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ABSTRACT

The legalization of medical and recreational cannabis and cannabis-derived products has
increased the availability and consumption of cannabis products worldwide. These products vary
in concentrations of A’-tetrahydrocannabinol (THC), the main psychoactive component in
cannabis, with some preparations containing upward of 95% THC. Understanding how THC
exposure will affect the postnatal brain is of increasing importance as THC, a highly lipophilic
molecule, is transferred through breast milk and has shown to be associated with decreased
mental development and memory function in infants. Previous research has shown that postnatal
hippocampal THC exposure leads to long-lasting reorganization of neuronal circuits and
alterations to neuronal cellular bioenergetics, but little is known regarding the role early postnatal
hippocampal astrocytes play following THC exposure.

Here, we sought to understand how THC affects postnatal hippocampal astrocytes and
elucidate the relationship between these glia and local neuron populations following THC
exposure. First, we identified the minimal expression of cannabinoid type 1 receptors (CBiR) in
postnatal day 3 and postnatal day 8 hippocampal astrocytes via in situ hybridization, suggesting
alternative mechanisms of action for THC in these astrocyte populations. We then worked from
previous data that noted increased astrocytes in specific layers of the hippocampus post-THC
exposure, postulating that these increases may be a result of astrocyte proliferation or
differentiation. No identifiable changes in proliferation or differentiation were found after an
EdU staining and quantification of astrocyte markers GFAP and s100B. However, in vitro
neuron-astrocyte co-cultures revealed that astrocytes attenuate plant-derived and synthetic THC
induced neuronal death. Despite the preservation of neuronal survival at micromolar THC
concentrations, THC still disrupted cellular metabolism, as western blot analysis revealed a
decrease in the expression of two mitochondrial proteins, UQCRC2 and MTCO1. Overall, this
study shows that postnatal hippocampal astrocytes mitigate neuronal death following THC
exposure in vitro, though further work is needed to understand the mechanism of action by which
this occurs.
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1. INTRODUCTION

1.1 A°- tetrahydrocannabinol: THC

Cannabis is a psychoactive plant that has been utilized for functional, medicinal, and
recreational purposes for thousands of years (Adams, 1942), with some of the earliest
documentation of cannabis use dating back nearly 12,000 years ago in Central Asia (Crocq,
2020). However, it was not until the late 19™ century that cannabis began to make its way to the
Western hemisphere where it has been used in the treatments of tetanus, rheumatism, and
convulsions (O’Shaughnessy, 1843). Today, over 188 million adults worldwide, nearly 4% of the
global adult population, report cannabis use. These numbers continue to rise as legalization in
many regions has decreased the retail price of cannabis and increased its availability (Lynskey et
al., 2012).

Cannabis contains over 100 cannabinoids (Crocq, 2020). In cannabis, these cannabinoids
are referred to as phytocannabinoids, with each of these phytocannabinoids composed of a
molecule containing a 21-carbon terpenophenolic carbon skeleton (Chayasirisobhon, 2020).
Within the cannabis plant, the most abundant of these phytocannabinoids are cannabidiol (CBD)
and A’- tetrahydrocannabinol (THC). While CBD is nonpsychotropic, THC is known for being
the primary psychotropic component found within cannabis (Felder et al., 1998). Following the
discovery of THC in 1964 by Mechoulam and Gaoni, elucidating the mechanism of action from
THC became of increasing importance, leading to the discovery of the endocannabinoid system.

1.2 Endocannabinoid system

The characterization of the endocannabinoid system began with the discovery of the
cannabinoid type 1 receptor (CB1R) by Devane et al in 1992 and has since emerged as a key
neuromodulatory system. Within the endocannabinoid system lies a series of components, with
each of these components playing a critical role in modulating synaptic transmission. These
include endogenous cannabinoids, cannabinoid receptors, and enzymes involved in synthesis and
degradation of endogenous cannabinoids (Lu et al., 2016).

Today, there are two primary mediators of the endocannabinoid system: CBR and CB2R.
Both the CB1R and CB:2R are 7-transmembrane G protein coupled receptors that work primarily
via the inhibitory Gi and G. G proteins and are activated by endogenous cannabinoids and other
agonists, including THC. While the CB:2R is found primarily in immune cells and peripheral
tissues, the CB1R has been found to be the primary cannabinoid receptor within the central
nervous system (Howlett et al., 2002). It is within the central nervous system that the stimulation
of the CBiR induces the psychoactive effects of THC. The bioactivities of THC at the CBR are
known to vary as stimulation has been shown to be neuroprotective through the pre-synaptic
inhibition of glutamate release while other studies suggest that this reduction of glutamate,
specifically in the hippocampus, may be involved in the disruption of learning and memory
through the inhibition of synaptic plasticity. (Gomez et al., 2002) (Bliss & Collingridge et al.,
1993). With one study showing that CBR knock-out mice have disrupted axon development and



pathfinding in pre- and postnatal neurodevelopment, a high priority has been placed on
understanding how THC and the CBiR interact in developing brain (Mulder et al., 2008).

1.3 THC exposure during neurodevelopment

THC acts as a partial agonist at the CB1R and CB2R (Pertwee et al., 2008), though the
vast expression of CB1R in the brain renders it a primary mediator of action for THC (Huestis et
al., 2007). In mammals, the CBR is expressed early on in embryonic development, seen even
before the development of the neural tube and neuroectoderm (Sun et al., 2008). Later in neural
development, CBiR expression is seen in the telencephalon at embryonic day 11.5 (E11.5) and
the cortex and hippocampus beginning at E13.5 — E14.5 (Morozov et al., 2009). This early CB1R
expression has been shown to be a key modulator in axon pathfinding and neurogenesis
throughout neurodevelopment (Crittenden et al., 2022).

Understanding the molecular determinants through which THC disturbs
neurodevelopment is of increasing importance as THC, a highly lipophilic molecule, is
transferred through breast milk. As cannabis and cannabis-products become increasingly
available through legalization, the prevalence of marijuana usage is increasing, with 14% of
adults in the United States using marijuana in 2014 compared to 10% in 2008 (Compton et al.,
2016). Furthermore, the increase in consumption has been seen in parallel with increases in the
percentage of THC in cannabis. In a study done by the National Institute of Health in 2020,
cannabis samples seized from the Drug Enforcement Administration from 1995 to 2019 showed
a decrease in the percentage of CBD contained in the cannabis and an increase in the THC
percentage, rising from 3.96% THC in 1995 to 14.35% THC in 2019 (NIH, 2020). In addition,
new preparations of cannabis oils, such as e-cigarettes, have provided safe smoking alternatives
that have THC concentrations upwards of 95% (Zhang et al., 2016) Therefore, understanding
how cannabis exposure will affect postnatal brain maturation is of pressing relevance.

