease progression is likely

the reason age is the predominant risk factor for AD.

Astrocytes

Astrocytes vastly outnumber microglia in the brain (Wyss-Coray et al., 2003); this is
likely because astrocytes remain fixed in place whereas microglia are recruited in inflammatory
responses. Like microglia, astrocytes play a key role in organizing and maintaining brain
structure and function, however they also help control information processing, neural and
synaptic plasticity, signal transmission, and BBB homeostasis (Newcombe et al., 2018). In AD,
astrocytes, like microglia, are shown to form clusters around AP plaques (Gomez-Arboledas et

al., 2018). Although, Wyss-Coray and colleagues found that astrocytes could reuptake and



degrade AP using in vitro mouse astrocytes (Wyss-Coray et al., 2003). This shows that astrocytes
are key therapeutic targets in AD treatments. However, over time astrocytes lose their functional
ability as they sustain prolonged activation, resulting in secondary plaques accumulating as they
die (Garwood et al., 2017). This means that neurodegeneration is occurring faster than the rate of
astrocyte mediated A clearance. Astrocytes, along with microglia, respond to the accumulation
of AP plaques, making their activation a crucial aspect of AD pathology. The combined findings
of these studies suggest that while astrocytes may help facilitate AP clearance, the inflammatory
mechanisms preceding them are too harmful to be left unmediated. Overall, reducing

inflammation early in disease onset remains a critical target for reducing resulting AD pathology.

Overall, research shows that low chronic inflammatory levels correlate with better brain
health (Newcombe et al., 2018). Chronic inflammation is a main contributor to AD pathology,
thus controlling prolonged, chronic inflammation via microglia and astrocyte activation is a

crucial component of AD treatment and prevention.

Other systems besides the ones described above become dysregulated in the progression
of AD, especially, the cholinergic system. The cholinergic system is a key ascending
neurotransmitter system for cognitive functioning and becomes a main area of alteration in the

brain of AD patients.

Cholinergic System

Along with AP and NFTs, another main hallmark of AD is the degradation of cholinergic
neurons (Fisher, 2008; Mehla et al., 2022; Thathiah & De Strooper, 2009). Cholinergic neurons
are shown to play a key role in cognition and attention, and they also provide acetylcholine

(ACh) to various brain regions including, the cerebral cortex, hippocampus, and amygdala



(Fisher, 2008; Mehla et al., 2022), which are major areas affected by AD. ACh is an essential
neurotransmitter that plays a crucial neuromodulatory role in cognition and memory. AD
pathology seems to closely correlate with cholinergic dysfunction and decreased ACh in the brain
(Mehla et al., 2022). Cholinergic dysfunction is described as a decrease in ACh synthesis due to
low levels of choline acetyltransferase (ChAT), ACh reuptake, cholinergic neuronal and axonal
abnormalities, and degeneration of cholinergic neurons (Fisher, 2008). Specifically, research has
found that ACh levels are significantly reduced in various brain regions, including the frontal
cortex and hippocampus of AD patients compared to healthy controls (Quirion, 1993).
Furthermore, decreased levels of ACh has been reported in AB-containing transgenic mice, as
well as post-mortem analysis of AD brains (Mehla et al., 2019). Quirion (1993) first proposed
that the cholinergic system produces far spanning effects on brain function, including the
degradation of AP. In a follow up study, it was found that AB-related proteins, including APP, act
as physiological modulators of cholinergic function (Kar & Quirion, 2004). Pittel and colleagues
found that cholinergic muscarinic receptor agonists enhanced soluble APP secretion in rats while
inhibiting insoluble AP production (Pittel et al., 1996). This suggests that treatments targeting the
cholinergic system may help regulate Ap formation. Along with significant effects on Af
pathology, cholinergic agonists have been found to attenuate the hyperphosphorylation of tau
(Kar et al., 2004). Ultimately, changes in the cholinergic system seem to produce changes in APP
processing and promotion of tau hyperphosphorylation, although the cellular mechanisms remain
elusive (Kar et al., 2004). Alterations in the cholinergic system and overall accumulation of A
and hyperphosphorylated tau likely create a feedback loop that furth exacerbates AD pathology.
Overall, AB (1) decreases ACh synthesis and release, (2) downregulates cholinergic receptor

signaling, (3) increases tau phosphorylation and (4) increases overall neuronal toxicity.



Combined these findings stress the significant role of cholinergic system modulation in AD

pathology.

In summary, key therapeutic targets in AD treatment involves addressing A plaques and
the ensuing pathologies they contribute to, such as the functioning of glial cells and the regulation
of various brain systems, including the cholinergic system. By controlling the number of A3
plaques present in the brain, the progression and development of AD may be slowed. A plaques
are one of the earliest physical signs, along with neuroinflammation, of AD; thus, by targeting the

early pathology there is hope that the later developments will not occur.

Amyloid Beta Cascade Hypothesis

Research has shown that A pathology presents itself two decades before tau pathology
and the onset of behavioural symptoms (Sasaguri et al., 2017). This suggests that A} plays a
critical role in the early development of the disease and ultimately, in prevention. One proposed
theory behind how AD develops is the ‘A cascade hypothesis (ACH)’, which argues that the
principal event in AD pathology is the excess production of AP (Awasthi et al., 2016; Zhao et al.,
2020). Awasthi and colleagues (2016) attribute this accumulation of AP as being the main
pathological event of AD, which results in numerous ‘secondary neuropathological changes’
including the latter presentation of the disease in the form of NFTs, neuronal and synaptic loss,
and dementia. The ACH suggests that deposits of AP in the brain are a pathological instigator for
the development of AD and that NFTs are likely due to an imbalance in the assembly of A and
removal (Awasthi et al., 2016). However, it should be noted that the ACH is largely contended as
AP accumulation does not appear to closely correlate with cognitive deficits (Simén et al., 2010).

This suggests that the presence of AP does not necessarily give insights into how developed the



disease is. Furthermore, it has been shown that healthy, elderly patients do display AP plaques
without showing any behavioural symptoms of AD (Simoén et al., 2010). Although, as AP plaques
are the early signs of the disease it can be expected that cognitive deficits would not yet have the
chance to develop. The early stages of AD progression are an important area of study as it offers
invaluable insights into initial dysregulation, potentially eliminating the presentation of more
advanced and severe disease stages. Ultimately, once individuals begin to display more advanced
behavioural symptoms of AD it is often too late to remedy. It is important to keep in mind that
roughly 80% of those age 65 and above demonstrate AP plaques and/or NFTs, however only 5%
suffer from dementia (Aso & Ferrer, 2016). This shows that the presence of both Af plaques and

NFTs is typical in normal aging and not always a major cause for concern.

Many brain areas become affected by the accumulation of A plaques throughout the
development of AD as processes breakdown and memory networks cease to function properly.
Some brain areas implicated in AD-pathology are the various regions found within the medial

temporal lobe.

Medial Temporal Lobe

The previously unknown function of the medial temporal lobe (MTL) was discovered
following bilateral removal from patient H.M in 1953. Following surgery, H.M presented an
inability to form new memories and a temporally-graded retrograde amnesia (Scoville & Milner,
1957). The MTL consists of the hippocampus (HPC), amygdala (AMG), and parahippocampal
formations (including the perirhinal and entorhinal cortices); this led to difficulty determining
which structures were responsible for which aspects of memory formations (Rudy, 2021). Later,
researchers were able to implicate the HPC in a particular form of memory formation called

episodic memory (Preston & Eichenbaum, 2013). Episodic memory arises from a memory
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system within the MTL that is responsible for extracting and storing information from our
personal experiences (Tulving & Markowitsch, 1998). Episodic memory allows us to recall who
we met up with at the movies last week or in, a rodent’s case, what distinct, new stimuli they

encountered yesterday.

As AD primarily affects one’s memory (including episodic memory), the HPC is a key
region of degradation in disease progression. Interestingly, in human studies, researchers have
found that the HPC and associated cortical regions is where the most profound neuronal loss
occurs during the progression of AD (Kril et al., 2002). This is likely why episodic memory is

one of the first processes affected by the disease.

Parahippocampal formation

The parahippocampal formation consists of the entorhinal cortex (EC), perirhinal cortex
(PRC), postrhinal, presubiculum, and parasubiculum and helps support memory formation in the

MTL (Burwell & Amaral, 1998).

The EC transmits information from sensory cortices to the HPC and further on to the
neocortex (including the prefrontal cortex) (Sipos et al., 2007). Due to its significant role in HPC
processes, it is thought to be a key component in memory processing. Furthermore, studies have
shown that EC lesions lead to various impairments in memory, including recognition and spatial
memory (Sipos et al., 2007). This further demonstrates that the EC plays a crucial role in relaying
memory information within and outside of the MTL. Furthermore, Sipos and colleagues also
found that AB-plaque formation in the EC of rodents inhibited performance on memory-related
tasks compared to controls (Sipos et al., 2007). This study shows the damaging affects of AB-

plaque accumulation in memory processing regions, such as the EC. The EC also sends and
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receives information from the PRC. The PRC sits next to the EC in the parahippocampal

formation.

The PRC has been attributed to recognition memory in mammals and has been
extensively studied in rats, primates, and humans (Antunes & Biala, 2012; Mehla et al., 2019;
Suzuki & Naya, 2014). Recognition memory consists of recollection (specific contextual details
of a memory) and familiarity (awareness of previous exposure to a memory without any
contextual cues or information) (Suzuki & Naya, 2014). PRC lesions in rodents have also been
found to consistently impair recognition memory (Ennaceur et al., 1996; Mumby & Pinel, 1994;
Warburton & Brown, 2015); which demonstrates that the PRC is a key area in recognition
memory. The PRC has been shown to degrade in the progression of AD, thus making it an area of
interest. Specifically, Juottonen and colleagues investigated the differences in volume of various
memory-associated brain regions including, the PRC and EC using magnetic resonance imaging
(MRI) and found a significant reduction in patients with AD compared to healthy controls
(Juottonen et al., 1998). This demonstrates the importance of investigating changes in these

regions throughout the progression of AD.

Hippocampus

Memory is a highly evolutionary process that has been the difference between the survival
or extinction of our species (Brown & Aggleton, 2001). A key component of memory is brain
plasticity, or the brain’s ability to adapt via rigorous and constant restructuring (Rudy, 2021). The
brain mechanisms responsible for synaptic plasticity have been studied more than any other
region in the brain; namely, the mechanism of long-term potentiation (LTP) which is crucial for
memory formation in the HPC (Bliss & Lemo, 1973). LTP is responsible for mediating brain

plasticity by being able to adapt and change in the presence of varying situations and stimuli
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(Rudy, 2021). Essentially, LTP is what makes the brain moldable and able to survive and thrive
in an ever-changing environment. The HPC is a main brain region known to undergo LTP
(LeDoux, 1993) as well as neurogenesis (Jin et al., 2004). Neurogenesis is a crucial way to
combat AD-related neurodegeneration as it facilitates the creation of new neurons (Jin et al.,
2004). Furthermore, the HPC is responsible for unifying memories of specific events in the
context in which they took place (Preston & Eichenbaum, 2013) through episodic memory

formation.

As AD primarily affects one’s episodic memory, it is no surprise that the HPC is a key
region of degradation in disease progression (Gotz et al., 2018). It has been long established that
the HPC and associated cortical regions is where the most profound neuronal loss occurs during
the progression of AD (Hyman et al., 1984); this is likely why episodic memory is one of the first
processes affected by the disease. In an MRI study conducted by Ardekani and colleagues (2016)
they found that not only did AD patients show significant hippocampal atrophy, but females
demonstrated a faster rate of atrophy than males (Ardekani et al., 2016). The reason for this
profound sex difference remains unclear in present-day research; however, HPC atrophy
measures using MRI may offer a more accessible diagnostic tool in the initial stages of AD.
Furthermore, a study conducted by Kril and colleagues found that neurodegeneration in the HPC
of AD patients exceeded NFT formations, wherein a ~60% neuronal loss only showed roughly
~8% NFT accumulation (Kril et al., 2002). This suggests that NFT formation is not strongly
associated with neurodegeneration and the resultant behavioural effects that arise. This means
that targeting NFTs in AD treatments may not be the most effective way of treating the disease.
Ultimately, early pathological signs of AD remain necessary therapeutic targets to interrupt

further progression and development.
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Amygdala

Another key element of the MTL is the AMG, which plays a key role in ‘emotional
memory’ and essentially links memories to an emotional component (LeDoux, 1993). Findings
suggest that memories with stronger emotional significance are far more adhesive in the brain
(i.e., salient emotional memories are the most difficult to forget) (Morena & Campolongo, 2014).
The AMG is also a key player in memory formation, especially when related to fear (LeDoux,
1993). This is likely due to the evolutionary advantage of remembering negative events over
positive ones (i.e., remembering where you saw that bear when you were gathering food is more
important for your survival than remembering how delicious the berries that you ate from that
area were). Studies have shown that the AMG becomes severely atrophied in the progression of

AD (Poulin et al., 2011; Vogt et al., 1990), making it a region of interest.

In summary, various regions of the MTL combine to facilitate memory. The PRC is
responsible for encoding an item in memory, the HPC is responsible for associating those items
within memory, and the AMG is responsible for linking memories with an emotional factor
(LeDoux, 1993; Squire & Zola-Morgan, 1991; Suzuki & Naya, 2014). All together, these brain
regions play significant roles in the limbic system. The limbic system is a large, over-arching
brain system consisting of the aforementioned structures and is responsible for learning and
memory, as well as a myriad of other functions that are crucial to survival (LeDoux, 1993). These
areas will be the primary focus of the present research project as they are responsible for various

components of memory and become disrupted in the progression of AD.

Another key symptom that arises in AD are changes to one’s thoughts and perceptions of

the world and of themselves. These cognitive processes arise in an important brain region known
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as the prefrontal cortex (PFC). The PFC also plays a crucial role in memory processes that

become severely dysregulated in the progression of AD.

Prefrontal cortex

The PFC, amongst other things, is responsible for the top-down process that is executive
function, which includes: reasoning, planning, language, and social interactions (Jobson et al.,
2021). Essentially, the PFC functions as the command centre for the brain. Initially, rodents were
believed not to have a PFC; it was first postulated by Kolb in 1984 that this is simply not the case
as PFC lesion studies in rodents and primates revealed considerable similarities (Kolb, 1984).
Although the rodent brain is roughly 1000 times smaller than that of the human brain (Kolb &
Cioe, 2004), it is evident that there are still analogous structures that allow for applicable research

to be conducted using rodent models.