Data from human longitudinal studies looking at postnatal exposure to THC have
indicated decreased motor skills, reduced executive control, academic functioning, and impaired
learning in adolescents. (Astley et al., 1990) (Scott et al., 2017) (Becker et al., 2017)
(Castellanos-Ryan et al., 2017). Additionally, anatomical data collected from low dose THC
usage adolescents has shown that in addition to the behavioral effects, THC exposure increases
gray matter volume, which correlated with the future presentation of generalized anxiety
symptoms (Orr et al., 2019). These studies and others showing negative implications of cannabis
use during brain maturation has catalyzed the scientific push to elucidate the molecular
mechanisms and cellular alterations induced by cannabis.

Some studies looking at cannabinoid receptor signaling suggest that THC acts by
targeting the mitochondria, in turn affecting cellular metabolism (Melser, 2017) (Bénard, 2012).
Within pulmonary cells, both THC and cannabis smoke were found to diminish mitochondria
membrane potential (Sarafian et al., 2003). Similar data was discovered in striated muscle cells
as THC reduced mitochondrial function and the genetic deletion of CB1Rs resulted in an
upregulation of pyruvate metabolism-associated enzymes (Fisar et al., 2014). This data has
sparked a debate about whether the effect of THC is mediated by CBiRs or if THC itself can
change mitochondrial membranes directly (Fisar et al., 2014). Current data suggests that THC



alters membrane integrity and alters ATP processing, with as little as a single dose of THC
altering lipid metabolism in both adolescent and adult mice (Hillard et al., 1985) (Leishman et
al., 2018). Despite these defined changes, there has yet to be a direct link established between the
metabolic effects of THC-mediated signaling and morphological impairments. However, a large-
scale proteomics dataset revealed a majority of targets (>58%) associated with cellular and
mitochondrial metabolic proteins are affected by THC exposure in juvenile mice. This dataset
also revealed an increase in excitatory amino acid transporter 2 (EAAT?2) expression in response
to THC exposure (Beiersdorf et al., 2020). As a major glutamate transporter expressed
predominately in astroglia, this data suggests increases in astrocyte populations in response to
THC exposure, but further research is needed to better uncover the relationship between THC
and astrocytes in early postnatal development.

2. ASTROCYTES

2.1 Role of astrocytes in the CNS

In mammals, glial cells are found in roughly equal proportions to neurons and are
comprised of astrocytes, radial glia, oligodendrocyte progenitor cells, oligodendrocytes, and
microglia (von Bartheld et al., 2016). Within the central nervous system, astrocytes are defined by
their characteristic starshaped morphology and their interaction with a variety of cell types.
Functionally, astrocytes play a role in maintaining the homeostasis of the central nervous system
by regulating the blood brain barrier, recycling neurotransmitters, and secreting trophic factors
(Weber et al., 2015). Their function also extends to the regulation of blood flow and ion balance,
which assists glucose travel between neurons (Sims et al., 2017) (Timper et al., 2020).

2.2 Astrocytes and THC

The presence of CBiR in astrocytes has been the subject of a great deal of controversy.
While some studies have shown relatively low expressions of CBiR throughout the hippocampus
(Gutierrez-Rodriguez et al., 2018), the caudate putamen (Rodriguez et al., 2001), the neocortex
(Zhang et al., 2014) and the spinal cord (Hegyi et al., 2009), others argue that there is little
functional expression of CBR via in situ hybridization (Navarette et al., 2014).

In addition to the CB1R located on the plasma membrane, astrocytes have been shown to
have CBR located on intracellular organelles such as the mitochondria (Gutierrez-Rodriguez et
al., 2018). Activation at these astroglial mitochondrial CBi1R (mtCBR) regulate mitochondrial
respiration through the inhibition of cAMP/PKA signaling and decreased phosphorylation of the
mitochondrial complex 1. This reduces the stability of complex I and alters the production of
reactive oxygen species (ROS) (Vicente-Gutiérrez et al., 2021), which ultimately results in
reduced glycolytic capacity and increases bioenergetic stress (Jimenez-Blasco et al., 2020).

Further investigation of CB1R, THC, and astrocytes is needed to draw conclusions about
their relationship in neurodevelopment. Given the high levels of neurons, reactive astrocytes and
CBiR present in the hippocampus, early postnatal hippocampal neurons and astrocytes were



chosen as our experimental population (Fuerte-Hortigéon et al., 2021) Furthermore, with the
hippocampus playing a major role in learning in memory, astrocytes and neurons in the developing
hippocampus were of keen interest, as THC stimulation of astrocyte CBiR has been shown to
activate abnormal neuronal activities and result in poor memory (Chen et al., 2013). Preliminary
data from our lab had also shown increased levels of s1003 and GFAP positive astrocytes in the
stratum radiatum of the postnatal hippocampus following THC exposure. This was found
alongside iTRAQ proteomics data indicating increased levels of excitatory amino acid transporter
2 (EAAT2), a glutamate transporter expressed predominately in astrocytes, following postnatal
THC exposure in vivo. These changes were seen in conjunction with data from Beiersdorf et al
that demonstrated early postnatal THC exposure resulted in thinning of the hippocampal CAl
pyramidal layer and a decrease in interneurons in the stratum oriens and the stratum lacunosum
moleculare. Together, the increased levels of astrocyte markers in surrounding hippocampal
regions coupled with decreased neuron populations led to our hypothesis that astrocytes may
respond to THC in the early postnatal hippocampus by proliferating, differentiating, or migrating
in response to THC-induced environmental stress.

Here, we work to show how THC affects early postnatal hippocampal astrocyte populations
using an in vitro system. Using this method, we are better able to control and study the responses
of these specific hippocampal cell populations, highlighting how THC affects proliferation and
differentiation in astrocytes and how the presence of astrocytes in vitro with neurons alters
neuronal survival and neurite outgrowth. Lastly, we will show how oxidative phosphorylation
(OXPHOS) machinery is affected by THC in vitro among neurons and neuron-astrocyte cultures.



3. AIMS

The overall goal for my project is to elucidate the relationship between early postnatal
hippocampal astrocytes and neurons following exposure to THC. To do this, we will use an in
vitro model to study astrocyte proliferation and differentiation before analyzing how the presence
of astrocytes in a neuronal culture affects survival and cellular metabolism proteins.