The PFC is located in the most anterior part of the cerebral cortex and can be divided into
two regions based on neuroanatomical connections: 1) the medial prefrontal cortex (mPFC) and
2) the lateral prefrontal cortex (IPFC) (Kolb & Tees, 1990; Jobson et al., 2021). The mPFC shares
connections with the AMG, HPC, and other temporal areas, which unifies information from
environmental stimuli; whereas the IPFC shares connections with the basal ganglia, cingulate
cortex, and parietal cortex areas in order to regulate feedback from the environment (Jobson et
al., 2020). The mPFC will be the primary focus in the present research as its connections and role
in memory is an important factor in AD progression and severity. The mPFC plays a role in
working memory, decision-making, cognitive flexibility, and attention (Jobson et al., 2021). In
1984, Kolb found that mPFC lesions resulted in impaired memory processes; specifically,
regarding working memory, but not spatial memory acquisition (Kolb, 1984). Furthermore,

mPFC lesions produced impairments in temporally linked working memory (memory that
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involves temporarily remembering stimuli in the present moment), whereas HPC lesions produce
impairments in episodic memory (memory that involves recalling previously encountered
stimuli). Impairments in the mPFC translate as an inability to keep track of sensory events in real
time. However, there is also an important pathway present between the mPFC and the HPC that
aids in the consolidation of memory (Preston & Eichenbaum, 2013); thus, it makes sense that a
breakdown of these systems and their resultant connections would produce global impairments in

memory.

Aging studies have shown a decline in spatial working memory over the lifespan, a
primary function of the mPFC. Bizon and colleagues found that aged male Fischer rats performed
worse at tasks involving spatial working memory compared to their young counterparts (Bizon et
al., 2009). This suggests that working memory deteriorates with age, however neurodegenerative-

related disorders may greatly exacerbate these impairments.

Over time, the PFC becomes affected by AD as it is one of the first brain regions
vulnerable to AP accumulation (Latif-Hernandez et al., 2020). The pattern of effects in AD is of
interest because the PFC and HPC appear to work together to encode, consolidate, and recall
memories (Euston et al., 2012). As the mPFC is the ‘conductor’ in the metaphorical orchestra that
is the brain this means that its removal does not necessarily correlate with an inability to perform
any one specific function, but rather the connectivity of various parts. This demonstrates how the

mPFC and MTL work in tandem to produce various components of memory.

MTL-mPFC Connections

Various regions within the MTL are strongly connected with one another; however, they

also send/receive projections from the mPFC. Namely, the HPC (specifically, the ventral portion
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in rodents and the anterior portion in humans) sends projections to the mPFC; studies suggest that
the mPFC is responsible for gathering information about the context of linked memories (Preston
& Eichenbaum, 2013). The HPC and parahippocampal formation (including PRC and EC) form a
feedback loop that allow the HPC to retrieve information about the events of a memory based on
context, and vice versa (Preston & Eichenbaum, 2013). This means that the PRC and EC send
and receive information on items within memory that allow the HPC to place them within
memory. These areas working together is crucial to generating complete, coherent memories.
Thus, dysregulation within any single aspect of this system will impair memory function, which
is seen in individuals suffering from AD. Overall, the aforementioned brain regions must work
together in order to facilitate memory; it is through the degradation of these systems in AD
progression that memory becomes disrupted. Thus, by improving the functioning and longevity

of these brain systems memory may be saved.

A relatively new idea in AD research is the different effects pathology seemingly has on
females and males. Exploring sex differences is vital in AD research, as there are distinct

manifestations across the sexes.

Sex Differences

Historically, scientific research has failed to consider the sex differences that naturally
occur in the brain due to various factors such as hormones, maturation rate, and environmental
influences. AD research is no exception. A recent review found that only one-third of recent
preclinical AD-related articles published between 2013 and 2018 included female subjects
(Waters et al., 2021). A quick search through the method section of any date of Alzheimer’s
research will show that almost exclusively male subjects are used. It should be noted that ‘sex’ in

this context refers to both biological and physiological differences between males and females,
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specifically regarding hormones. The present thesis will not touch on the nuances of gender. In
this research project, I will be using an equal number of both female and male subjects, as AD

presents itself differently in female and male brains.

Overall, AD disproportionately affects women, by nearly two-fold, even when natural
female longevity is accounted for (Hemonnot et al., 2019; Nebel et al., 2018; Oveisgharan et al.,
2018; Toro et al., 2019). Specifically, female brains tend to experience faster HPC degeneration
compared to male brains (Ardekani et al., 2016). This means that once disease progression has
started, deterioration is accelerated in females. One main proposed contributor to sex
dimorphisms in AD are sex hormones due to their fundamental role in sex-related differences in
cognition and brain function (Toro et al., 2019). AD risk is elevated in postmenopausal women
(which is when a reduction in estrogen is experienced) (Toro et al., 2019), suggesting that altered
hormone levels may be to blame. Estrogen is a neuroprotective, sex hormone that acts as a
neurotransmitter and hormone mediator, synaptogenesis and LTP modulator, and an anti-
inflammatory (Cholerton et al., 2002). A study conducted by Shaywitz and colleagues found that
estrogen levels affected working memory in post menopausal women (1999); this suggests that

estrogen has widespread affects on cognitive function.

Estrogen replacement therapy (ERT) was first proposed to counteract the memory-related
risk factors of depleted protective estrogen levels related to post menopause in women. A recent
meta-analysis looking at 16 different studies found that ERT improved AD-related outcomes in
post menopausal women (Song et al., 2020). This suggests that hormone therapy may be crucial

in delaying the progression of AD in female subjects.
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Perhaps most importantly, sex differences have been revealed in treatment efficacy in
clinical trials (Kim et al., 2015); stressing the importance of investigating these sex differences at

the preclinical level.

Current Treatment Methods

Presently, there are no effective treatments for many neurodegenerative disorders
(including AD) (Sasaguri et al., 2017). Current drugs approved for the AD treatment include: 1)
acetylcholinesterase inhibitors (Aricept, Exelon, Razadyne) and 2) NMDA-antagonist memantine
(Namenda) (Fisher, 2008; Karl et al., 2012; Zhao et al., 2020). However, these drugs do not
modify disease pathology or progression, they simply treat symptoms of AD (Cooray et al.,

2020). Evidently, previous drug treatment methods have failed.

What follows, is a need to establish alternative treatment modalities and methods in order

to generate multifaceted treatments for AD and other complex diseases.

Endocannabinoid System

The endocannabinoid system (ECS) is an immense and complex network that is not
completely understood. The ECS, a lipid-signaling system, encompasses the cannabinoid (CB)
receptors, endogenous ligands, numerous enzymes for the synthesis and degradation of the
endocannabinoids, as well as the reuptake transport system (Kruk-Slomka et al., 2017). Studies
have shown that the ECS is operational early in brain development and continues to remain active
throughout the lifespan (Kruk-Slomka et al., 2017), indicating that the ECS is a critical brain
system. The ECS has been thought to be neuromodulatory in nature as it directly engages in
many important biological functions (Benito, 2007). Recently, the ECS has been a promising new

target for the treatment of various neurodegenerative diseases, including AD (Calina et al., 2020).
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The two main targets in the ECS are G-coupled protein receptors: (1) cannabinoid receptor type 1
(CB1) and (2) cannabinoid receptor type 2 (CB2) (Bahr et al., 2006; Gowran et al., 2011; Morena

et al., 2014).

CBI1 receptors are one of the most abundant G-coupled receptors in the brain and are most
concentrated in the HPC, basal ganglia, cortex, striatum, and cerebellum (Bahr et al., 2006;
Cassano et al., 2020; Howlett et al., 2004; Karl et al., 2017; Jiang et al., 2005). As the HPC
contains one of highest densities of CB1 receptors (Howlett et al., 2004; Mechoulam & Parker,
2013) and is a key brain area for memory, it will be a main area of enquiry in this research
project. The concentration of CB1 receptors in the brain is comparable to that of GABA- and
glutamate-gated ion channels (Howlett et al., 2004) as well as striatal dopamine receptors
(Fowler, 2021). CBI1 receptors are mainly located on presynaptic neurons that inhibit
neurotransmitter release (one of the main functions of the ECS) (Mechoulam & Parker, 2013).
Due to the myriad of CB1 receptors in the CNS, it can be inferred that they play a critical role in
overall brain function. Particularly, CB1 receptors play a crucial role in aging-related processes
(Nidadavolu et al., 2021; Sarne et al., 2018). A study conducted by Zimmer (2009) showed that a
reduction in CBI1 receptors was associated with an increased rate of mortality (Zimmer et al.,
1999). CBI1 receptors primarily engage in functions that help achieve cell maintenance and they
play a vital role in memory consolidation (Bahr et al., 2006; Howlett et al., 2004). A study
conducted by De Oliveira Alvares and colleagues (2005) showed that intra-hippocampal
administration of a CB1 antagonist in male rats impaired memory during an aversive
hippocampal-dependent task. Furthermore, intra-hippocampal administration of CB1 agonists,

showed an impairment of long-term memory consolidation, however spared acquisition, and
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short-term memory (Yim et al., 2008). These studies show how short-term and long-term

memories are differently mediated via CB1 receptors.

CB2 receptors are mainly located on immune cells (namely, activated microglia) within
the CNS and play a crucial role in immune function (Brown, 2007; Cassano et al., 2020; Koppel
& Davies, 2008; Maresz et al., 2005). Interestingly, CB2 receptors primarily only appear when
there is active inflammation present (Bie et al., 2018). CB2 activation produces a myriad of
immune effects, including the reduction of cytokine production, cell migration regulation, cell
proliferation inhibition, and downregulation of surface marker expression and cell function
impairment (Romero-Sandoval et al., 2008). There is robust evidence suggesting that
neuroinflammation may be a key component in the pathology of AD via inflammation-causing
cytokines, chemokines, and neurotoxins that are triggered by microglia (Benito et al., 2007;
Masliah & Selman, 2008; Perry et al., 2010). Cannabinoids have been shown to be
neuroprotective against AB-induced activation of microglia (Martin-Moreno et al., 2011).
Furthermore, Ehrhart and Colleagues (2005) found that stimulation of CB2 receptors suppressed
microglia activation in mice. Supressing microglia activation downregulates harmful, chronic
inflammatory processes. This demonstrates the vital role that cannabinoids play in inflammatory

control.

The ECS is a promising therapeutic target for AD due to the broad range of functions that
are conducted within this system, including memory-related processes and inflammatory
mechanisms. The ECS is activated through various cannabinoids found both externally, in nature,

and internally, within the body.
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Cannabinoids

Cannabinoids are a group of compounds that modulate and act on the cannabinoid
receptors (CB1 and CB2) of the ECS and are divided into 3 categories: (1) endogenous
(endocannabinoids), (2) synthetic cannabinoids, and (3) phytocannabinoids (Gongalves et al.,
2020; Rom & Persidsky, 2013). Cannabis consists of naturally occurring cannabinoids (or
phytocannabinoids); the two most well-known and commonly researched are cannabidiol (CBD)
and A9-tetrahydrocannabinol (THC) (Anderson et al., 2019; Calina et al., 2020). Cannabis has
been used for thousands of years as it is a naturally occurring plant that encompasses both THC,
CBD, and over 100 other cannabinoids (Booth & Bohlmann, 2019; Pellati et al., 2018; Schubert
et al., 2019). As a result of the vast number of cannabinoids, the therapeutic potential of cannabis

is largely unexplored.

THC is the main psychotropic component of cannabis and acts as a partial agonist on
both CB1 and CB2 receptors (Wang et al., 2022). THC targets the ECS via CB1 receptors and
produces psychoactive effects at high doses (typically above 3 mg/kg) (Puighermanal et al.,
2009). Interestingly, THC has a biphasic effect, meaning that the effects at a low dose are
opposite of those that occur at a high dose (Calabrese & Rubio-Casillas, 2018). Studies have
shown that THC, at low doses, encourages HPC neurogenesis (Jiang et al., 2005), inhibits
neurodegeneration (Gowran et al., 2011), protects the brain from neuroinflammatory-driven
cognitive deterioration (Martin-Moreno et al., 2012), and strengthens both memory and cognition
(Bilkei-Gorzo et al., 2017). Neurogenesis is a process where HPC cells are able to generate new
neurons (Jiang et al., 2005); this offers a crucial treatment modality to combat neurodegeneration
(the opposite of neurogenesis) in AD. As there are large quantities of CB1 receptors in the HPC

(Calabrese & Rubio-Casillas, 2018), an area of the brain that is important for episodic memory,

22



CBI1 receptors may be crucial targets for diseases affecting memory, such as AD. Interestingly,
Jin and colleagues (2004) found that CB1 receptor knockout mice showed significantly less HPC
neurogenesis compared to controls. This was further supported by Jiang and colleagues (2005)
that found a cannabinoid-induced increase in neurogenesis as a direct result of CB1 receptors.
Furthermore, Zimmer and colleagues (1999) found that CB1 knockout mice displayed a higher
mortality rate than controls, showing that these receptors seem to play a key role in long-term
brain health. These studies demonstrate the importance of CB1 receptors for neurogenesis and
cognitive processes in the brain, especially in the HPC. Evidence has shown that low doses of
THC encourage HPC neurogenesis, prevents age-related neurodegeneration, and protects against
inflammatory-related cognitive deterioration (Calabrese & Rubio-Casillas, 2018). These findings

illustrate the exciting potential of low doses of THC against AD pathology.

CBD is a non-competitive negative allosteric modulator of CB1 receptors (Hughes &
Herron, 2019), this means that CBD diminishes the effects of CB1 agonists. Interestingly, CBD
attenuates the metabolism of THC by preventing its conversion to the more psychoactive form,
11-hydroxy-THC (Costa et al., 2007; Klein et al., 2011; Russo & Guy, 2006; Varvel et al., 2000).
CBD is a non-psychotropic cannabinoid that interacts with various receptors and proteins (Wang
et al., 2022); specifically, CBD acts as an inverse agonist at CB2 receptors (Watt & Karl, 2018).
CB2 receptors play a role in the clearance of AP (Aso et al., 2016; Wu et al., 2013), making them
an important target for AD treatments. Furthermore, CBD has been shown to significantly reduce
neuroinflammation and significantly increase cognitive function (Sanchez-Sarasua et al., 2020).
CBD reduces neuroinflammation via CB2 receptors and results in the downregulation of immune
cells, including microglia and astrocytes (Martin-Moreno et al., 2011). CBD treatments have

been shown to decrease AB-induced inflammation (Esposito et al., 2007) and improve deficits in
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spatial memory (Martin-Moreno et al., 2011). This demonstrates the importance of decreasing
chronic inflammation and the resultant role that inflammatory-reducing cannabinoids may play

when treating AD pathology.

THC, CBD, and Terpenoids

Interestingly, THC presents itself as a paradox in terms of cognitive functioning as
research has shown that THC, in low concentrations, improves both memory and cognition
(Calabrese & Rubio-Casillas, 2018). This means that a low concentration of THC may help save
memory and cognitive functions impaired by AD pathology. This is why the dosage of THC,
CBD, and terpenoids, as well as the ratio among them must be carefully considered. Using
cannabinoids in combination is not a novel concept; Carlini and colleagues (1974) found that
using CBD inhibited the negative effects of THC in rodents. Additionally, Watt and colleagues
(2020) found that high doses of CBD (50 mg/kg) reduced AP accumulation and improved
cognition in APP/PS1 mice (Watt et al., 2020). Furthermore, a recent study also found that low
doses (0.02 and 0.2 mg/kg) of THC lowered AP aggregation and increased spatial learning ability
in AB-containing mice in a dose-dependent manner (Wang et al., 2022). These studies display the

combined beneficial effects of CBD and THC.

CBD has been extensively researched using various dosages and treatment models
(Johnson et al., 2010); however, THC is still relatively novel to AD research due to more
restrictive drug control. Early research has shown that the presence of CBD inhibits the
psychoactive effects of THC (Karniol et al., 1973). This is incredibly useful as one of the main
roadblocks of cannabis treatments is that it produces undesired psychoactive effects; by

incorporating both CBD and THC this can be avoided. Aso and colleagues (2015) also found that
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combination extracts incorporating terpenoids improved long-term cognitive deficits (Aso et al.,

2015).

Terpenoids are the cannabinoids responsible for cannabis’ unique and characteristic
aroma (Gallily et al., 2018; Hanus and Hol, 2020). Terpenoids are used to treat a wide variety of
illnesses and diseases including fungal infections, viruses, cancer, inflammation, parasites, and
bacteria (Russo et al, 2011; Hanus$ and Hol, 2020; Vieira et al., 2018; Yoo & Park, 2012).
Interestingly, terpenoids are the most diverse category of organic compounds found in nature
(Yoo & Park, 2012). Terpenoids, when combined with THC and CBD, activate various
‘entourage effects’ that produce positive changes in the brain. The idea of an ‘entourage effect’
was first described by Mechoulam and Ben-Shabat in 1998, as being the way in which the ECS
responds differently in the presence of ‘active components’ combined with ‘entourage
compounds’ which result in more naturally occurring effects (Ben-Shabat et al., 1998). This is a
classic example of the sum being greater than any isolated, individual component, which is a
common theme in scientific findings. Furthermore, Ben-Shabat and colleagues (1998) found that
using both ‘inactive’ metabolites and active primary endogenous cannabinoids increased overall
activity. This suggests that increasing the variety of cannabinoids used in treatment composition
may boost therapeutic potential. However, the mechanisms underlying the entourage effect

remain elusive as they do not occur directly via CB1 or CB2 receptors.

Ultimately, medicinal therapeutic theories argue that all the various compounds within the
cannabis plant produce enhanced therapeutic effects when used in combination, more so than any
isolated, single compound (Berenbaum, 1989; Hanus$ and Hol, 2020; Russo, 2009; Russo et al.,
2011). As mentioned earlier, the cannabis plant consists of hundreds of different compounds

(Gallily et al., 2018); this is far too great a number to synthesize all the different varieties of

25



possible extracts from, however incorporating more rather than fewer components may be the
key to therapeutic success. Combination cannabis extracts seem to exert a more therapeutic effect
than using any individual compound solely (Kim et al., 2019; Watt & Karl, 2017). One study
found that combination THC + CBD extracts were significantly better at reducing AB compared
to THC or CBD alone (Aso et al., 2015). Overall, combination cannabis extracts that incorporate
THC, CBD, and terpenoids may prove to be the most effective treatment option for targeting the

various pathologies implicated in AD.

Various methodologies have been used to explore AD treatment efficacy, however
transgenic mouse models are one of the leading approaches as they produce insights into memory

pathways and molecular changes that would not be possible in human subjects.
APP-NL-G-F/APP-NL Mouse Model

There are over 100 different mouse models presenting various aspects of AD-like
pathology, including AB and NFT accumulation, inflammation, and/or neurodegeneration
(Jankowsky & Zheng, 2017). One roadblock in these models is that these pathologies are
generally not all seen in one single mouse model alone (Jankowsky & Zheng, 2017; Webster et
al., 2014 ). However, as these pathologies emerge at different time points in the progression of
AD, this allows for investigation of various stages in AD development; this means that later
progressions of the disease may be prevented. AP pathology was of particular interest in this
research project as it represents the early manifestation of the disease, thus allowing for optimal
intervention and prevention. Whereas NFT-related pathology presents itself later in the
progression of AD, often after it is too late to remedy. It remains crucial to slow down the
progression and development of AD as this could be the difference between losing memories

sooner rather than later.
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APP models, displaying AB-related pathology solely, are crucial to employ when
analyzing AD as the pathology is less aggressive, allowing for longer and more varied
behavioural testing paradigms. APP models are also considered to be ‘preclinical’ models of AD
as they do not display more advanced AD pathology, such as tau (Sakakibara et al., 2019;
Sasaguri et al., 2017). This is beneficial as it allows for intervention early in the progression and

development of AD.

First-generation APP mouse models were known to overexpress APP, leading to a
misrepresentation of AD-pathology (Mehla et al., 2019; Sasaguri et al., 2017; Whyte et al.,
2018). Second-generation models, which use knock-in methods, were able to circumvent this
issue. Another benefit of knock-in models is the ability to produce relevant controls that were
unable to be produced with first generation models (Sasaguri et al., 2017). This means that more

accurate comparisons can be drawn between the experimental and control groups.

The APP-NL-G-F and APP-NL knock-in mouse models are commonly used in AD
research to overcome the previous issue of overexpressed APP (Mehla et al., 2019; Sasaguri et
al., 2017; Whyte et al., 2018). APP-NL-G-F mice display AD pathology including, AB plaques
and neuroinflammation throughout the brain, whereas APP-NL mice do not (Sakakibara et al.,
2019). In a study conducted by Whyte and colleagues, they showed no evidence of memory
deficits in APP-NL-G-F or APP-NL mice on memory-based tasks at 6 months of age (Whyte et
al., 2018); suggesting that a testing time point after 6 months is more appropriate. Furthermore, a
study conducted by Mehla and colleagues found that impairments begin to develop at 12 months
of age in APP-NL-G-F mice (Mehla et al., 2019). This reinforces the idea that behavioural testing
should be initiated between 6-12 months of age to see memory-related deficits related to AD

pathology. APP-NL control mice have been shown to display no pathology or cognitive deficits
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related to AD (Sasaguri et al., 2017). In summary, the knock-in APP-NL-G-F mouse model

displays key pathologies related to the initial stages of AD.

APP-NL-G-F and APP-NL subjects will help demonstrate how cannabis extracts may
reduce memory impairments, A} accumulation, and neuroinflammation in AD by investigating

early progression and development.

Purpose of the Present Study

The purpose of the present study is to investigate if combination cannabinoid extracts can

help mitigate disease pathology and memory impairments related to AD.

Hypothesis: A combination cannabis extract (20:1 mg/kg CBD:THC) should reduce

pathology and memory impairments related to AD in APP-NL-G-F transgenic mice.

Our lab has recently investigated treatments of THC (0.2, 0.5, or 1 mg/kg) or CBD (5, 10,
or 20 mg/kg) alone on APP-NL-G-F mice and found no treatment-specific effect on measures
assessing memory-related behavioural tasks (namely, the NOR task, FC task, and MWT), AB-

load (4G8/82E1-stained), or inflammation (GFAP/Ibal) (Nixon, 2022).

We are now combining these two cannabinoid compounds and incorporating various
terpenoids to potentially boost the therapeutic potential of these cannabinoids. The present study
will also incorporate longer treatment times to ensure that early pathological development of the
disease is treated. In a recent study assessing aged mice (18 months of age), we showed improved

performance on memory-based tests compared to vehicle-treated counterparts (unpublished).
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This shows that cannabis extracts may be effective in ameliorating age-related cognitive

impairments as well as those found in AD.

The purpose of the present study is to investigate the effectiveness of combination
cannabis extracts at treating memory-related impairments and pathological symptoms of AD.
Past studies in our lab have shown that CBD (20mg/kg) and THC (1mg/kg) have shown little or
no effects when used separately. The entourage effect offers promise in the therapeutic potential
of combining cannabinoids to maximize therapeutic effect. Overall, this study seeks to

investigate if a later, longer dose of cannabis will enhance therapeutic effects.

e NOR Task
e MWT

. FC Task

5-8 Months Oid 9 Months Oid 12 Months Oid 13.5 Months Oid

e NOR Task
e MWT
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Methodology

Subjects

Eighty homozygous amyloid-3 precursor protein (APP) knock-in positive (APP-NL-G-F,
n=40) and negative (APP-NL, n=40) mice weighing 18-45g were obtained from the University
of Lethbridge and housed in a temperature-controlled (20-22°C) vivarium, with a 12h/12h
light/dark cycle. Food and water were available ad libitum in their housing cages. The mice were
housed singly or in groups of 2-5 per cage. The eight experimental groups consisted of positive
extract-treated females (n=10), positive extract-treated males (n=10), positive vehicle-treated
females (n=10), positive vehicle-treated males (n=10), negative extract-treated females (n=10),
negative extract-treated males (n=10), negative vehicle-treated females (n=10), and negative
vehicle-treated males (n=10). It should be noted that 2 subjects from each experimental group
were used for alternative analysis for the pathology portion of the data, reducing each

experimental group to n=8 for pathological analysis.

Apparatus

A cannabis extract of THC (1 mg/kg), CBD (20 mg/kg), and terpenoids (1.6 mg/kg) were
administered orally daily starting at 5 months of age until sacrifice at 13.5 months of age, for a
total of 8 months. Treatments were administered at the same time daily. All treatments were

administered by a female experimenter.

Oral administration via an oil extract allows for accurate and reliable dosing, as it is
difficult to pinpoint an accurate dosage using inhalation. However, oral administration of
cannabinoids does prove to be slower and more erratic due to their lipid soluble nature (Russo et

al., 2008). Oral ingestion of cannabinoids typically results in a slower absorption time and lower,
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more-delayed THC concentration peaks. However, this also means that the effects of orally
administered cannabinoids linger longer in the body. For this reason, we can provide daily doses
that will remain in the system for up to 20 hours (Bruni et al., 2020). Furthermore, human trials
would likely support an oral administration or oromucosal administration of treatment over

intraperitoneal injections or inhalation.

Dosing Paradigm

The mice were weighed every other day to ensure that corresponding dosages remained
consistent and accurate. The cannabis extract was prepared by combining 10 g of extract #81 in
ethanol with 3 g of #81 in ethyl-acetate in grapeseed oil. This was thoroughly vortexed several
times daily over 5 days and left in a shake and bake oven overnight. Once dissolved, the final

volume of grapeseed oil was added and left to mix.

One week prior to treatments being initiated at 5 months of age, mice were exposed to
Nutella in a weigh boat within their housing cages to become accustomed to the taste. They were
given 0.25 g/mouse. One day prior to treatments being initiated, the mice were placed in the
treatment cages for 1 hour with Nutella (void of any extract or vehicle). The mice that more
readily ate the Nutella were the mice selected to receive the cannabis extract treatment. For the
first 21 days, the mice were placed on food restriction for 4 hours prior to treatments to increase
their motivation to eat the treatments. For the first 21 days, the mice were also left in their
treatment cages for 90 minutes (this slowly decreased to 15 minutes as they became faster at
eating the treatments). Due to the relatively long duration spent in the treatment cages, the mice
also had water bottles in the cages until the time spent in the treatment cages decreased to less

than 40 minutes. For the first 28 days, the mice also received 0.4 g of Nutella (to better mask the
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strong taste/odour of the cannabis extract); this slowly decreased to 0.25 g as the mice more

readily ate the treatments. All mice received the same amount of Nutella to maintain consistency.

Both the cannabis extract and grapeseed oil vehicle remained at refrigerator temperature
(4 °C) prior to being administered, then it was kept on ice until it was pipetted. Mass stores of
both the cannabis extract and grapeseed oil vehicle were kept at freezer temperature (-18 °C)

prior to being moved to the refrigerator the day prior to use to thaw.

The cannabis extract and vehicle were prepared by adding their weight ratio (g: ul) to
0.25 g of Nutella. The Nutella was placed on a halved plastic weigh boat using a wooden tongue
depressor and a wooden stir rod that was replaced daily. Then the wooden stir rod was used to
mix the extract or vehicle in with the Nutella, until the oily texture was gone. To limit cross
contamination, the vehicles were pipetted and stirred prior to the extracts. Each mouse had their
own personal weigh boat that was marked clearly with their animal number and treatment type
(vehicle or extract). These weigh boats were replaced weekly. In between treatments, the weigh
boats were stored on a plastic tray (one for the vehicles and one for the extracts). Following
preparation, the treatment weigh boats were placed in an empty housing cage. Each mouse was
placed in its own corresponding treatment cage. The same cages were used each day for
treatments. The mice were left in the treatment cages for 15 minutes to allow ample time to finish

the treatments.

Following treatments, the mice were removed from the treatment cages and returned to
their housing cages. The order in which they were removed was reversed every other day to
account for the time spent cleaning each cage at the end of treatments. Each treatment cage was
cleaned following the mouse being removed. Each treatment weigh boat was cleaned using a

fresh paper towel then wiped with a warm, damp cloth before being placed back on the
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corresponding tray. A separate cloth was used for extract and vehicle weigh boats to limit cross

contamination and the cloth was replaced daily.

The mice began receiving treatments at 5 months of age and continued until sacrifice.
They were sacrificed once they began to show memory deficits on various memory-based
behavioural tasks. Namely, the Morris Water Task, which assesses spatial memory through the
employment of the HPC, a key target area for THC. Previous work in our lab showed no
genotype-related differences at 9 months of age, which is why we began testing at this time point

rather than earlier.

Cytology

To account for the rapidly changing estrous cycle of mice, vaginal lavage was completed
for two weeks prior to behavioural testing. The estrous cycle in mice occurs in four successive
stages (proestrus, estrus, metestrus, and diestrus) (figure 1) and repeats every 4-5 days (Byers et
al., 2012; Caligioni, 2009). Interestingly, mice reach a period of post estrous around 12 months of
age (Brinton, 2012). This may hint at correlations between menopause and the progression of
AD. Furthermore, estrogen, which fluctuates throughout the estrous/menstrual cycle has been
found to play a significant role in neuromodulation and neuroprotection, including anti-
inflammatory actions, protection against cell apoptosis, and the regulation of neurotransmitters
and hormones. Studies have found that estradiol, an estrogen steroid hormone, levels peak during
the proestrus phase in mice (Lovick & Zangrossi, 2021). This suggests that proestrus is an
essential estrus phase for receiving the protective effects of estrogen. The main purpose of
observing the estrous cycle is to confirm that the drug treatments are not influencing the natural

estrous cycle of the mice.
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PROESTRUS
24 hours

Nucleated
Epithelial Cells

DIESTRUS
48-72 hours

Leukocytes

METESTRUS ESTRUS
6-8 hours 24-48 hours

Equal Mix of all 3 Cornified
Cell Types Epithelial Cells

Figure 1. Estrous cycle in mice. Visual representation of estrous cycle stage, stage duration, and
primary cell type present. The size of each quadrant does not correlate to the length of each stage.