Previous work in the lab found that postnatal hippocampal plant-derived THC (pTHC) exposure
alters the assembly of cortical networks in offspring prenatally exposed to pTHC. Furthermore,
this exposure resulted in the thinning of the CA1 hippocampal region of the juvenile
hippocampus (Beiersdorf et al., 2020). This data suggests that pTHC is averse to hippocampal
development in neuronal populations, but little is known about how THC exposure affects
postnatal hippocampal astrocytes. At the beginning of my study, we must first verify the
presence of the CBIR in the astrocyte populations. This will be done using in situ hybridization
on early postnatal hippocampal tissue from C57B16/J mice using CB1R and GFAP probes. The
presence or absence of colocalization for these probes will allow for the determination of the
presence of CBiR on astrocytes. Next, we will culture early postnatal astrocytes and subject
these populations to pTHC for one-day and three-days. Immunohistochemical staining and
imaging of these astrocytes following the one-day and three-day incubation period with pTHC
will provide quantifiable data regarding proliferation and differentiation.

Next, we will investigate the relationship between early postnatal hippocampal astrocytes and
neurons following exposure to various concentrations of pTHC and synthetic THC (sTHC). In
postnatal hippocampal neurons alone, pTHC and sTHC disrupted the neuronal plasma membrane
of the neurons, resulting in increased neuronal death the higher the concentration of THC
(Beiersdorf et al., 2020). My project will look to understand how acute exposure to pTHC and
sTHC alters astrocyte survival in vitro. Using an IncuCyte live-cell imaging device, we will
create an experiment that exposes postnatal hippocampal astrocytes, astrocytes and neurons, and
neurons alone to varying concentrations of pTHC. Data will be collected over a period of three
days and imaged in the IncuCyte every two hours. This experiment will help establish a critical
concentration of pTHC where changes in the morphology and viability are identifiable within the
cell culture. The subsequent experiment will repeat the experimental setup of the pTHC exposure
but isolate the effects of THC by using sTHC, removing any variability associated with
phytocannabinoids, terpenes, and flavonoids found within pTHC. Furthermore, variable amounts
of astrocytes will be plated to identify a sensitive level of astrocytes needed for a biological
effect.

In accordance with the hypothesis that THC induces cellular dysfunction, my next question
centers around the metabolic impact of THC exposure on astrocytes. With the remaining time I
have on my grant, I will quantify any changes in metabolic markers when THC is given to
postnatal hippocampal neurons alone compared to a neuron-astrocyte co-culture. Western blot
analyses will then be used to quantify the changes in oxidative phosphorylation proteins, which
influence ATP production.

In summary, this project strives to elucidate the relationship between THC, astrocytes, and the
neuron-astrocyte relationship in the postnatal hippocampus.



4. METHODS

Drugs

Plant-derived, highly-purified THC (pTHC; 314.46 mg/mol, 95% purity) was provided in
ethanol by GW Pharmaceuticals. Synthetic THC (sTHC) was obtained from THC Pharm (diluted
in methanol with 98.9% purity or ethanol with 99.4% purity) and from Lipomed (in ethanol with
> 97% purity). For drug preparations, sSTHC was diluted from 75 mM stock into and aliquoted
into 10mM concentrations in dimethyl sulfoxide (DMSO; Sigma) and stored at -80°C.

Fixed tissue preparation

C57B16/] mice were perfusion fixed with 4% PFA at a flow rate of 5 mL/min for a total of 15
minutes using a Peri-Star Pro peristaltic pump (World Precision Instruments, PERIPRO-4L).
This was preceded by a 3-minute infusion of NHDG-HEPES. Following fixation, brains were
dissected out, postfixed in 4% PFA overnight at 4°C, and transferred into a 30% sucrose solution
for at least 48 hours. The tissue was then sectioned coronally at a 50 um thickness using a
CryoStar NX70 Cryostat (Thermo Scientific) and placed into 12-well plate containing 2 mL of
1X PBS, 0.05% sodium azide solution and kept at 4°C.

Fresh-frozen tissue preparation
Brains from C57B16/J mice were dissected out and placed into cryomolds (Tissue-Tek) and
covered with O.C.T. Compound (Tissue-Tek) before being stored at -80°C.

Immunohistochemistry

For immunohistochemistry, cells were collected from the incubator and placed on ice. Cells were
then fixed in 4% PFA after removing the growth medium and washed once with PBS.
Subsequent PBS washes to remove any remaining PFA were followed by 1 hour on blocking
solution (NDS; Jackson ImmunoResearch, 1% BSA; Sigma, 0.2% Triton X-100; Sigma) to
quench non-specific immunoreactivity. The cells were then exposed to primary antibodies
diluted in PBS supplemented with 0.1% BSA (Sigma), 2% NDS (Jackson ImmunoResearch),
and 0.2% Triton X-100 (Sigma) at 4°C for 24h. Multiple washes with PBS were performed
before secondary IgGs tagged with DyLight Fluor 488, 560, or 633 fluorochromes (1:500;
Jackson ImmunoResearch, RT for 2h) were introduced to the cells. A Hoechst 33,342 (Sigma)
nuclear stain was used from nuclear identification. After multiple PBS washes, the coverslips
were mounted on fluorescence-free glass slides glycerol gelatin (Sigma). Visualization of the
fluorochromes were acquired on a LSM 880 confocal laser scanning microscope (ZEISS).

Click-iT EAU

Astrocytes were plated into a 24-well plate (25,000 cells/well; 0030730119, Eppendorf)

with coverslips that were pre-treated with poly-D-lysine in 0.1M borate buffer overnight and
allowed to recover overnight before additional treatment. Half of the medium in the wells was
removed and replaced with a 2x EdU and THC or DMSO containing medium and left to sit
incubate for one day and three days. After the allotted time, astrocytes were fixed in 4% PFA and
washed with 3% BSA. Astrocytes were then permeabilized with 0.5% Triton X-100 in PBS. EAU
was then visualized through the addition of the Click-iT reaction cocktail and imaging using a
LSM 880 confocal laser scanning microscope (ZEISS).
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In situ hybridization

Fresh-frozen tissue was sectioned at a 16 um thickness coronally using a CryoStar NX70
Cryostat (Thermo Scientific), collected on Superfrost Plus (Thermo Scientific) microscope
slides, and stored at -20°C. For in situ hybridization, probe hybridization buffer (Molecular
Instruments) was added on top of slides and pre-hybridized inside a humidified chamber at 37°C.
A probe solution containing 0.4 pmol of each probe was added to probe hybridization buffer.
The slides incubated in a humidified chamber at 37°C overnight after the probe/probe
hybridization buffer solution was added to slides. The following day, coverslips were removed
from the slides and excess probe was removed using a series of 4X probe wash buffer and 5 x
SSCT washes at 37°C. The series of washes was followed by one, 5-minute 5 x SSCT wash at
room temperature. For probe amplification, amplification buffer (Molecular Instruments) was
added on top of each slide and then placed into a humidified chamber to pre-amplify for 30
minutes at room temperature. A hairpin solution was created during the pre-amplification step.
This hairpin solution contained 6 pmol of hairpin h1 and 6 pmol of hairpin h2 and was made
using 2 pL of 3 uM stock. The h1 and h2 hairpins were then heated to 95°C and cooled to room
temperature in a dark drawer for 30 minutes. Once the slides had finished pre-amplifying and the
hairpins were cooled, the snap-cooled h1 and h2 hairpins were added to 100 pL of amplification
buffer at room temperature. The pre-amplification buffer was removed from the slides before
100 pL of hairpin mixture was added to the slide. A coverslip was placed on top of the slides and
the samples were incubated in a dark humidified chamber room overnight at room temperature.
The next day, the coverslips were removed, and excess hairpin was washed away with three 5 x
SSCT washes: 2 X 30 min followed by 1 X 5 min. After the washes, antifade mounting reagent
and coverslips were added on top of the slides. The slides were left to dry before imaged using a
LSM 880 confocal laser scanning microscope (ZEISS).

Astrocyte and neuronal co-cultures and IncuCyte imaging

Astrocytes were isolated from P8 C57B16/J mouse hippocampi and grown in DMEM +
GlutaMAX medium (GIBCO, Life Technologies) supplemented with penicillin-streptomycin
(1%), sodium pyruvate (1%), fetal bovine serum (10%), and N2 supplement (1%). Medium was
replaced after 24 hours to remove excess cellular debris. The astrocytes were then grownup to
confluence (>1 week) in a T-75 flask (Thermo Scientific) before being plated out for
experimental use. For co-cultures, the astrocytes were removed from the flask and isolated into a
single-cell suspension with Neurobasal A medium (GIBCO, Life Technologies) supplemented
with penicillin-streptomycin (1%), GlutaMAX (1%), and B27 supplement (2%), subsequently
referred to as NBA+. The desired number of astrocytes were then plated out in 100 uL of NBA+
in 96-well plates or 1 mL in 12-well plates pre-treated with poly-D-lysine in 0.1M borate buffer
overnight. Neurons were then collected from E14-E18 mouse hippocampi and cortex and were
grown in NBA+. The neurons were plated out in the same 96-well plate or 12-well plate in 100
puL of NBA+ or 1 ml of NBA+ respectively. The co-culture incubated at 37°C overnight before
introducing the THC or DMSO control. The THC and DMSO control were added by removing
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half of the NBA+ medium from the wells and replacing with the same volume of THC/control
containing medium. An IncuCyte live-cell imaging device (Essen Bioscience) was then used for
live cell imaging over three days. Phase contrast images were taken every two hours. ‘Cell-Body
Cluster Area’ was taken as a measure of cell viability and refers to the surface area occupied by
cell bodies (mm?/mm?). Neurite growth was tracked using the ‘Neurite Length’ measure
(mm/mm?). The measures used for this experiment were optimized in preliminary experiments.

Western blotting

The THC treated astrocyte-neuronal co-culture was lysed and homogenized in cell lysis buffer
(100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5%
Sodium deoxycholate, 1x protease inhibitor, 1x phosphatase inhibitor) before preparing the total
protein fractions. Protein concentrations were determined using the Pierce BCA Protein Assay
Kit (Thermo Scientific). For protein analysis, 5.36 ug of each sample was used. Protein samples
underwent a denaturation step at 95°C for 5 minutes. Samples were then loaded and run in a gel
containing a 4% SDS stacking gel on top of a 10% SDS separation gel before being transferred
onto a PVDF membrane. The membrane was blocked (5% skim milk powder (Sigma) in TBS-T)
before primary antibodies were added to the membrane and left to incubate at 4°C overnight.
Primary antibodies were removed through a series of TBS-T and TBS washes. Secondary
antibodies were then added and incubated on then membrane for 1 hour at RT. Clarity Wester
ECL Substrate (BioRad) was used for developing the HRP conjugated immunoblot and was
visualized using the ChemiDoc MP Imaging System (BioRad).

For the western blot analysis, the PVDF membrane was stripped twice and reused with new
primary and secondary antibodies. This was done by first washing off the Clarity Wester ECL
Substrate used to develop the HRP conjugated immunoblot with a 5-minute TBS wash.
Afterward, the PVDF membrane was immersed in Restore ™ Western Blot Stripping Buffer
(Thermo Scientific) for 30 minutes before being washed again in TBS twice: one quick wash and
one 5-minute incubation. The membrane was then re-blocked in 5% skim milk powder (Sigma)
in TBS-T for one hour before proceeding with the western blot protocol with the addition of the
primary antibody. Antibody concentrations for the western blots were as follows:

1° OXPHOS 1:500 (Rodent WB; Abcam) | 2° Mouse HRP 1:1000 (Jackson
Immunoresearch)

1° BIII Tubulin 1:3000 (Promega) 2° Mouse HRP 1:2000 (Jackson
Immunoresearch)

1° GFAP 1:1000 (Synaptic Systems) 2° Guinea Pig HRP 1:1000 (Jackson
Immunoresearch)

Statistical Analysis
Statistical significance between the groups was analyzed with unpaired two-tailed t-test.
*P=<0.05. **P=<0.01.
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S. RESULTS

5.1 Minimal CB:R in hippocampal astrocytes

cnrl/gfap/glul
A-Al

B-B1

Figure 1: In situ hydridization of postnatal day 3 (A-Al) and postnatal day 8 (B-B1) mouse
hippocampus indicated minimal colocalization of the cannabinoid receptor type 1 (cnrl) with
astrocytic markers glial fibrillary acid protein (gfap) and glutamine synthase (glul/).