Vaginal lavage was conducted on females 14 days prior to the start of behavioral testing
to study the effects of cannabis treatments on estrous cycle. Females were scruffed and 50ul of
distilled water was gently pipetted in and out of the vaginal canal to obtain a vaginal cell sample.
Each sample was placed on a Superfrost plus microscope slide corresponding to the correct
mouse number and allowed to dry for 24 hours before being placed in a microscope slide box.

Males were scruffed and gently poked in the abdomen to simulate a similar experience.

Cytology was conducted using a Zeiss Axioskop-2 Mot Plus Upright Fluorescence
Microscope with an objective of 20x. As previously mentioned, there are specific cells that show
a majority representation based on the stage underwent while the samples were collected. A
trained experimenter, who was blind to the experimental groups, manually observed which cell

type was most present in each sample to deduce the estrus stage present in each sample.
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Behavioural Tests

Activity Boxes

Exploratory behaviours were recorded using open field locomotor activity, a standard
measurement of activity levels in mice (Gould et al., 2009). The mice were individually placed in
AccuScan activity monitoring Plexiglas boxes (42 cm x 42 ¢cm x 30 cm) and recorded using
VersaDatTM software (AccuScan Instruments Inc., OH, USA). The mice were run on activity
boxes monthly from 5 months of age (once they commenced treatments) until they began
behavioural testing at 9 months of age. Each mouse underwent a total of 4 activity box sessions.
The mice were placed in the activity boxes for 10 minutes and allowed to roam freely. The
experimenter left the room during the trials to eliminate any distractions or additional sound. To
ensure that the treatments were no longer in their system, the mice were run on the activity box

24 hours after being treated the previous day.

Novel Object Recognition (NOR) Task

Berlyne (1950) first observed that rodents naturally spend more time exploring novel
objects compared to familiar ones (Berlyne, 1950). The novel object recognition (NOR) task
utilizes spontaneous exploratory behaviour in rodents, which is their natural proclivity to assess
objects unfamiliar to them. This task is particularly attractive as it requires no reward or
punishment, as it is a purely observation-based task. This behavioural task evaluates recognition
memory and is modulated by the PRC in the brain (Antunes & Biala, 2012). The PRC has been
implicated in AD pathology as human MRI studies have shown a significant decrease in volume

compared to healthy controls (Juottonen et al., 1998). Furthermore, PRC removal has been shown
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to impair recognition memory in rodents (Brown & Aggleton, 2001). This suggests that we

should see impairments in PRC function with the onset of AD.

Object recognition, which utilizes recognition memory, can be determined by comparing
the amount of time that the mice spend assessing each object. The parameters being that the
mouse must be within 1 cm of the object, they cannot have their paws on the object, and they
cannot be sitting on top of the object. Each object was placed an equal distance from the wall and
the objects were across from one another diagonally (see figure 2). The NOR task has been used
to evaluate memory in a variety of mouse models, including APP-NL-G-F (Grayson et al.,

2015). A study conducted by Cheng et al., showed that a chronic dose of 20 mg/kg CBD
improved object recognition impairments in APP/PS1 mice (2014). This suggests that the extract

may improve memory recognition deficits compared to vehicle-treated subjects.

A &3 &3 4

NOR D1-3 NOR D4 NOR D5 NOR D6 NOR
Habituation Training Testing Testing Re-test

Figure 2. A diagram of each stage of the NOR task. Objects are not shown to scale.

Object exposure was counterbalanced to eliminate any potential bias or arena side/object
preference. On the first training day, the mice were either exposed to A+ A or B + B
configurations, then on the second testing day they were either exposed to LA RB or LB RA (see
Figure 3 below). Each configuration group was assigned randomly and had an equal number of

subjects from each experimental group.
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NOR D4 NOR D5 NOR D5
“AA” “LARB" ‘LB RA”
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& —> N OR

NOR D4 NOR D5 NOR D5
“BB” ‘LB RA” “LARB”

Figure 3. Object configurations in the NOR task.

Mice were placed facing the wall of the front right corner of an empty arena (58 cm x 58
cm x 38 cm) to initiate each trial. The arena consisted of a white tub with ~1 cm of bedding lining
the entirety of the floor. The bedding was changed out between male and female trials; however,
the same bedding was used for the entire initial 6 days of testing (to ensure that the environment
was familiar to the mice). Habituation: The mice underwent habituation for a duration of 10
minutes, daily for 3 days. The first day of habituation was recorded and scored using an open
field program to measure anxiety. 7raining: On day 4, the mice were exposed to 2 identical
objects that were placed an equal distance from the walls on opposite sides of the arena for 10
minutes. Testing: On day 5, the mice experienced a 5-minute exposure to one object from the
previous day (day 4) and one completely new object placed in the same orientation as the objects
from the previous day. On day 6, the mice experienced a 5-minute exposure to the novel object
from the previous day (day 5) and one completely new object that were also placed in the same
orientation as the objects from the previous day. Please note, the objects that were used from the

previous day were placed in the same location that they had previously been in. Objects were
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taped to the bottom of the tub using surgical tape to prevent them from falling over. The tape was
rolled and out of the reach/view of the mice to avoid distractive picking. The males were run first
on the task, then the bedding in the arena was switched out and the arena was cleaned using 2-3
sprays of isopropyl alcohol to limit scent transfer. This task was conducted at 9 and 12 months of
age. Completely new and different objects were used for each round of testing. One-month re-
test: Four weeks following the last habituation day during the 12-month testing period, the mice
were re-tested on the novel object recognition task with one object from day 4 and one
completely novel object. The mice were placed in the exact same arena with the exact same
orientation of the objects for a single 5-minute trial. The re-test was used to investigate long-term

recognition memory function.

Open Field Task

The open field task (OFT) is commonly used to examine exploratory behaviour (Gould et
al., 2009) and anxiety-like behaviour (Latif-Hernandez et al., 2019) in rodents. In this project,
exploratory behaviour and anxiety was measured by analyzing how much time the mice spent in
the periphery of the arena, as more anxious mice tend to stick closer to the walls of a confined

space.

The OFT was performed on day 1 of the NOR task (during the habituation period). The
subjects were recorded, and the video files were processed using Noldus EthoVision XT version
16 software to track the movement of the mice over the 10-minute testing period. The software
provided data on how long the mice spent in the ‘outer rim’ of the arena, this was defined as 1)
when the nose of the subjects was in the outer periphery of the arena and 2) the subjects were not

climbing on the walls of the arena.
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Balance Beam

The balance beam task is used to assess motor ability in rodents, to ensure that any
behavioural impairments found are due to memory deficits and not motor problems (Carter et al.,
2001; Luong et al., 2011). The balance beam task utilizes an 80 cm pole that is suspended by two
tripods at either end at a height of 50 cm. There are black tape rungs marked off in 10 cm
intervals down the length of the pole. The mice are initially exposed to the tube that is at one end
of the pole, to eliminate any fear associated with entering the escape tube. During training, the
mice are then set on the pole at 10 cm and must make their way to the other end of the pole, the
interval is subsequently increased to 50 cm, then lastly, to 80 cm. During the training day, the
mice were caught by the experimenter to limit stress associated with falling. The mice received
one day of training at the various intervals, then on the testing day, they were video recorded and
ran for 3 trials from the 80 cm interval. To remove the mouse from the tube, they were gently

prodded using a rolled-up bunch of paper towel.

Mice displaying a strong motor ability should be able to traverse the beam relatively
easily. However, it should be noted that male mice exceeding 40 g did present a difficulty with
balancing on the beam (due to their mass). The main purpose of this task is to ensure that any

impairments found in behavioural tasks are due to memory deficits and not poor motor skills.

The mice were tested at both 9 and 12 months of age, 2 days following testing day 6 of

the NOR task.

Morris Water Task (MWT)

The Morris Water Task (MWT) was first developed by Richard Morris in the early 1980s

and, to this day, remains one of the most common tasks for assessing spatial learning and
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memory in rodents (Barnhart et al., 2015; Sakakibara et al., 2019; Sutherland et al., 1982). Spatial
memory arises when animals (including humans) acquire map-like mental representations of their
environment in order to navigate and learn where objects are in space (O'Keefe & Nadel, 1978).
This is what allows us to orient ourselves in space and was likely first used to navigate toward a
food source and/or away from harm. MWT-based lesion studies remain crucial ways to
investigate and understand the role of the HPC (and other brain structures) in spatial memory.
Morris and others demonstrated that rodents with HPC lesions could not perform this task as well
as those with intact HPC (Morris et al., 1982; Morris, 1984; Sutherland et al., 1982; Sutherland et
al., 1983). These studies were some of the first to demonstrate the crucial role of the HPC in
spatial memory. Astur and colleagues went on to investigate this using a virtual MWT with
human subjects that received unilateral HPC removals for epilepsy treatment and found
significant impairments in spatial memory (Astur et al., 2002). This demonstrates the

applicability of various animal models in the assessment of brain systems.

The HPC is one of the first areas of insult in the progression of AD (G6tz et al., 2018).
Therefore, it is extremely useful to investigate if this brain region can be saved using cannabis
treatments. A previous study within our lab showed that APP-NL-G-F mice display significant
impairments in acquisition during the training portion of the MWT (Mehla et al., 2019). This
mouse model is expected to begin to show spatial memory deficits at roughly 12 months due to

the accumulation of AP and resultant HPC deterioration (Mehla et al., 2019).

Previous studies have shown improved performance on the MWT in subjects treated with
a low dose of THC. For example, in a study conducted by Sarne and colleagues they found that
an ultra-low intraperitoneal (IP) injection of THC (0.002 mg/kg) significantly improved

performance on the MWT in 24-month-old, aged mice (2018). Similarly, subcutaneous injections
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of THC (1 mg/kg) improved measures of spatial memory on the MWT in 18-month-old, aged
mice (Nidadavolu et al., 2021). Furthermore, 3-month chronic THC (0.02 and 0.2 mg/kg) IP
injections improved spatial memory performance in 14-month-old, aged APP/PS1 mice in a
dose-dependent fashion (Wang et al., 2022). Additionally, as CBD is known to attenuate THC-
mediated impairments in spatial memory (Calabrese & Rubio-Casillas, 2018); it can be expected
that combination cannabis extracts (containing low THC and high CBD) will help improve
spatial memory deficits. Ultimately, the ECS likely plays a key role in spatial memory due to the

predominance of endocannabinoid receptors in the HPC.

In the MWT task, the mice are trained for an 8-day period on the location of a hidden
platform located under the surface of opaque water. There are various visual cues located around
the pool that the subjects use to learn the location of the platform. Over time, subjects with
functioning spatial navigation abilities become faster at locating the platform. Ultimately, latency
to reach the escape platform should decrease as a function of day as the mice learn where the
platform is located. Therefore, mice with extensive damage to their HPC should show

impairments in task acquisition.

The MWT consisted of a pool 154 cm in diameter divided into four quadrants (NW, SW,
NE, and SE) and filled to a depth of 40 cm with water. The water was kept at a consistent
temperature between 20-22°C. White paint was added to the pool to obscure the view of the
platform, which had a surface 1 cm below the surface of the water. The Plexiglas, circular
platform had a radius of 11 cm. Three distinctive visual cues (displaying a black square, triangle,
and plus-sign on white, cardboard backgrounds) were placed around the edge of the pool,
approximately 1 foot above the rim, and remained fixed in place throughout all testing days. The

mice were individually housed in empty cages (with a single piece of paper towel) in-between
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testing. They were placed in their testing cages in the MWT testing room 30 minutes prior to

testing to decrease any stress associated with a novel location.

Training: The mice were placed into the pool and had to navigate to the escape platform
in order to be removed. If a mouse failed to locate the platform, then they are picked up and
placed on the platform for 10 seconds prior to being removed. If the mouse did not stay on the
platform, then they are held in place by the base of their tail. The mice were placed in the pool
facing the wall of the pool and underwent four 60-second training trials per day from each
cardinal direction (North, East, South, and West) in a randomized order for eight days of testing.
Testing: On day 9, the platform was removed from the pool and the mice were run on one 60s
trial from the same start point. Following training on day 9, the mice were re-trained with the
platform in the pool for 4 trials from each direction (similar to the previous training days). At 9
months, the mice were not impaired at this task and did not undergo a retention probe trial one
week following day 9 of testing. The mice were tested again at 12 months using a different
platform location. At 12 months, the mice were impaired on this task and underwent another
testing trial one week following day 9. One-week retention probe test: During the retention
probe, the platform was removed from the pool and the mice were run on one 30s trial from the
same start point. Visible platform test: Following the one-week retention probe trial, the platform
was returned to the pool at a location in an adjacent quadrant and the mice were able to train in
the pool using a visible platform. The platform was made visible by sticking a 10 cc/mL syringe
covered in visible, black tape into the top of the platform so that it stuck out 10 cm from above
the surface of the water. The mice were run on 4 trials from each direction (North, East, South,

and West) to assess their visual skills from all start points. The purpose of the visible platform
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trials is to ensure that the mice still have adequate vision at the end of the MWT. The mice were

run in groups of 10-15 mice. All cohorts were tested by the same experimenter.

The mice were tracked in the pool using a HVS software 28 package. The subjects were
tested at both 9 and 12 months of age, however they only underwent the 1-week retention probe
and visible platform testing at 12 months of age. They were tested 2 days following the
conclusion of the balance beam task. The mice were trained to a different location in both rounds

of testing to eliminate any bias of the previously trained location.

Fear Conditioning (FC) Task

The Fear Conditioning (FC) task is used to assess associative learning and memory,
which is the process of learning and remembering relationships between previously unrelated
concepts (Pavlov, 1927). This task is from the same vein as classical conditioning, wherein the
subjects are exposed to a tone then shortly thereafter experiences a foot shock. Soon, the subject
will begin to associate this tone with a foot shock. In this paradigm there is another factor added
in the form of a context cue. As the subject always receives a shock in the same context, they will
also begin to associate the context itself with the foot shock. When the context is changed and the
tone is heard, they should also associate this with the experience of the foot shock. This
demonstrates that both the context and the tone are important cues in the aversive memory of

receiving the foot shock.