To establish the relationship between the CBiR and postnatal hippocampal astrocytes, in
situ hybridization was performed on postnatal hippocampal tissue from C57B16/J mice at two
early developmental time points: postnatal day 3 and postnatal day 8. In neurons, the CBR is
identifiable as early as embryonic day 12.5 (Vitalis et al., 2008) whereas the expression of
functional cannabinoid receptors in astrocytes remains poorly understood. Some evidence
suggests that CB1Rs are present in the caudate putamen (Rodriguez et al., 2001) and the dorsal
horn of the spinal cord (Salio et al., 2002), while some suggest that there are no CBiR in
astrocytes (Stella, 2004). To determine the presence or absence of the CBR in the postnatal
hippocampus, three in sifu hybridization probes were used: cnrl, gfap, and glul. Cnrl is the
protein coding gene for the CB1R, gfap is the protein coding gene for the glial fibrillary acidic
protein, which is an intermediate filament protein that provides support and strength to astrocytes
and is seen in activated astrocytes, and g/ul is the protein coding gene for glutamine synthetase
that catalyzes the ATP-dependent conversion of glutamate and ammonia to glutamine and is
predominately expressed in astrocytes (Anlauf et al., 2013). These markers effectively localize
the expression of the CBR gene and genes commonly found in astrocytes within the
hippocampus.
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In situ hybridization for the postnatal day 3 and 8 hippocampal tissue revealed that there
is minor presence of the cnrl gene in a subset of gfap/glul expressing astrocytes, with the
majority of astrocytes containing undetectable cnrl levels in this experimental setting. This data
suggests that at this developmental stage, some astrocytes could indeed respond to THC, but
alternative mechanisms would most likely affect the remaining bulk.

The limited amount of CB|R within astrocyte populations does not inhibit the ability of
THC to work within these cell populations. Despite the CBiR being the predominate cannabinoid
receptor in the hippocampus, additional mechanisms of action include binding to the cannabinoid
type 2 receptor (CB2R), other G-protein coupled receptors, transient receptor potential channels,
peroxisome proliferator-activated receptors, and monoamine transporters (Lutz, 2004).
Furthermore, the identification of mtCBR yields an additional subcellular receptor that the
lipophilic THC may work through in these developing astrocytes (Harkany et al., 2017).

5.2 Stimulation of astrocytes with pTHC in vitro

C . GFAP/s1008
EdU/GFAP/s10083 § °
A'Al E 40 !
D EdU/GFAP
E 0.2 ‘
é 0.01 |
Control : 0 g it o
B-Bl E GFAP/s1008
EdU/GFAP
E /

20

Control

Ratio of EdU/GFAP

o[

Figure 2: Immunohistochemistry of astrocytes exposed to DMSO (control) or pTHC (1 uM) for
1 day (A-A1) and 3 days (B-B1). (C) 1 uM pTHC resulted in no significant increase in GFAP and
s100f labelled astrocytes, and no change in the ratio of GFAP/s100f for the 1-day pTHC
condition. (D) There were no changes in the ratio of EAU/GFAP between the control, 1 uM,

100 nM, and 10 nM for the 1-day pTHC condition. (E) 1 uM pTHC resulted in no significant
increase in GFAP and s1004 labelled astrocytes, and no change in the ratio of GFAP/s1004 for the
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3-day pTHC condition. (F) There were no changes in the ratio of EQU/GFAP between the control,
1 uM, 100 nM, and 10 nM for the 3-day pTHC condition.

An in vitro postnatal hippocampal astrocyte model was established to isolate and identify
the cellular changes induced by THC exposure. iTRAQ proteomics data acquired from
Beiersdorf et. al. revealed that increased levels of EAAT2 were found in the postnatal
hippocampus in response to THC exposure. Responsible for the uptake of glutamate, EAAT2, or
excitatory amino acid transporter 2, is found predominantly in astroglia. This data is further
subsidized by findings in our lab that showed an increased amount of GFAP positive and s10083
positive cells in the stratum radiatum of the hippocampus post-THC exposure. The increases in
these markers allude to changes in astroglia following pTHC exposure. We hypothesized that the
increase in these astroglia markers may be attributed to proliferation, differentiation, or
migration. We sought to identify these changes in vitro, using immunohistochemical techniques
to visualize and quantify proliferation and differentiation specifically.

Astrocytes cultured from postnatal day 8 hippocampal tissue from C57B16/] mice were
isolated and grown up in glial growth medium for 7-10 days. During this time period, the
astroglia grew to confluence, at which point they were plated out into two pre-treated poly-D
Lysine 12-well plates. Each well contained approximately 25,000 astrocytes. These cells
incubated overnight in the original glial medium. The following day, the glial medium was
replaced with DMEM containing pTHC (1 uM, 100 nM, or 10 nM) or the control (DMSO). Both
of the plates were simultaneously treated with EAU. The first of the two plates was collected one-
day post-THC treatment, fixed in 4% PFA, and left in PBS in the fridge. The second plate was
then collected two days later, three-days post-THC treatment, where it was then fixed with 4%
PFA and left in PBS. Both plates subsequently underwent the protocol for
immunohistochemistry.

Three immunohistochemical markers were chosen for this analysis. Proliferation was
measured using an EdU click-iT reaction. This reaction is a highly effective proliferation
detection method that utilizes the incorporation of 5-ethynyl-2'-deoxyuridine into replicating
DNA. This nucleoside analog is then fluorescently labeled with a fluorophore via click-iT
reaction. This technique is sensitive and specific for proliferating DNA (Allen et al., 2013). The
second marker we chose was GFAP. GFAP, or glial fibrillary acidic protein, is an intermediate
filament-III protein present within astrocytes in the central nervous system. Its function as an
intermediate filament protein allows for the visualization of astrocyte morphology (Hol et al.,
2015). Additionally, GFAP plays a significant role in astrocyte activation (astrogliosis).
Astrogliosis occurs in response to neural injury as astrocytes increase in size and protein
expression to attend to the damaged areas (Yang et al., 2020). GFAP-containing astrocytes are
also shown to contain neural stem cell potential. This is in contrast to s1008, our third
immunohistochemical marker, which is characterized as a late developmental astrocyte marker
characteristic of a mature astrocyte (Raponi et al., 2007).

Astrocytes exposed to one-day pTHC in vitro showed no changes in the ratio of GFAP/
s100p astrocytes between the control, 1 uM, 100 nM, or 10 nM conditions. Furthermore, there
were no significant differences in the EQU/GFAP ratio between the control, 1 uM, 100 nM, or 10
nM conditions. The three-day pTHC exposure mirrored the results found in the one-day
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condition as there were no significant differences in the in the ratio of GFAP/ s100f astrocytes
between the control, 1 uM, 100 nM, or 10 nM conditions and no significant differences in the
EdU/GFAP ratio between the control, 1 uM, 100 nM, or 10 nM conditions. This data works
against our hypothesis that pTHC exposure in postnatal hippocampal astrocytes leads to changes
in proliferation or differentiation.