The FC task investigates both HPC- and AMG-dependent associative learning (Cheng et
al., 2014; Cortez et al., 2017; Mehla et al., 2019). The AMG plays a crucial role in associative
learning and memory, as it provides emotional context (LeDoux, 1993). In this case, in learning

to have negative associations toward the tone and the context. The HPC also plays a role in this
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process as it is the brain region responsible for discriminating between the two contexts, the
‘dangerous’ context and the ‘safe’ one. The ‘dangerous’ context is deemed dangerous because the
subjects were exposed to a foot shock stimulus while in the context, whereas the ‘safe’ context is
deemed so as the subjects had not previously been exposed to a shock stimulus while in the
context. This is why the ‘safe’ context is initially deemed as safe (deduced through the absence of
freezing behaviours prior to the first tone interval). Whereas the ‘dangerous’ context is
recognized as being unsafe (deduced through the presence of freezing behaviour right away after
being placed in the context during testing). In an influential paper by Phillips & LeDoux (1992),
they found that AMG lesions lead to impairments in conditioning to both the cue and context
stimulus, whereas HPC lesions lead to impairments in context conditioning but not cue
conditioning. As the HPC undergoes significant degradation throughout AD (G6tz et al., 2018), it

can be expected that impairments in context conditioning would align with AD progression.

In this task, mice were placed facing the wall of the front right corner of a square context
(33 cm x 33 cm x 25 cm) with stainless-steel bar flooring attached to an exterior shock generator
to initiate each trial. Exposure: On testing day 1, the mice were exposed to a 20 s 5 kHz tone
every two minutes and during the last 2 s of the tone they experience a 0.5 mA foot shock. This
process repeats for a total of 12 minutes as they experience five tone/shock intervals. Context
Recall: On day 2, the mice are placed in the same ‘dangerous’ context they were shocked in for 5
minutes, however the shock generator was not attached, and they did not experience any foot
shocks. Tone recall: On day 3, the mice are placed in a ‘safe’ novel, white, triangular context (33
cm x 33 cm x 29 cm) in a new testing room. After 2 minutes of being in this context they are
exposed to the same 20 s 5 kHz tone that they experienced on day 1. They experience this tone 3

times throughout the course of testing (2 minutes apart) for a total of 7 minutes. During all testing
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days the chambers were covered in a Plexiglas sheet to limit scent stimuli and prevent the mice
from escaping. All contexts were cleaned with Virkon in between trials to limit fear-based

pheromone transfer. Testing days 1-3 were video recorded to be analyzed for freezing behaviour.

The mice were observed for freezing behaviours during the first 2 minutes of the day 1
testing (prior to receiving a shock), to establish a baseline freezing duration. This was 0 s across
all subjects. This also reinforces the idea that freezing behaviour is a fear-associated response and

therefore the subjects seem to be absent of fear/anxiety prior to receiving a foot shock.

The mice with functioning memory systems (including HPC and AMG) should be able to
associate the context and tone with the negative shock stimulus and display a distinct freezing
behaviour. During this behaviour, the mice will be completely rigid and only breathing-related
movements can be observed. Mice with intact memory systems should display an increase in
freezing behaviour on day 2 in the context they were shocked in, as well as during the

presentation of the tone on day 3.

The mice only underwent FC testing at 12 months of age to ethically limit the number of
aversive experiences. The testing was conducted in the 3 days prior to sacrifice. For all
behavioural tasks, the mice were run in the same order each day to ensure that they were run on
the tasks daily at the same time. The mice were run individually and held in separate rooms prior
to and immediately following testing. All behavioural tests were run at least 12 hours post-
treatment to ensure that acute drug effects did not influence behaviour on tasks. Furthermore, all
behavioural tests were run in the first 6 h of the light phase of the light-dark cycle to limit the
effect of the natural circadian rhythm on performance (Cheng et al., 2014; Coles et al., 2020).
There was also a 48-h interval of rest between all behavioural tests (NOR, Motor, MWT, and FC)

to allow the mice to recover and to limit testing fatigue.
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Perfusions

Following the FC task, the mice were perfused at 13.5 months of age. The mice were
anesthetized using isoflurane and intraperitoneally injected with 0.06-0.1 ml of Pentobarbital
Sodium, then perfused using 50 ml of 1x Phosphate-Buffered Saline (PBS) solution followed
immediately by 50 ml of 4% Paraformaldehyde (PFA) solution that was made from powdered
PFA. Following perfusions, the heads were removed using scissors and the brains were extracted.
Then, the brains were suspended in a 4% PFA solution. 24 hours following perfusions, the brains

were moved from a 4% PFA solution to a 30% sucrose solution until they were sliced.

Tissue Collection

The mice were anesthetized using isoflurane then their head was removed using a
guillotine. The spleen, colon, liver, kidneys, adipose fat, lungs, heart, adrenal glands, and testes
or ovaries were collected. The brain was extracted and sectioned into the PFC, HPC, olfactory

bulbs, neocortex, striatum, motor cortex, and brain debris.

Brain Preparation

Brains were sliced to 40 um coronal sections using an AO instrument company
microtome. During slicing, samples were kept frozen using dry ice that was continually
replenished. Brains were sliced using a 1 in 9 series. The brain slices were kept in PBS + 0.3%
sodium azide until wet mounted prior to staining. The brain slices were wet mounted using a fine

tip paint brush onto Superfrost plus microscope slides.
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Histology

Nissl Staining

The histological method of Nissl staining was invented by Franz Nissl in 1894 (Nissl,
1894). This technique is widely used to study cellular morphology and brain pathology (Kadar et
al., 2009). The Cresyl violet dye binds to RNA and proteins found in high concentrations in the
rough endoplasmic reticulum and ribosomes (also known as Nissl substance) in the cytoplasm of
cells (Kadar et al., 2009). In this project, Nissl staining is used to visualize HPC cells to quantify

density.

Cresyl Violet Nissl Staining Protocol

Free floating brain sections were mounted, air-dried, and stained using a Cresyl Violet
staining technique. Tissue samples were first soaked in a 1:1 100% Ethanol: Chloroform for 3
hours. Following this, the samples were stained using the following procedure: (1) 100% ethanol
for 10 min, (2) 95% ethanol for 5 min, (3) 70% ethanol for 5 min, (4) RO Water for 5 min, (5)
0.5% Cresyl Violet solution for 3.5 min, (6) RO water for 0.5 min, (7) RO water for 0.5 min, (8)
de-stain with a few drops of acetic acid in 70% Ethanol for 2 min, (9) 95% Ethanol for 2 min,
(10) 100% Ethanol for 5 min, (11) 100% Ethanol for 5 min, (12) Hemo-De for 5 min, (13)
Hemo-De for 5 min. Immediately following this procedure the slides are cover slipped with

Permount. Cell counts were taken by a trained student who was blind to the experimental groups.

HPC volume was quantified using light microscopy with a 10x objective.
Stereolnvestigator software was paired with the Cavalieri method to estimate total HPC volume

of CA1l, CA3, dentate gyrus, and combined regions using an 80-grid size.
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Immunohistochemistry

Immunohistochemistry (IHC) employs protein identification to confirm the physical

presence and severity of AD.

APP (82E1/4G8) IHC

APP is visualized using immunohistochemical techniques. During this process antibodies
are used to recognize specific amino acid sequences (Aho et al., 2010). This means that the
antibody is unable to recognize the entire gene sequence but can recognize specific, unique
portions to confirm the presence of genes, in this case the APP gene. This research utilizes both

82E1 and 4G8 antibodies to detect APP gene segments aa 1-16 and aa 18-22, respectively.

To visualize AP plaques in the brain, 82E1 and 4G8 antibodies were used. 82E1 and 4G8
are antibodies that recognize specific segments of the AP protein. The A protein consists of 40-
43 amino acids and through cleavage produces transmembrane APP (Aho et al., 2010). 82E1
stains a specific segment (aa 1-16), whereas 4GS stains segment aa 18-22. Both segments are
utilized to confirm the presence of AP plaques in subjects. APP-NL-G-F subjects will display this

pathology whereas APP-NL subjects will not.

Inflammation (Ibal/GFAP) IHC

It is also expected that neuroinflammation will occur around A plaques. There are
various proteins that are specific to microglia and astrocytes; two most common markers to detect
these proteins in tissue are lonized calcium-binding adapter molecule 1 (Ibal) and Glial fibrillary
acidic protein (GFAP), respectively. These proteins are extensively used as IHC markers for
microglia and astrocytes in nonhuman animal studies (Ahmed et al., 2007; Casarejos et al.,

2013). It should be noted that Ibal and GFAP staining represents the staining of populations of
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microglia and astrocytes, respectively. Ibal is an actin-binding protein found on the membrane
cytoskeleton of microglia (Ahmed et al., 2007). Whereas GFAP is found in the intermediate
filament of the astrocyte cytoskeleton (Garland et al., 2022). Thus, allowing for visualization of
the entire astrocyte structure. Studies have shown that GFAP levels appear to increase with age in
both rodents and humans (Garwood et al., 2017). This hints that increased inflammation is a
natural consequence of aging, however AD pathology may be exacerbating this. Ultimately, Ibal

and GFAP are used to visualize neuroinflammation in the brain.

DAPI is used to stain nuclei and visualize morphology in brain tissue (Whyte et al., 2018;

Wyss-Coray et al., 2003), although DAPI was not quantified in this project.

82E1 + Ibal + DAPI Staining Protocol

For the IHC stain assessing 82E1 (Af), Ibal inflammatory markers, and DAPI (for brain
morphology), coronal brain sections (40 um) were mounted on Superfrost p/us microscope slides
and fixed for 4min in 4% paraformaldehyde, washed twice in 1X Tris-Buffered Saline (TBS),
and washed in 70% formic acid until the tissue begin to curl (approximately 20-30 minutes), then
washed twice more in 1X TBS. Following this, the tissue was washed in TBS-A (TBS + 0.1%
Triton X) for 15 minutes, and TBS-B (TBS-A + 25% Bovine Serum Albumin, BSA) for 30
minutes. Following this the tissue was incubated with the primaries consisting of Anti-82E1
(Anti-B-amyloid (N), IBL,10323, mouse) 1:1000 and Anti-Ibal (Rabbit, 019-19741, Wako)
1:1000 (both stored at -20°C) for 45 hours in a dark, humid chamber. The tissue was then washed
twice in 1X TBS, once in TBS-A, and once with TBS-B. The tissue was then incubated with the
secondaries consisting of anti-mouse-alexa-488 (IgG (H+ L) goat, Abcam, ab150113) 1:1000 and
anti-rabbit-alexa-594 (IgG (H+L) goat, Invitrogen, A11037) 1:1000 (both stored at 4°C) for 24

hours in a dark, humid chamber. The tissue was then washed three times with 1X TBS.
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Following this, the tissue was cover slipped using DAPI 1:2000 and placed in a dark, humid
chamber for 1 hour. The tissue was then washed once more with 1X TBS and cover slipped using
2 drops of Vectashield (Vector Labs, H-1000). After 24 hours the slides were sealed using nail

polish and stored at 4°C until analyzed.

Sections were imaged using a Nanozoomer microscope (Nanozoomer 2.0-RS,

HAMAMATSU, JAPAN) at 40x resolution.

4G8 + GFAP + DAPI Staining Protocol

For the immunohistochemical stain assessing 4G8 (AB), GFAP inflammatory markers,
and DAPI (for brain morphology), coronal brain sections (40 um) were mounted on Superfrost
plus microscope slides and fixed for 4min in 4% paraformaldehyde, washed twice in 1X Tris-
Buffered Saline (TBS), and washed in 70% formic acid until the tissue begin to curl
(approximately 20-30 minutes), then washed twice more in 1X TBS. Following this, the tissue
was washed in TBS-A (TBS + 0.1% Triton X) for 15 minutes, and TBS-B (TBS-A + 25%
Bovine Serum Albumin, BSA) for 30 minutes. Following this the tissue was incubated with the
primaries consisting of Anti-B-Amyloid, 17-24, Clone 4G8 (mouse, 800701, Biolegend) 1:1000
and Anti-GFAP (Rabbit, Ab7260, Abcam) -20C 1:2000, 1ml/slide in TBS-B for 48 hours in a
dark, humid chamber. The tissue was then washed twice in 1X TBS, once in TBS-A, and once
with TBS-B. The tissue was then incubated with the secondaries consisting of anti-mouse-alexa-
488 (IgG (H+ L) goat, Thermofisher, A32723) 1:2000 and anti-rabbit-alexa-594 (IgG (H+L)
goat, Invitrogen, A11037) 1:1000 (both stored at 4°C) (Iml/slide) in TBS-B for 24 hours in a
dark, humid chamber. The tissue was then washed three times with 1X TBS. Following this, the
tissue was cover slipped using DAPI 1:2000 and placed in a dark, humid chamber for 1 hour. The

tissue was then washed once more with 1X TBS and cover slipped using 2 drops of Vectashield
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(Vector Labs, H-1000). After 24 hours the slides were sealed using nail polish and stored at 4°C

until analyzed.

Sections were imaged using a Nanozoomer microscope (Nanozoomer 2.0-RS,

HAMAMATSU, JAPAN) at 40x resolution.

Cell Quantification

82E1-stained A plaques, 4G8-stained A plaques, Ibal-stained microglia, and GFAP-
stained astrocyte images were quantified using independently trained iterations of Ilastik version
1.4.0rc2 software. Each stain was trained using 4 random brain sections from varying staining
batches and experimental groups (excluding sex as a factor). [lastik was trained using pixel
classification + object classification, which allowed for specific pixels to be marked as the target
object. The software was considered adequately trained once it could accurately predict the target
objects with no error. The brain regions of interest (either PFC or HPC) were cropped from the
Nanozoomer NDP images using Image-J and exported at the same resolution to ensure
consistency. All cropped images of HPC and PFC sections were then batch processed using the

trained iterations in Ilastik to obtain data from the stained images.
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Figure 4. Immunohistochemical staining of AP plaques (green) and inflammatory markers (red).
Shown are Nanozoomer images of 82E1-stained A plaques (top left), Ibal-stained microglia
(top middle), and the combined double-staining image (top right), as well as 4G8-stained A3
plaques (bottom left), GFAP-stained astrocytes (bottom middle), and the combined double
staining image (bottom right). The scale is 50 um.

In summary, various behavioural tasks (including the MWT, NOR task, and FC task) and
histology stains (including HPC cells, AP plaques, microglia, and astrocytes) were conducted to

quantify the effects of a 20:1 CBD:THC combination cannabis extract on AD pathology.
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Results

Data Analysis

Statistical analysis was performed using GraphPad Prism statistical software (version
9.5.0). All data is presented as means +/- SEM. Any differences between means were calculated
using two- or three-way Analysis of Variance (ANOVA). A p value of < 0.05 was statistically

significant.

Behavioural Tests

Activity Boxes

The mice were recorded, and the testing data was analyzed using VersaDatTM software
(AccuScan Instruments Inc., OH, USA). A three-way ANOVA assessed if treatment, genotype,
or month influenced stereotypy time, movement time, or total distance travelled during the 10-

minute testing period.
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Figure 5. Activity box data collected monthly from 5-8 months of age assessing total stereotypy
time (s) (A & B), total movement time (s) (C & D), and total distance travelled (cm) (E & F)
during a 10-minute testing interval, separated by sex (females shown on the left and males shown
on the right), in APP-NL-G-F mice and APP-NL noncarrier littermates treated with a cannabis
extract or vehicle. Each experimental group contains n=10 subjects.