5.3 IncuCyte imaging of neuron and neuron-astrocyte cultures

5.3.1 pTHC
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Figure 3: (A-A3) Incucyte imaging of neurons exposed to (A) DMSO (control), (A1) 1 uM
pTHC, (A2) 5 uM pTHC, and (A3) 10 uM pTHC. (B) 5 uM pTHC and 10 uM pTHC resulted in
a significant decrease in cell body cluster area (mm?/mm?) compared to the 1 uM pTHC and
DMSO control. (C) Neurite length (mm/mm?) decreases in 5 uM pTHC and 10 uM pTHC. (D-
D3) Incucyte imaging of co-cultured astrocytes and neurons exposed to (D) DMSO (control),
(D1) 1 uM pTHC, (D2) 5 uM pTHC, and (D3) 10 uM pTHC. (E) The presence of astrocytes
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maintains cell body cluster area in 5 uM pTHC and delays the decrease in cell body area in 10
uM pTHC. (F) 5 uM pTHC retains neurite length. 10 uM pTHC yields minimal neurite growth.

Discrete time-intervals were chosen for data collection for astrocyte
immunohistochemistry. Given as we were unable to identify changes in proliferation or
differentiation at these time-points, we utilized the IncuCyte live-cell imaging incubator to
provide morphological data of the neurons and astrocytes throughout the entire 72-hour duration
of the experiment.

Two cultures were created for this experiment. The first was a neuron only culture
containing 150,000 neurons per well that was subjected to either a DMSO control, 1 uM pTHC,
5 uM pTHC, or 10 uM pTHC condition. In each paradigm, cell body cluster area and neurite
length were recorded every two hours throughout the 72-hour duration of the experiment. These
measurements are noted as being key parameters in establishing THC toxicity (Keimpema et al.,
2011). Graphical analysis of the neuron-only culture revealed that in the 1 uM pTHC condition,
the cell body cluster area increased at the same rate as the control condition while the 5 uM and
10 uM pTHC experienced minimal cell body cluster area growth following the pTHC exposure,
with the 5 uM only having a slightly greater increase in cell body cluster area growth compared
to the 10 uM. Analysis of the neurite length showed that neurite growth is minimal in 5 uM
pTHC and 10 uM pTHC compared to the control and 1 uM pTHC conditions.

These conditions were replicated for the neuron-astrocyte co-culture that contained
100,000 neurons and 50,000 astrocytes per well. Unlike the neuron-only culture that saw a
reduction in cell body cluster area for the 5 uM pTHC and 10 uM pTHC, the neuron-astrocyte
culture attenuated the effects of the 5 uM pTHC, as the cell body cluster area did not decline as
seen in the neuron-only culture but mirrored the growth seen within the control and 1 uM pTHC
conditions. Furthermore, analysis of the neurite length showed that the presence of astrocytes
again reduced the impact of the 5 uM pTHC as it had a similar neurite length compared to the
control and 1 uM pTHC conditions.
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5.3.2 sTHC
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Figure 4: (A-A2) Analysis of neurite length (mm/mm?) for neuron only, neuron + 10%
astrocyte, and neuron + 20% astrocyte cultures exposed to DMSO, 7.5 uM sTHC, and 10 uM
sTHC. (A) Neurite length decreases with increased sTHC concentrations. (A1) 10% astrocytes
rescue neurite length in the 7.5 uM sTHC condition. (A2) 20% astrocytes rescue neurite length
in the 7.5 uM and 10 uM sTHC condition. (B-B2) Analysis of cell body cluster area (mm?/mm?)
for neuron only, neuron + 10% astrocyte, and neuron + 20% astrocyte cultures exposed to
DMSO, 7.5 uM sTHC, and 10 uM sTHC. (B) Cell body cluster area decreases with increased
sTHC concentrations. (B1) 10% astrocytes rescue cell body area in the 7.5 uM sTHC condition.
(B2) 20% astrocytes increase cell body area in the 7.5 uM and 10 uM sTHC condition compared
to the neurons alone. (C) IncuCyte image of neuron only culture detailing neurites and cell body
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surface area for the control and 7.5 uM sTHC condition. (C1) IncuCyte image of neuron + 10%
astrocyte culture detailing neurites and cell body surface area for the control and 7.5 uM sTHC
condition.

While IncuCyte data analyzed in Figure 3 highlights the role astrocytes play in neural
growth and survival following pTHC exposure, the presence of various phytocannabinoids,
terpenes and flavonoids present within pTHC limits our ability to confidently discern whether
the alterations to neural populations can be attributed to THC or other biologically active
contaminants. We removed these confounds by creating new in vitro paradigms using sSTHC with
>99% THC purity.

Additionally, the in vitro cultures contained variable percentages of astrocytes. Three
conditions were established: 0%, 10%, and 20% astrocytes. This model enables the identification
of sensitive ratios of astrocytes and neurons at which neural survival and growth is preserved in
the presence of variable concentrations of THC. The concentrations of sSTHC were also changed
to 7.5 uM and 10 uM sTHC as opposed to the 1 uM pTHC, 5 uM pTHC, or 10 uM pTHC used
in the first experiment. These two values were chosen as critical concentrations where we
hypothesized that sSTHC may induce a marked decrease in neurite growth and cell body cluster
area. This hypothesis is supported by the pTHC data shown in Figure 3 as well as previous work
in the lab by Beiersdorf et al that revealed catastrophic membrane failure of statistical
significance beginning at 7.5 uM pTHC.

Two neuronal measurements were analyzed following a 90-hour incubation period:
neurite length and cell body cluster area. The identification of cell bodies and neurites was
standardized at 44 hours and is shown in Figure 4 C-C1. Analysis of neurite length in the neuron
only culture showed decreased neurite length over time in the 7.5 uM sTHC and 10 uM sTHC
compared to the control. Furthermore, the 10 uM sTHC had less neurite growth compared to the
7.5 uM sTHC condition. However, in the presence of 10% and 20% astrocytes, the rate of
neurite growth is conserved following exposure to 7.5 uM sTHC (Figure 4A1-A2) and 10 uM
sTHC (Figure 4A2). A similar conservation of cell body cluster area can be seen in the 10% and
20% astrocyte conditions in the presence of 7.5 uM and 10 uM sTHC

Data from the sTHC experimental paradigm supports the findings seen in the pTHC
experiment. However, it appears that high concentrations of sSTHC (10 uM) are less detrimental
compared to the same concentration of pTHC, with greater rates of growth seen in the
measurements of neurite length and cell body cluster area in the sSTHC neuron only and neuron +
astrocyte conditions compared to the pTHC neuron only and neuron + astrocyte conditions. This
may be attributed, in part, to the synergistic effects of phytocannabinoids and terpenes that may
be present within the pTHC (Russo et al., 2011).
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5.4 THC and cellular bioenergetics
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Figure 5: (A) Western blots from neuron and neuron + 10% astrocyte cultures exposed to
DMSO control and 10 uM sTHC. TUJ1, UQCRC2, and MTCOL1 intensities are normalized to
the neuron only DMSO control for the respective blots and GFAP intensities are normalized to
the neurons + 10% astrocyte DMSO control in the GFAP blot. TUJ1 decreases in intensity in the
sTHC condition compared to the control for the neuron only culture. A similar decrease is not
seen when comparing the control and the sSTHC condition in the neurons + 10% astrocyte
condition. Images of the GFAP marker show no presence in the neuron only culture and a 25%
decrease in GFAP intensity in the sSTHC condition compared to the control. There is no
significant difference in the neuron only culture control and sSTHC condition for UQCRC2 and
MTCOI. However, there is significant intensity decrease in the neurons + 10% astrocyte sTHC
condition for UQCRC2 and MTCO1 compared to the control. (A1) Analysis of UQCRC2
normalized to TUJ1 and GFAP show a significant decrease in intensity for UQCRC2 when
exposed to sTHC in the neurons + 10% astrocyte culture. A significant decrease in MTCOI is
seen when normalized to TUJ1 and a trending decrease is seen when normalized to GFAP. (B)
IncuCyte images of neuron only cultures exposed to 10 uM sTHC for 24 and 72 hours. (B1)

IncuCyte images of neurons + 10% astrocyte cultures exposed to 10 uM sTHC for 24 and 72
hours.

One hypothesis for neural death following THC exposure is the disruption of cellular
metabolism. In an iTRAQ proteomics analysis of the preadolescent brain following pTHC
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exposure, 5 proteins involved in cellular respiration were found to be upregulated. The increase
in these proteins was thought to be reactionary to overcome mitochondrial stress as a result of
pTHC action. Exposure to 1 and 5 mg/kg THC at postnatal day 48 yielded an upregulation in
mitochondrial complexes I, III, and V and subunits, validating the finding of the iTRAQ
proteomics analysis (Beiersdorf et al., 2020).

The data from Beiersdorf et al was collected using a total protein extraction from
preadolescent hippocampus. To better isolate how this machinery is affected in specific cell
populations, we collected protein for western blot analysis from cultured neurons and neurons +
10% astrocytes.

First, we used western blot to quantify known neuron (TUJ1) and astrocyte (GFAP)
markers within a neuron only and neuron + 10% astrocyte culture. TUJ1 identities B-1II Tubulin
and is a marker widely used to differentiate neurons from other cell types (Lee et al., 2005) while
GFAP is an intermediate filament protein used to identify astrocytes (Zhang et al., 2017). In
alignment with the IncuCyte data shown in Figure 3 and Figure 4, we saw a significant decrease
in the expression of TUJ1 in the neuron only condition exposed to 10 uM sTHC and no change
in expression in the neuron + 10% astrocyte condition exposed to 10 uM sTHC. The
preservation of TUJ1 expression in the neuron + 10% astrocyte also supports the preservation of
cell body area and neurite outgrowth seen previously. In addition, the GFAP staining verifies the
presence and absence of astrocytes within the neuron + 10% astrocyte condition and neuron
control respectively. A 25% decrease in GFAP signal intensity can be seen in the neuron + 10%
astrocyte condition, suggesting a decrease in GFAP+ astrocytes following 10 uM sTHC
exposure.

Knowing how molecular makers of neuron and astrocyte populations were affected
following 10 uM sTHC, we wanted to investigate how the OXPHOS machinery changed in
response to 10 uM sTHC. While previous work in the lab found that 1 and 5 mg/kg THC
significantly increased the abundance of OXPHOS subunits within total proteins extracted from
postnatal hippocampus, we found no significant changes in the OXPHOS subunits cytochrome
b-c1 complex subunit 2 [UQCRC?2; CIII] and cytochrome ¢ oxidase subunit 1 [MTCO1; CIV] in
the sSTHC exposed neurons compared to the control (Figure SA). However, when normalized to
TUJ1, the neuron + 10% astrocyte condition saw a significant decrease in UQCRC2 and MTCO1
compared to the neuron + 10% astrocyte DMSO control and a trending and significant decrease
in MTCO1 and UQCRC2 when normalized to GFAP. Thus, there is reason to believe that 10 uM
sTHC exposure induces molecular maladaptation of cellular bioenergetics.
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6. DISCUSSION

The primary objective for this study was to better understand the role astrocytes play
following early postnatal hippocampal THC exposure. Beginning with a potential THC
mechanism of action, we show that in early postnatal development (P3-P8), we are minimally
able to localize CB1R in the developing hippocampus via in situ hybridization. However, this
data does not preclude the ability for THC to act within hippocampal astrocyte populations.
While THC may act on other G-protein coupled receptors, including the CB:zR, the highly
lipophilic composition of THC also allows for interactions on the cellular and subcellular
membranes (Lutz, 2004) (Mavromoustakos et al., 2019) (Jimenez-Blasco et al., 2020). Further
investigation is needed to establish the mechanism of action of THC on early postnatal
hippocampal astrocytes.

Though we were unable to confirm an extensive presence of the CB1R via in situ
hybridization in early postnatal astrocytes, preliminary data from our group indicated that there
were increased s100p and GFAP positive astrocytes in the stratum radiatum of the postnatal
hippocampus following THC exposure. This, coupled with the increase in EAAT2 seen in the
iTRAQ proteomics data, led us to hypothesize that astrocytes respond to THC by proliferating,
differentiating, or migrating into the stratum radiatum of the hippocampus. We chose to test this
theory in vitro as opposed to in vivo as it gave us the ability to better control the environment and
testing conditions. Using an EdU staining of early postnatal astrocytes exposed to 1 uM THC,
we show that there are no proliferative effects induced by THC. Immunohistochemical staining
with s100p3 and GFAP also indicated no changes in astrocyte activation or maturity when
compared to the control populations in vitro.

Being as we found no significant changes in proliferation or differentiation among in vitro
astrocyte populations, we proposed that hippocampal astroglia may migrate to sensitive areas of
the hippocampus to protect neuronal cohorts from THC-induced pathological damage. This
hypothesis accounts for the increased astrocyte markers seen in the hippocampus but would also
substantiate our gross observation that noted less neuronal death, and therefore cellular debris,
when astrocytes were cultured with neurons compared to neurons cultured alone. An
unquantified observation of decreased neuronal death 24 hours after neuron and astrocyte were
co-cultured in a T-75 flask formed the basis for our in vitro neuron and astrocyte co-culture
paradigm. Here, we predicted astrocytes will mitigate the decrease in neurite outgrowth and
neuronal death that was noted in neuron only cultures, preserving hippocampal neuron
populations (Beiersdorf et al., 2020). Indeed, it was shown that with pTHC, the physical
presence of 33% astrocytes in vitro, as compared to in vivo physiological numbers of upward of
50%, significantly protected primary hippocampal neurons from THC-induced cell death
(Witcher et al., 2010). This effect was preserved in a similar paradigm with sTHC that isolated
the effects of THC and limited the astrocyte quantities to 10% and 20%. Through this data, we
show that as little as 10% astrocytes are sufficient to protect neurite outgrowth and neuronal
viability, even when exposed to 7.5 uM and 10 uM sTHC. This protection and conservation are
even greater in the 20% astrocyte condition.