Figure 5 shows a decrease in stereotypy time (s) (A & B), total movement time (s) (C &
D), and total distance travelled (cm) (E & F) from 5 to 8 months of age. A three-way ANOVA
showed that there was a significant effect of month on stereotypy time in females (A) (F (3, 144)
=20.13, p<0.001) and males (B) (F (3, 140) = 11.07, p <0.001). A three-way ANOVA showed

that there was a significant effect of month on total movement time in females (C) (F (3, 144) =
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24.20, p <0.001) and males (D) (F (3, 140) = 14.61, p <0.001). A three-way ANOVA showed
that there was a significant effect of month on total distance in females (E) (F (3, 144) =21.96, p
<0.001) and males (F) (F (3, 140) = 15.10, p < 0.001). Furthermore, some of the data indicates
that APP-NL-G-F subjects showed a reduction in stereotypy time (s), total movement time (s),
and total distance travelled (cm) compared to controls. A three-way ANOVA showed that there
was a significant effect of genotype on stereotypy time in females (F (1, 144) = 46.67, p < 0.001),
however there was no effect of genotype in their male counterparts. Although there was a
significant effect of genotype in total movement time in both females (F (1, 144) =19.38, p <
0.001) and males (F (1, 140) = 12.97, p <0.001). Similarly, there was also a significant effect of
genotype on total distance travelled in females (F (1, 144) = 15.02, p < 0.001) and males (F (1,

140) = 6.793, p = 0.01).

Open Field Task

The testing data was analyzed using Noldus EthoVision XT version 16 software to track

the movement of the mice over the 10-minute testing period.
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Figure 6. Percentage (%) of time spent in the outer rim of the OFT arena during a 10-minute
testing period (performed during habituation day 1 of the NOR task) for female (A) and male (B)
APP-NL-G-F mice and APP-NL noncarrier littermates treated with a cannabis extract or vehicle
(***p < 0.001). Each experimental group contains n=10 subjects.
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Figure 6 shows that the percentage of time spent in the outer rim of the arena decreased
with age in the female (A), but not in the male (B) subjects. A three-way ANOVA showed that
there was a significant effect of age on the percentage of time spent in the outer rim of the arena
in the female subjects (F (1, 71) =40.92, p <0.001), but not in the male subjects (F (1, 65) =
0.03390, p = 0.854). At 9 months of age, all subjects spent a similar amount of time in the outer
rim of the arena; but at 12 months the females spent less time here whereas, the males spent the

same amount of time here.

Novel Object Recognition (NOR) Task

The mice were video recorded during testing and were scored based on the following
parameters: 1) the mouse’s nose must be within 1 cm of the object, 2) the mouse cannot have
their paws touching the object, and 3) the mouse cannot be sitting on top of the object.
Investigation ratio (IR) was calculated based on the amount of time spent at the novel object
divided by the total amount of time spent at both objects multiplied by 100. An IR value above
0.5 shows that the group is showing a preference for the novel object, whereas an IR value below
0.5 would show the opposite. A three-way ANOV A assessed if treatment, genotype, or sex had
an effect on the IR. The dotted line indicates an IR of 0.5, this indicates that any mean above the

line shows a preference for the novel object.
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Figure 7. Investigation ratio (= time spent at novel object / total time spent at both objects) during
testing day 1 of the NOR task at 9 months (A) and 12 months (B) of age and during testing day 2
of NOR task at 9 months (C) and 12 months (D) of age in female and male APP-NL-G-F mice
and APP-NL noncarrier littermates treated with a cannabis extract or vehicle (*p < 0.033, **p <
0.002). The dotted line indicates an IR of 0.5. Each experimental group contains n=10 subjects.

Figure 7 indicates that the APP-NL subjects had a higher IR compared to the APP-NL-G-
F subjects at 9 months (A); however, these differences disappear at 12 months of age (B). A
three-way ANOVA showed that there was a significant effect of genotype on IR (F (1, 69) =
9.051, p <0.002) during testing day 1 of NOR task at 9 months of age (A). A three-way ANOVA
showed that there was a significant effect of sex on IR (F (1, 71) =4.127, p = 0.046) in the APP-
NL-G-F group during testing day 1 at 12 months of age. This shows that male APP-NL-G-F

subjects were outperforming their female counterparts during testing at 12 months. The graphs
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show that all groups showed similar IR values during day 2 of testing at 9 and 12 months of age.
There was no significant effect of genotype, sex, or treatment during NOR testing day 2.
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Figure 8. Investigation ratio (= time spent at novel object / total time spent at both objects) during
a 5-minute testing period 1-month post training at the NOR task at 13 months of age in female
and male APP-NL-G-F mice and APP-NL noncarrier littermates treated with a cannabis extract or
vehicle. The dotted line indicates an IR of 0.5. Each experimental group contains n=10 subjects.

Figure 8 shows that all groups spend a similar amount of time investigating both objects
(IR) during testing 1-month post training. A three-way ANOV A showed no significant effect of
treatment (F (1, 67) = 1.857, p = 0.178) or genotype (F (1, 67) = 0.3541, p = 0.554) on IR during
the 1-month post training test of the NOR task. A three-way ANOVA showed a trend of sex (F
(1, 67)=3.547, p = 0.064) on IR during the 1-month post training test of the NOR task. The
males seem to be outperforming their female counterparts, although this is not statistically

significant.
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Balance Beam Task

The mice were video recorded, and latency was determined by the average amount of
time it took the mice to traverse the 80 cm beam during the three trials. The mice were allowed a
maximum of 3 trials/falls. At 9 months of age, all groups were able to traverse the beam.
However, at 12 months of age 4 males were unable to complete the task producing groups of:
Negative male extract (n= 10), negative female extract (n= 10), negative male vehicle (n=9),
negative female vehicle (n= 10), positive male extract (n= 8), positive female extract (n= 10),
positive male vehicle (n=9), and positive vehicle female (n= 10). A three-way ANOVA assessed

if treatment, genotype, or sex influenced latency to cross.
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Figure 9. Average latency to cross the 80 cm beam during 3 trials on testing day at 9 months (A)
and 12 months (B) of age as well as the number of falls during these trials at 9 months (C) and 12
months (D) of age in female and male APP-NL-G-F and APP-NL mice treated with a cannabis
extract or vehicle (**p < 0.002, ***p < 0.001). Each experimental group contains n=10 subjects.
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The graphs depicted in Figure 9 show that APP-NL-G-F and APP-NL extract and vehicle
treated subjects have similar latencies to cross the balance beam at 9 (A) and 12 (B) months of
age; however, the male subjects have a higher latency compared to their female counterparts. A
three-way ANOVA showed that there was a significant effect of sex on latency to cross the beam
at9 (F (1, 68)=11.00, p=0.001) and 12 (F (1, 68) = 21.56, p < 0.001) months of age. The data
shows that the male subjects took consistently longer to traverse the pole than the females.
Furthermore, there was also a significant effect of sex on the number of falls during the 12-month
testing period (F (1, 71) =20.10, p < 0.001). It should be noted that the males weighed roughly
40g more than the females on average, which increased the difficulty of the task. There was no
significant effect of treatment (F (1, 68) = 0.001101, p = 0.974) or genotype (F (1, 68) = 1.851, p
=0.178) on latency to cross the beam at 9 months of age. There was no significant effect of
treatment (F (1, 68) = 1.802, p = 0.184) or genotype (F (1, 68) =0.1135, p = 0.737) to cross the

beam at 12 months of age.

Morris Water Task (MWT)

Training

The latency to find the hidden platform was determined by tracking software over the
training days and the data was analyzed. The average latency for each mouse was calculated from
4 swims from each of the cardinal directions (N, E, S, and W) in a randomized order for each day
of testing, although order was the same for all mice ran on the same day. A three-way ANOVA

assessed if treatment, genotype, or day influenced their ability to reach the escape platform.
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Figure 10. Latency (s) to reach escape platform during 8-day training period in MWT at 9 (A)
and 12 (B) months of age in female and male APP-NL-G-F and APP-NL mice treated with a
cannabis extract or vehicle (*p < 0.033, ***p < 0.001). Each experimental group contains n=20
subjects.

Figure 10 shows that all groups have similar latencies to reach the escape platform across
an 8-day training period at 9 (A) and 12 (B) months of age. A three-way ANOV A showed that
there was a significant effect of day on average latency to reach the escape platform at 9 (F
(6.146, 461.0) = 85.69, p <0.001) and 12 (F (4.798, 359.9) = 72.41, p < 0.001) months of age in
all groups. This shows that over the course of the 8-day training period, the subjects were able to
acquire the location of the escape platform. There was no significant effect of treatment (F (1, 75)
=0.01151, p=0.915) or genotype (F (1, 75) = 0.6639, p = 0.418) on the average latency to reach

the escape platform at 9 months of age.

At 12 months of age the APP-NL-G-F subjects outperform their counterparts during the
8-day acquisition period of the MWT. A three-way ANOVA showed that there was a significant
effect of genotype (F (1, 75) = 6.030, p = 0.016) on the average latency to reach the escape

platform at 12 months of age (B). However, when path length is measured (see figure 11) this
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interaction disappears. There was no significant effect of treatment (F (1, 75) = 3.266, p = 0.075)

on the average latency to reach the escape platform at 12 months of age.
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Figure 11. Path length (m) to reach escape platform during 8-day training period in MWT at 9
(A) and 12 (B) months of age in female and male APP-NL-G-F and APP-NL mice treated with a
cannabis extract or vehicle (***p < 0.001). Each experimental group contains n=20 subjects.

Figure 11 shows that all groups share a similar path length to reach the escape platform
across an 8-day training period at 9 (A) and 12 (B) months of age. A three-way ANOVA showed
that there was a significant effect of day on average path length to reach the escape platform at 9
(F (6.119, 458.9) =94.53, p < 0.001) and 12 (F (4.939, 370.4) = 69.94, p < 0.001) months of age.
There was no significant effect of treatment (F (1, 75) = 3.345e-005, p = 0.995) or genotype (F
(1,75)=0.09904, p = 0.754) on average path length to reach the escape platform at 9 months of
age. There was no significant effect of treatment (F (1, 75) = 1.673, p = 0.200) or genotype (F (1,

75)=2.152, p = 0.147) on average path length to reach the escape platform at 12 months of age.

Probe (1-Day Post Training/I-Week Post Training)

During the probe trial (1-day post training) the amount of time spent in each quadrant was

determined by tracking software over the probe testing days and the data was analyzed. The
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percentage of time spent in the target quadrant was calculated based on how much time was spent
in the quadrant where the platform was placed during training divided by the amount of time
spent in the other 3 quadrants during a 60-second interval multiplied by 100. All the nice were
run from the same cardinal direction (N), which was the furthest start point from the platform’s
previous location. The dotted line indicates 25% (or chance), anything above the dotted line
indicates when the subjects are performing above chance. A three-way ANOVA assessed if

treatment, genotype, or sex impacted quadrant preference during the probe test.

W Females
Hl Males

% of Time Spent in
Target Quadrant
% of Time Spent in

Target Quadrant

APP-NL APP-NL-G-F APP-NL APP-NL-G-F

Figure 12. Percentage (%) of time spent in the previously trained target quadrant during a single
probe trial (1-day post training) of the MWT in 9 (A) and 12 (B) months of age in female and
male APP-NL-G-F and APP-NL mice treated with a cannabis extract or vehicle (*p < 0.033, **p
< 0.002). The dotted line indicates 25% (chance). Each experimental group contains n=10
subjects.

Figure 12 shows that all groups spent a similar percentage of time in the target quadrant at
9 months of age (A); however, by 12 months of age (B) there were genotype-specific differences
present. A three-way ANOVA showed that there was a significant effect of genotype at 12

months (F (1, 71) =4.675, p = 0.034), but not at 9 months (F (1, 71) = 0.1274, p = 0.722) of age.

This shows that genotype-related spatial memory impairments did not present themselves until 12
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months of age. A three-way ANOVA showed that there was a significant interaction effect of
genotype X sex (F (1, 71) = 10.40, p = 0.002) on percentage of time spent in the target quadrant.
A Tukey’s multiple comparison test showed that APP-NL-G-F vehicle-treated males
outperformed their female counterparts. There was no significant effect of treatment on the
percentage of time spent in the target quadrant at 9 (F (1, 71) = 0.4931, p = 0.485) or 12 (F (1,

71) =0.9134, p = 0.342) months of age.

During the probe trial (1-week post training) the amount of time spent in each quadrant
was determined by tracking software over the probe testing days and the data was analyzed. The
percentage of time spent in the target quadrant was calculated based on how much time was spent
in the quadrant where the platform was placed during training divided by the amount of time
spent in the other 3 quadrants during a 30-second interval multiplied by 100. All subjects were
run from the same cardinal direction (N), which was the furthest start point from the platform’s
previous location. The dotted line indicates 25% (or chance), anything above the dotted line
indicates when the subjects are performing above chance. A three-way ANOVA assessed if

treatment, genotype, or sex impacted the percentage of time spent in the target quadrant.
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Figure 13. Percentage (%) of time spent in the previously trained target quadrant during a single
probe trial (1-week post training) of the MWT in 12-month-old female and male APP-NL-G-F
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and APP-NL mice treated with a cannabis extract or vehicle (*p < 0.033). The dotted line
indicates 25% (chance). Each experimental group contains n=10 subjects.

Figure 13 shows that all APP-NL subjects are spending a similar amount of time in the
target quadrant during a single probe trial (1-week post training); however, sex-specific
differences are present in APP-NL-G-F individuals. The male APP-NL-G-F subjects are
spending more time in the target quadrant compared to their female counterparts. A three-way
ANOVA showed a significant effect of sex (F (1, 71) =4.500, p = 0.037) on the percentage of
time spent in the target quadrant in the APP-NL-G-F groups. The data shows that the APP-NL-G-
F males are outperforming their female counterparts; this mirrors the sex differences found
during testing day 1 of the NOR task at 12 months of age. There was no effect of treatment (F (1,
71)=0.02370, p = 0.878) or genotype (F (1, 71) = 0.4443, p = 0.507) on the percentage of time

spent in the target quadrant during the testing day (1-week post training) at 12 months of age.

Increased specificity measures including annulus crossings (Figure 21) and average
proximity (Figure 22) during the 1-day post training and 1-week post training test are provided in

the supplementary figures portion of the appendix.

Visible Platform

The latency to find the visible platform was determined by tracking software over 4
swims and the data was analyzed. A three-way ANOV A assessed if treatment, genotype, or sex

influenced latency to reach the visible escape platform.
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Figure 14. Average latency (s) to reach the visible escape platform during four trials at 12 months
of age in female and male APP-NL-G-F and APP-NL mice treated with a cannabis extract or
vehicle. Each experimental group contains n=10 subjects.