Our in vitro findings indicate that astrocyte presence improves neuronal survival following
pTHC and sTHC exposure. This data aligns with the current understanding that astrocytes play a
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key role in maintaining cell viability and modulating metabolic function through the release of
several growth factors including BDNF, GDNF, and NGF (Cabezas et al., 2016). To isolate
whether the observed neuronal survival was a factor of physical astrocyte presence or attributed
to factors released by astrocytes, our lab plated out a neuron only culture in glial conditioned
medium before THC exposure. This medium was prepared in the same manner indicated for
astrocyte medium in the methods and was collected and frozen down after incubating with
astrocytes for 24 hours. However, the glial conditioned medium was found to be insufficient in
reducing neuronal death following exposure to 5 uM sTHC, suggesting that the neuroprotective
effects of astrocytes in vitro is not attributed to the release of chemical factors by astrocytes.
Instead, our lab finds that the physical presence of astrocytes is key to neuronal survival.

Astrocytes have been shown to respond to brain injury and diseased pathology through
reactive gliosis and phagocytic response at the cellular level (Wakida et al., 2018). One study
demonstrated that astrocytes engulf cellular debris and apoptotic cells in vitro, thereby protecting
surrounding neurons from toxic chemicals released upon cell death (Lo6v et al., 2012). These
findings substantiate the observation that astrocyte presence reduces cellular debris in vitro, as
seen when comparing Figure 3A to 3D. Additionally, astrocytes play an important role in cellular
metabolism. In fact, astrocyte and neuron metabolism is thought to be highly interconnected as
the astrocyte-neuron lactate shuttle hypothesis states that lactate produced by glucose
metabolism in astrocytes is shuttled into neurons and used as fuel for oxidative phosphorylation
in neurons (Rose et al., 2020). Working from previous data collected in the lab that showed
alterations in mitochondrial proteins and mitochondrial membrane potential (MMP) in THC-
exposed neurons, we asked whether sSTHC exposure in the presence and absence of astrocytes
would alter OXPHOS machinery. Western blot analysis of neuron and neuron-astrocyte co-
cultures found that OXPHOS subunits UQCRC2 and MTCO1 decrease in neuron-astrocyte co-
cultures, indicating that there is a downregulation of these select mitochondrial proteins
following 10 uM sTHC exposure. Surprisingly, downregulation of the OXPHOS subunits was
not seen in neuron only cultures. We believe this to be attributed to the strong binding of cellular
debris to the poly-D-lysine, rendering the OXPHOS proteins unable to be washed away even
after neuronal death. This differs from the neuron-astrocyte co-culture as the astrocytes in culture
sequester and phagocytose cellular debris and proteins in response to neuronal death (L66v et al.,
2012). In this way, only the OXPHOS subunits in healthy cell populations are detected via
western blot whereas OXPHOS subunits and cellular debris are not washed away from the
neuron only culture and are detectable via western blot. Overall, findings from the western blot
analysis point toward impaired metabolic functioning of astrocytes and neurons, despite the
protective function of astrocytes over surrounding neurons.

While we were able to identify that astrocytes provide a neuroprotective effect in vitro,
future work is needed to understand why greater amounts of astrocytes are seen in specific layers
of the hippocampus in vivo. We propose that in accordance with the described functions of
neuroprotection and removal of cellular debris, astrocytes may migrate and/or activate in areas
sensitive to THC within the hippocampus (L66v et al., 2012). Furthermore, the mechanism by
which astrocytes are protecting astrocytes remains poorly understood. There are a couple
theories of interest. One hypothesis is that THC accumulates in astrocyte membranes due to its
lipophilic character, thereby reducing the THC exposure for nearby neuronal populations (Gill et
al., 1976). Another study investigated chemotherapy-induced toxicity and found that astrocytes
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improve neuronal survival after cisplatin treatment, improving mitochondrial membrane
potential via transfer of mitochondria from astrocytes to neurons (English et al., 2020).
Following the methodology established by English et al., it could be possible to label astrocyte
mitochondria with a mitochondrial localization sequence and subsequently visualize
mitochondrial locations post-THC treatment. Lastly, further work is needed to elucidate the
mechanism of action of THC on early postnatal hippocampal astrocytes. Work done by the
Marsicano group has identified the presence of astroglial type-1 cannabinoid receptors associated
with mitochondrial membranes (mtCB1). When stimulated, mtCB; was found to impair astrocyte
glucose metabolism and impact neuronal function (Jimenez-Blasco et al., 2020). Seeing as we
identified changes to select OXPHOS subunits in the neuron-astrocyte co-culture following THC
exposure, it follows that activation of astroglial mtCB; may be responsible for the observed
alterations in cellular bioenergetic seen within neuron-astrocyte co-cultures.

In summary, we combine in situ hybridization, immunohistochemistry, high resolution
microscopy, live cell imaging, and western blotting to demonstrate the relationship between
THC, astrocytes, and primary hippocampal neurons. These techniques identified the minimal
presence of CBIR via in situ hybridization in early postnatal astrocytes, astrocyte protection of
primary neurons following exposure to micromolar concentrations of THC, and THC-induced
alterations to cellular metabolism. These findings are important as one study showed that
exposure to the smoke of a single hit of 200 mg of cannabis resulted in micromolar
concentrations of bioavailable THC in the brain (Poklis et al., 2010). These concentrations only
increase over time as subsequent use of THC adds on to the remaining bioavailable THC given
its lipophilic storage in the brain for up to 27 days post-THC exposure (Huestis, 2007). As the
consumer market pushes increased THC concentrations in plant-derived and synthetic THC
preparations, the use of THC for breast feeding mothers and early pediatric care should be used
with caution as data from our study suggests alterations to early postnatal hippocampal cell
populations in vitro. Overall, this study establishes a preliminary platform for future work to
further derive the relationship between astrocytes and neurons, specifically how astrocytes
protect primary neurons from THC-induced damage.
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