Data presented in Figure 14 shows that all groups display similar latencies to reach the
visible escape platform. A three-way ANOVA showed no significant effect of treatment (F (1, 71)
=2.752,p=10.102), genotype (F (1, 71) = 0.02427, p = 0.877), or sex (F (1, 71) = 0.01162, p =

0.914) on average latency (s) to reach the escape platform during the visible platform task.

Fear Conditioning (FC) Task

The testing days were video recorded, and the total time spent freezing was obtained by
manually scoring each freezing behaviour observed in a 5-minute testing interval. A three-way

ANOVA assessed if treatment, genotype, or sex influenced the total time spent freezing.
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Figure 15. Average time (s) spent freezing during the 5-minute context recall trial (A) and 7-
minute tone recall trial (B) of female and male APP-NL-G-F and APP-NL mice treated with a
cannabis extract or vehicle during the FC task. Each experimental group contains n=10 subjects.

In Figure 15, the context recall graph (A) shows that the APP-NL-G-F subjects spent less
time freezing compared to controls. A three-way ANOVA showed a significant effect of
genotype (F (1, 66) = 7.839, p = 0.007) on freezing time during the 5-minute trial of context
recall on testing day 2. The results show that the APP-NL subjects spent more time freezing then
their APP-NL-G-F counterparts. There was no effect of treatment (F (1, 66) = 0.05341, p =
0.818) or sex (F (1, 66) =0.5737, p = 0.451) on freezing time during the 5-miinute trial of context
recall on testing day 2. In Figure 15, the tone recall graph (B) shows that the APP-NL-G-F
subjects spent less time freezing compared to controls. However, there was no significant effect
of genotype (F (1, 70) = 3.000, p = 0.088), treatment (F (1, 70) = 0.2554, p = 0.615), or sex (F (1,
70)=1.702 , p = 0.196) found on freezing time during the 7-minute trial of tone recall on testing

day 3.
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Histology
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Figure 16. Volume (mm?) of cell density of Cresyl-violet stained cells in various hippocampal

regions including CA1 (A), CA3 (B), dentate gyrus (DG) (C), and the combined volumes (D) of
in female and male APP-NL-G-F and APP-NL mice treated with a cannabis extract or vehicle (*p
< 0.033). Each experimental group contains n=8 subjects.

Figure 16 indicates that various HPC regions across experimental groups have
comparable cell volumes. However, APP-NL-G-F subjects have an increased cell volume in the

dentate gyrus. A three-way ANOV A showed a significant effect of genotype on cell volume in

the dentate gyrus (F (1, 56) =4.911, p = 0.031) of the HPC, however there was no significant
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effect of genotype on cell volume in the CA1 (F (1, 56) = 0.5497, p = 0.462), CA3 (F (1, 56) =
3.009, p = 0.088) or the three combined regions (F (1, 56) = 2.504, p = 0.119) within the HPC.
However, a three-way ANOVA showed a trend effect of genotype on cell volume in CA3 (F (1,
56) =3.009, p = 0.088). There was no effect of treatment or sex on cell volume in CA1, CA3, or

the three combined regions within the HPC.
Immunohistochemistry
AP Plaques (82E1/4G8 Markers)

The AP plaques were quantified using Ilastik version 1.4.0rc2 software. The percentage
area covered was calculated by converting the sum of the size of the plaques in pixels to um? and
dividing this by the size of the cropped image (cropped using Image-J software) multiplied by

100.
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Figure 17. The surface area percentage (%) of AP plaques stained by ABi.16 antibody, 82E1 in the
PFC and HPC (A & B, respectively) and ABis-22 antibody, 4G8 in PFC and HPC (C & D,
respectively) of female and male APP-NL-G-F and APP-NL mice treated with a cannabis extract
or vehicle (*p < 0.033, ***p <0.001). Each experimental group contains n=8 subjects.

Figure 17 shows that the APP-NL-G-F subjects have a higher level of 82E1 and 4GS8-
stained AP plaques compared to APP-NL controls. A three-way ANOVA confirmed a significant
effect of genotype on the percentage of area covered by 82E1-stained AP plaques in PFC (A) (F
(1,56)=59.49,p <0.001) and HPC (B) (F (1, 56) = 145.1, p < 0.001). A three-way ANOVA
also showed a significant effect of genotype on the percentage of area covered by 4G8-stained
AP plaques in PFC (C) (F (1, 56) = 38.19, p < 0.001) and HPC (D) (F (1, 56) = 23.09, p <0.001).

Furthermore, the graph shows that APP-NL-G-F extract-treated subjects have a fewer AP plaques
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compared to their vehicle-treated counterparts. A three-way ANOVA showed a significant effect
of treatment (F (1, 56) = 7.874, p = 0.007) on the percentage of area covered by 4G8-stained AP
plaques in APP-NL-G-F subjects’ PFC (C). Similarly, a three-way ANOV A showed a trend of
treatment on 82E1-stained AP plaques in HPC (B) (F (1, 56) = 3.045, p = 0.086). There was no

effect of sex on 82E1-stained or 4G8-stained AP plaques in PFC or HPC.
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Figure 17b. The surface area percentage (%) of AP plaques stained by AB1-16 antibody, 82E1 in
(1) PFC in males (A) and females (B) and in (2) HPC in males (C) and females (D) along with
APB18-22 antibody, 4G8 in (3) PFC in males (E) and females (F) and in (4) PFC in males (G) and
females (H) in APP-NL-G-F mice treated with a cannabis extract or vehicle (*p < 0.033). Each
experimental group contains n=8 subjects.

Figure 17b shows that APP-NL-G-F males treated with the cannabis extract had
significantly fewer 82E1-stained A plaques in HPC and 4G8-stained AP plaques in PFC

compared to vehicle-treated controls. Multiple t-tests using nonparametric Mann-Whitney
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measures revealed a significant effect of treatment in male 82E1-stained AP plaques in HPC (p =

0.038) and 4G8-stained AP plaques in PFC (p = 0.050).

Inflammation (Ibal/GFAP Markers)

Inflammatory markers were quantified using Ilastik version 1.4.0rc2 software. The
percentage area covered was calculated by converting the sum of the size of the plaques in pixels
to um? and dividing this by the size of the cropped image (cropped using Image-J software)

multiplied by 100.
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Figure 18. The percentage (%) of GFAP in the PFC (A) and HPC (B) and Ibal in PFC (C) and
HPC (D) of female and male APP-NL-G-F and APP-NL mice treated with a cannabis extract or
vehicle (***p < 0.001). Each experimental group contains n=8 subjects.

Figure 18 shows that the APP-NL-G-F subjects have a higher average percentage of

GFAP and Ibal in both the PFC and HPC compared to controls. A three-way ANOVA showed a
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significant effect of genotype on the percentage of area covered by GFAP-stained astrocytes in
PFC (A) (F (1, 56) =61.13, p < 0.001), however there was no effect on HPC (B) (F (1, 56) =
0.01121, p=0.916). A three-way ANOVA showed a significant effect of genotype on the
percentage of area covered by Ibal-stained microglia in PFC (C) (F (1, 56) =41.26, p < 0.001)
and HPC (D) (F (1, 56) = 135.7, p <0.001). There was no significant effect of treatment or sex
on the percentage of area covered by GFAP-stained astrocytes or Ibal-stained microglia in PFC

or HPC.

Cytology

Estrus Cycle

Cytology data was collected via lavage samples from female mice daily at the same time
from 14 days prior to the initial testing period at 9 months and 12 months of age. The estrus stage
of each sample was determined by using a Zeiss Axioskop-2 Mot Plus Upright Fluorescence
Microscope to determine which cell type was most present. As previously mentioned, the cell

type that is most present in each sample determines the estrus stage.
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Figure 19. Stage duration in the estrus cycle of female subjects (including APP-NL-G-F and
APP-NL extract and vehicle-treated subjects) during a 14-day period at 9 months (A) and 12
months (B) of age (the proestrus phase is emphasized under each respective graph).
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Figure 20. Proestrus phase duration in the estrus cycle of female subjects over a 14-day period at
9 and 12 months of age (**p < 0.002). Each experimental group contains n=10 subjects.

As can be seen in Figure 20, all female subjects show a longer duration of time spent in

the proestrus phase of their estrus cycle at 9 months compared to 12 months. A three-way
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ANOVA confirmed a significant effect of age (F (1, 72) = 10.65, p = 0.002) on the duration of
the proestrus phase during a 14-day period. This shows that the duration of proestrus has
significantly decreased in all female groups from 9 to 12 months of age. There was no significant
effect of treatment (F (1, 72) = 0.4260, p = 0.516) or genotype (F (1, 72) =2.478, p =0.120) on

the duration of proestrus.
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Discussion

The aim of the present research project was to assess the effectiveness of a combination
cannabis extract at treating pathology and memory impairments related to AD using an APP-NL-
G-F mouse model. This preclinical mouse model was of particular interest as it displays A
plaques only, which allowed for a more accurate assessment of early intervention treatment. The
subjects began receiving a daily oral dose of either a cannabis extract or control at 5 months of
age until sacrifice at roughly 13.5 months of age. The cannabis extract consisted of a 20:1
CBD:THC extract that has been previously shown to improve memory impairments and reduce
chronic inflammation (Nidadavolu et al., 2021; Sanchez-Sarasta et al., 2020); two main insults
found in AD. As memory processes occur in the MTL and associated areas, they become heavily
affected throughout AD progression and thus, were regions of interest in this research project.
The subjects were tested on a variety of tasks that evaluated AD-related memory impairments
including the MWT, NOR task, and FC task that assess the HPC, PRC, and AMG/HPC,
respectively. Post-mortem brain samples were collected to analyze upregulated inflammatory
markers and A plaque accumulation known to be present in AD pathology. To ensure that any
behavioural differences found between groups was not due to different abilities, various tasks
were employed including the balance beam task, visible platform test, and activity box
assessments which assess motor skills, vision, and overall activity levels, respectively.

Combined, these measures provide a clearer picture of the multimodal nature of AD pathology.

The findings show little to no effect of treatment on improving symptoms of AD.
However, results show a trend of treatment-specific effects on certain measures. Overall, the
results of the present research project are varied. The behavioural data suggests that genotype-

specific differences begin to emerge at 12 months of age. Unfortunately, there were few

76



significant findings showing that the combination cannabis extract improved performance on the
memory-based behavioural tasks. However, there were findings that sex-related differences were
present on various measures assessing AD pathology. Ultimately, there were multiple significant
findings of genotype and sex related effects; although, there were few showing any treatment-
related changes in brain and behaviour pathology related to AD. In the following sections I will
1) discuss novel and interesting findings in this research and 2) acknowledge important issues

and considerations raised by the present studies.

Novel and Interesting Findings

Memory Assessments

Morris Water Task (MWT)

The MWT was used to assess spatial learning and memory in rodents (Barnhart et al.,
2015; Rudy, 2021; Sakakibara et al., 2019). Spatial memory arises when animals (including
humans) acquire map-like mental representations of their environment to navigate and learn
where objects are in space (O'Keefe & Nadel, 1978). Lesion studies have shown that the HPC is
heavily implicated in spatial memory (Morris, 1984). The HPC is one of the main brain areas that
undergoes significant atrophy in the progression of AD (Kril et al., 2002). Therefore,
investigating how cannabis extracts can improve HPC-related memory processes is essential to

evaluating therapeutic benefits.

Looking at the behavioural data, there seems to be uniform results. In the MWT data,
there was a uniform pattern of acquisition during training at 9 and 12 months of age across all
groups. This shows that all groups, regardless of sex, genotype, or treatment type learned the task

relatively the same at both time points. There was no improved performance in the extract-treated
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individuals compared to their vehicle-treated counterparts. However, as there were also no
genotype-specific differences that emerged, this suggests that the APP-NL-G-F subjects were not
impaired at the acquisition measured in this task at these timepoints. Furthermore, during the
probe trial (1-day post training), the APP-NL subjects showed a stronger preference for the
trained quadrant compared to the APP-NL-G-F subjects at 12, but not 9 months of age. This
shows a genotype-specific emergence during the probe trial (1-day post training), suggesting that
a genotype-specific effect is present at 12 months of age. Ultimately, this reveals that APP-NL-
G-F subjects begin to show AD behavioural symptoms at 12 months of age, which mirrors results
found in the literature (Mehla et al., 2019). As behavioural symptoms arise well after brain
pathology begins, it can be assumed that the subjects have begun to descend into AD around 12
months of age. Additionally, there seemed to be no genotype-specific difference present during
the second probe trial (1-week post training), which assesses long-term memory retention. This
suggests that short-term, but not long-term memory is affected in the subjects, which mirrors

deficits seen in the initial stages of AD in humans.

Novel Object Recognition (NOR) Task

The NOR task was used to assess recognition memory in rodents (Berlyne, 1950).
Recognition memory is the ability to recognize previously encountered objects, places, or
individuals through recollection and familiarity (Suzuki & Naya, 2014). Lesion studies have
shown that the PRC is heavily implicated in recognition memory (Ennaceur et al., 1996;
Warburton & Brown, 2015). The PRC has been shown to undergo significant atrophy through
AD progression (Juottonen et al., 1998). Therefore, similar to HPC, assessing how cannabis

extracts can improve PRC-related memory processes is crucial to examining therapeutic benefits.
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In the NOR task data, there was a genotype-specific difference found at 9 months of age
during the first testing day, however this difference disappeared at 12 months of age. At 9 months
of age, the genotype-specific differences mirror those found in the MWT, suggesting that AD-
related pathology may be evolving in the APP-NL-G-F subjects. At 12 months of age a sex-
specific difference emerged in the APP-NL-G-F subjects, as the males outperformed their female
counterparts on recognition memory. This suggests that the females may be showing accelerated,
more subtle AD-related behavioural symptoms. This aligns with data showing that all the female
subjects uniformly enter post-estrus around 12 months of age. As females lose the protective
cognitive effects of estrogen, it makes sense that they would show greater cognitive decline than
their male counterparts. Furthermore, there seemed to be no genotype, sex, or treatment-related
effects on recognition memory during the second testing day at 9 or 12 months. I suspect that this
task diminishes in effectively assessing recognition memory with repeated exposures. During the
trial 1-month post training the subjects showed no significant differences between genotype, sex,
or treatment-related performance. This mirrors the results found during the 1-week retention
probe trial in the MWT, this reinforces the idea that short-term, but not long-term memory is

affected in the initial stages of AD.

Fear Conditioning (FC) Task

The contextual FC task was used to assess associative learning and memory in rodents
(Mehla et al., 2019). Associative learning and memory is the ability to learn and remember
relationships between previously unrelated concepts (Pavlov, 1927). Lesion studies have shown
that both the AMG and HPC are heavily involved in this process (Phillips & LeDoux, 1992). The

HPC is one of the main brain areas that undergoes significant atrophy in the progression of AD
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(Gotz et al., 2018; Kril et al., 2002). Therefore, investigating how cannabis extracts can improve

HPC-related memory processes is essential to evaluating therapeutic benefits.

In the FC task data, there were genotype-specific differences found during the context
recall testing day, however there were no differences found during the tone recall day. During,
the context recall testing day, the APP-NL-G-F subjects spent significantly less time freezing
than the controls. This suggests that HPC-AMG processes are breaking down in the positive
subjects, as they display weaker negative associations with the ‘dangerous’ context. The
differences seen between the context recall and tone recall day may be because the context recall
test was performed one day post shock training and the tone recall test was performed two days
post shock training, making the shock-related memory more salient during context recall testing.
This also reinforced the idea that HPC-AMG related memory plays a significant role in the FC
task. The context-related memory of the shock is seemingly stronger than the tone-related
memory. There were no treatment or sex-related effects found during the context recall or tone

recall testing days.

Brain Pathology Assessments

Hippocampal Cell Volume

In the HPC cell volume data, there was no genotype, sex, or treatment-specific effect
found in the CA1, CA3 or combined HPC regions of the subjects. However, there was a
genotype-specific effect found in the dentate gyrus of the subjects, the APP-NL-G-F subjects had
an increased cell volume compared to the APP-NL subjects. This is contradictory to AD-related
pathology that displays a decrease in combined HPC cell volume over time (Ardekani et al.,

2016). Overall, we should be seeing atrophy of HPC regions in APP-NL-G-F subjects. A reason
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we are not seeing sufficient HPC atrophy may be due to the relatively young age of the subjects

(13.5 months at sacrifice).

AP Plagues (82E1/4G8 Markers)

AP plaques are a main pathological hallmark of AD as they develop early on in disease
progression and are present throughout (Aso et al., 2016; Aso & Ferrer, 2014; Bloom, 2014;
Cooray et al., 2020; Mooko et al., 2021; Sasaguri et al., 2017; Zhao et al., 2020). Thus, the

amount of AP plaques can be correlated with disease evolution.

In the AP plaques (82E1/4G8) data, there was a significant effect of genotype found in the
amount of 82E1 and 4G8-stained AP plaques in the PFC and HPC of the subjects. There were
significantly more AP plaques stained for 82E1 and 4G8 in the PFC and HPC of APP-NL-G-F
subjects compared to APP-NL subjects. This is what we would expect as APP-NL subjects did
not display AP plaques related to AD-pathology. This is reinforced by studies that confirm no
presence of AP plaques in APP-NL control subjects (Saito et al., 2014). Additionally, there was a
significant effect of treatment found in 4G8-stained AP plaques found in the PFC of APP-NL-G-
F subjects. The data showed fewer A plaques in the PFC of APP-NL-G-F subjects treated with
the cannabis extract. Similarly, the data revealed a trend of treatment on the surface area covered
in 82E1-stained AP plaques in HPC (p = 0.086). This suggests that the cannabis extract is having
a positive effect on downregulating AP plaques in AD-related pathology. However, this may not

yet be fully revealed due to the relatively young age of the mice.

Inflammation (Ibal/GFAP Markers)

Chronic brain inflammation is heavily associated with AD progression and severity

(Spangenberg & Green, 2017). Microglia and astrocytes are two cells that become active in the
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presence of inflammation and thus are key facilitators of inflammatory responses and
mechanisms. Microglia and astrocyte activation provide insights into disease progression as they

cluster around AP plaques in a futile attempt to remove them.

In the inflammation-related (GFAP/Ibal) data, there was a genotype-specific effect found
in the GFAP expression in the PFC and Ibal expression in PFC and HPC. The APP-NL-G-F
subjects showed an increased expression of inflammatory markers, GFAP and Ibal in the PFC
and PFC/HPC regions, respectively. This suggests that AD-related pathology is present in the
APP-NL-G-F subjects at sacrifice, at roughly 13.5 months of age. There was no effect of
genotype found in GFAP expression in the HPC, this may be due to the fact that astrocytes show
fewer physical differences between ‘active’ and ‘non-active’ states compared to microglia. When
microglia become ‘activated’ their cell bodies increase substantially in size, however when
astrocytes become ‘activated’ their processes increase slightly in size, which means that the
change in surface area of the cells is more substantial in microglia. Furthermore, the PFC showed
little to no GFAP expression in the APP-NL subjects, suggesting that any GFAP expression
shown in the APP-NL-G-F subjects would be significantly more regardless. Overall,
inflammatory-related processes were upregulated in APP-NL-G-F subjects, which corresponds

with AD-related pathology.

Comparative Assessments

Various assessments and measure were used to ensure that any differences found between

groups were not the result of variable motor or visual abilities, activity levels, or hormones.
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Motor Function

In terms of motor function, the subject was assessed on two measures: the balance beam
task and the visible platform test. In the balance beam task, there was a sex-specific effect found
at 9 and 12 months of age. This is likely due to the fact that the male subjects weighed on average
40g heavier than the females, which made this task unfavourably difficult for the males. As there
is no genotype or treatment-specific effect found it can be suggested that performance is related
to sex-specific differences, such as body weight. Additionally, there was no genotype, sex, or
treatment-specific effect on performance during the visible platform test. This shows that all
groups displayed comparable motor and visual abilities across all tasks. Overall, no one

experimental group showed a physical advantage over the others.

Activity Levels

To ensure that the cannabis extract was not producing changes in activity level, the
subjects were assessed on various activity-related measures from when they first began
treatments at 5 months of age to when they began behavioural testing at 9 months of age. In
terms of activity, the subjects uniformly showed a decrease in activity (using measurements in
stereotypy time, movement time, and total distance travelled) across time from 5 to 8§ months of
age. The males showed no genotype or treatment related differences; however, the females
showed a genotype-specific effect in stereotype time, movement time, and total distance
travelled. The female APP-NL subjects showed an increased level of stereotypy time, movement
time, and total distance travelled compared to their APP-NL-G-F counterparts. This shows that
APP-NL female subjects were more active and exhibited more exploratory behaviour than the
APP-NL-G-F female subjects. Similarly, in the OFT the male subjects did not display any

significant genotype, age, or treatment-related differences between groups; however, the females
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did show a significant age-related increase in exploratory behaviours between 9 and 12 months of
age. Although an increase in exploratory behaviour may be due to increased familiarity with the

arena as the subjects receive repeated exposures throughout the OFT and NOR tasks.

Cytology

Female mice experience an estrus cycle (similar to that of a menstrual cycle in humans) in
which they undergo fluctuations in hormone levels (see Figure 1). These hormones may lead to
alterations in cognitive abilities. Mice enter a period of post estrus (similar to menopause in
humans) around 12 months of age (Brinton, 2012). There was no significant effect of genotype or
treatment on proestrus stage duration which suggests that the extract treatments did not influence

the natural estrous cycle of the mice.

In the estrus-related cytology data, there was no genotype or treatment-related effect on
proestrus stage duration; however, there was a significant effect of age. The data shows that the
duration of proestrus significantly decreased with age across all groups. At 9 months of age, the
groups spent an average of 2.51 days in proestrus in a 14-day period, whereas at 12 months of
age, the groups only spent an average of 2.00 days in proestrus during a 14-day period. If this
trend were to continue, then the females would proceed to show a decreased level of protective
estrogen with advanced age. Overall, this indicates that protective estrogen levels were

decreasing over time.

In summary, the data overwhelming supported genotype-specific differences across
various behavioural measures, including the NOR task, FC task, and MWT; as well as pathology-
related analysis of 82E1 and 4G8-stained AP plaques and inflammatory markers, GFAP and Ibal.

However, the subjects displayed few treatment-related effects on behavioural and pathology
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measures. Although, in all assessments the extract-treated subjects did not have significantly
poorer outcomes than their vehicle-treated counterparts. This is a crucial finding as it
demonstrates that the cannabis extract is not damaging important memory processes. In fact,
certain trends indicate that the cannabis extract is beginning to improve pathology. Specifically,
the data revealed a trend of treatment on HPC surface area covered in 82E1-stained AP plaques
(p = 0.086). This suggests that there may still be subtle positive changes occurring in the brain as

a result of the extract treatments.

Caveats

Familial v. Sporadic AD

AD presents itself in two forms: familial AD (FAD) (<5% of cases) and, the more
common, sporadic AD (SAD) (>95% of cases) (Watt & Karl, 2017). Recently, genome-wide
association studies (GWAS) have confirmed the importance of specific genes that increase the
risk of developing AD pathology; namely ApoE, APP, PS1, and PS2 (Karl et al., 2012).
Apolipoprotein E (ApoE), the most prevalent genetic risk factor for late-onset AD, is a
polymorphic lipoprotein that mediates the transport and delivery of cholesterol and other lipids
through ApoE receptors on the surface of cells (Newcombe et al., 2018). ApoE exists in three
forms: ApoE4 (the highest risk form), ApoE3, and ApoE2 (Newcombe et al., 2018; O’Brien &
Wong, 2011). ApoE is responsible for various functions in the CNS including repairing neurons
and synaptic-dendritic connections, acting as a modulator of immune responses, and scavenging
toxins such as AP (Newcombe et al., 2018). The ApoE4 is the highest risk allele of the ApoE
gene as it seems to be the worst at removing AP (Nebel et al., 2018; O’Brien & Wong, 2011).
Amyloid precursor protein (APP), presenilin-1 (PS1), and presenilin-2 (PS2), the most prevalent

genetic risk factors for early-onset AD, are responsible for the cleavage of APP into smaller
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fragments (Sasaguri et al., 2017; Zhao et al., 2020). When this process goes awry and larger
segments of AP are formed, they cannot be broken down by normal processes (Sasaguri et al.,
2017). These processes are key areas of study as they allow researchers to gain insight into the
molecular mechanisms that go awry during AD progression. Early-onset AD is an interesting
topic of study as it allows for investigation into the initial progression of the disease, before

pathology has become more advanced and perhaps more difficult to remedy.

Overall, these genes significantly contribute to the development of AD, however
environmental factors (such as, diet, activity levels, stress, and cognitive load) also play
important roles as they have a compounding effect on the likelihood of developing dementia.
SAD occurs spontaneously and seemingly without cause; however, it presents itself
pathologically like FAD which allows for FAD animal models, like APP-NL-G-F, to be

developed and used to better encompass all aspects of AD pathology.

Treatment Issues

Ultimately, only one specific cannabis extract was used in this research project. There are
hundreds of different combinations and dosages that can be created from cannabis. This means
that the therapeutic potential will continue to remain largely unexplored until more extracts are
synthesized and used. As no adverse effects were found at a 20:1 CBD:THC ratio, [ would
suggest increasing the dosage. Administration route also may be a reason more significant results
were not found. Oral administration has a very low absorption rate and bioavailability compared
to inhalants and oral mucosal routes (Bruni et al., 2018). This suggests that inhalants and/or oral
mucosal administration may help penetrate the BBB enough to produce significant effects on
neuronal processes and, resultantly, cognition. The lack of treatment-related effects observed in

this project may be due, in part, to the oral doses not reaching the brain. However, recent findings
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in our lab show that 20 mg/kg CBD treatments in 18-month-old, aged mice do improve HPC-
mediated memory deficits; suggesting that the treatments are reaching the brain (unpublished

data).

Alternatively, our findings may indicate that the subjects were assessed too early in the
progression of the disease, thus not allowing the disease to fully present itself; as the natural
lifespan of a mouse is 18-24 months and AD symptoms are at their worst just prior to death
(Sarne et al., 2018). By treating AD later in progression, we may see more significant differences

arise between treatment groups.

It is also important to consider the fact that a tolerance to THC develops with repeated,
prolonged exposure to CB1 agonists, leading to a decreased effect (as the receptor develops
decreased reactivity or desensitization) (Kendall & Yudowski, 2017). As the extracted-treated
subjects continually received THC over a nearly 9-month period from 5 to 13.5 months of age the
effects of THC likely reduced over time. To combat this issue, the treatments could be

administered less frequently, at an older age, or at an increasing dosage as they age.

Furthermore, other brain areas (other than the ones assessed in this research project) are
involved in AD pathology. A more in-depth analysis of all brain areas may be required to see the
early effects of treatment. Additionally, the mPFC was not explicitly assessed in any of our

behavioural assays. This could be improved in future studies.

Furthermore, various sex differences arose on a variety of behavioural measures. These
differences may be the result of a lowered amount of protective estrogen in female subjects.
Studies have found that ERT does improve AD outcomes in human subjects (Song et al., 2020).

This suggests that poorer outcomes in females may be remedied by hormonal intervention.
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In conclusion, there was no overwhelming evidence showing that cannabis extracts
improve AD pathology and memory-related impairments in APP-NL-G-F mice. However, the
data did reveal treatment-related trends, suggesting that a modified method may be required to

see behavioural and pathological improvements.

Other Issues

Sex differences remain a crucial area of inquiry in AD research, as well as vulnerable
groups in society such as Indigenous groups. According to findings in the Canadian Journal of
Public Health, First Nation populations have a 34% higher rate of dementia than non-Indigenous
populations (Jacklin et al., 2013). Furthermore, a recent study found that Canadian Indigenous
populations showed a disproportionately high prevalence of modifiable risk factors for AD
including, diabetes, obesity, physical inactivity, low education, and smoking compared to non-
Indigenous populations (these findings were especially true for Indigenous people who reside on
reserves) (MacDonald et al., 2015). Furthermore, their findings also indicated that these
modifiable risk factors may account for over 75% of AD cases among First Nations peoples in
Canada (MacDonald et al., 2015). Combined this suggests that genetic and environmental factors
are heavily influencing this at-risk population. Although, there are few scientific studies
investigating the effects and etiology of AD in Canadian Indigenous populations. This stresses
the importance of researching how societal impacts (such as wealth disparity, racism, stress, and
access to healthcare and other basic needs) play a role in Indigenous AD outcomes; as it is
essential to treating and combating the incessant rise of all cases of AD across the country and the
globe. Advocating for significant and drastic societal changes may be fundamental in changing

the overall narrative of AD.
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Supplementary Figures
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Figure 21. The average number of annulus crossings of the previously trained platform location
during a single probe trial (1-day post training) of the MWT at 9 (A) and 12 (B) months of age in
female and male APP-NL-G-F and APP-NL mice treated with a cannabis extract or vehicle. Each
experimental group contains n=10 subjects.
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Figure 22. The average proximity distance to the previously trained platform location during a
single probe trial (1-day post training) of the MWT at 9 (A) and 12 (B) months of age and 1-week
post training at 12 (C) months of age in female and male APP-NL-G-F and APP-NL mice treated
with a cannabis extract or vehicle. Each experimental group contains n=10 subjects.
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