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Abstract

Background: During adolescence, microglia are actively involved in neocortical maturation
while concomitantly undergoing profound phenotypic changes. As teenage years are also a time
of experimentation with cannabis, we evaluated whether adolescence exposure to the drug’s
psychotropic constituent, A%-tetrahydrocannabinol (THC), might persistently alter microglia
function.

Methods: We administered THC (5 mg/kg, intraperitoneal) once daily to male and female mice
from postnatal day (PND) 30 to PND44 and examined the transcriptome of purified microglia

in adult animals (PND70 and PND120) under baseline conditions or following either of two
interventions known to recruit microglia: lipopolysaccharide (LPS) injection and repeated social
defeat (RSD). We used high-dimensional mass cytometry by time of flight to map brain immune
cell populations after LPS challenge.

Results: Adolescence THC exposure produced in mice of both sexes a state of microglial
dyshomeostasis which persisted until young adulthood (PND70) but receded with further aging
(PND120). Key features of this state included broad alterations in genes involved in microglia
homeostasis and innate immunity along with marked impairments in the responses to LPS and
RSD-induced psychosocial stress. The endocannabinoid system was also dysfunctional. The
effects of THC were prevented by coadministration of either a global CB4 receptor inverse agonist
or a peripheral CB4 neutral antagonist and were not replicated when THC was administered in
young adulthood (PND70-84).
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Conclusions: Daily low-intensity CB; receptor activation by THC during adolescence may
disable critical functions served by microglia until young adulthood with potentially wide-ranging
consequences for brain and mental health.

A%-Tetrahydrocannabinol; Adolescence; Microglia; Immune response; Social stress;
Endocannabinoid

Introduction

The use of cannabis is common in adolescence (1), a time when neocortical networks

that underpin cognition are still developing (2) and may thus be especially vulnerable

to the effects of cannabis’ intoxicating constituent. A%-tetrahydrocannabinol (THC) (3,4).
Epidemiological surveys suggest that exposure to cannabis during the teenage years may
be associated with impairments in cognition and affect that continue into adulthood even
after use of the drug has stopped (5,6). Increased risk of developing schizophrenia has also
been documented (7,8). Some of these findings have been questioned (see, for example,
ref. 9) but, supporting their relevance, laboratory studies in rodents indicate that adolescent
treatment with THC may cause lasting dysregulations in memory, emotion and reward-
seeking behavior (10,11).

THC exerts its pharmacological effects by interacting with CB, and CB, cannabinoid
receptors, two core components of the endocannabinoid system (12). This signaling
complex — which also comprises lipid-derived ligands [anandamide and 2-arachidonoyl-sr-
glycerol (2-AG)] and proteins involved in their formation and deactivation — regulates
neuronal migration, axonal guidance, and synaptogenesis during prenatal and postnatal
brain development (13). Moreover, in adolescence and adulthood, the endocannabinoid
system constitutes the molecular scaffold for a retrograde signaling process that modulates
synaptic plasticity throughout the central nervous system (CNS) (14,15). Like other
neurotransmitters, the endocannabinoids undergo profound adaptations during adolescence.
Experiments in rodents have shown that anandamide mobilization and CB; receptor
expression in the brain reach their peak around mid-adolescence and decrease in adulthood
(16-18). This transient upregulation may reflect the role played by endocannabinoid signals
in two defining features of adolescent behavior — heightened sensitivity to natural and drug
rewards, and increased propensity to seek novelty and take risks (19).

Endocannabinoid signals play important regulatory roles in microglia (20,21), specialized
macrophages of CNS parenchyma that are critically involved in the maintenance of

adult brain homeostasis (22,23). Microglia are long-lived, heterogenous in structure

and function, and exquisitely responsive to developmental and environmental cues (24).
Moreover, perturbations in their homeostasis have been implicated in the pathogenesis

of neurodegenerative and psychiatric disorders (25-28). Of note, studies have shown that
a variety of habit-forming substances — including psychostimulants and opioids — share
the ability to disrupt microglial homeostasis (28). For example, in adult mice and rats,
the emergence of tolerance to the antinociceptive effects of morphine is accompanied by
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microglia activation in spinal cord (29,30). Long-lasting effects of habit-forming drugs on
microglia have also been reported. In one landmark study, repeated morphine administration
to adolescent male rats caused a regionally selective increase in the microglial expression
of toll-like receptor 4 (TLR4), a marker of enhanced responsivity to proinflammatory
stimuli, which persisted until adulthood (31). This and other findings (28) suggest that
exposure to certain pharmacological agents during adolescence might persistently affect
microglia and, by doing so, alter physiological processes that depend on these cells. Here,
we asked whether THC might be one such agent. Using a protocol designed and validated
to mimic daily low-dose cannabis use, we found that THC administration in adolescent
male and female mice — but not adult male mice — causes an enduring downregulation in
the expression of microglial homeostatic and host-defense genes. This effect is prevented
by global or peripheral CB; receptor blockade and is associated with a profound inability
to mount appropriate responses to bacterial infection and psychosocial stress, two primary
functions served by microglia in the adult brain (32,33).

Methods and Materials

Animals

Male and female C57BL/6 mice were purchased from Jackson Labs (Farmington, CT) and
arrived at our facility on post-natal day (PND) 22-23. 12-month-old male CD-1 mice were
obtained from Charles River (Wilmington, MS). All animals were housed in ventilated cages
(4 per cage) with free access to chow and water in rooms maintained on a 12-h light/12-h
dark cycle (lights on at 6:30 AM, off at 6:30 PM) with constant temperature (22+2°C)

and humidity (55-60%). In female mice, estrous cycle was monitored daily with vaginal
smears for at least one week before the experiments and only animals at the metestrus phase
were used (34,35). All procedures were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine, and were carried out in strict accordance
with the National Institutes of Health guidelines for care and use of experimental animals.

Cell Isolation

We digested mouse brain tissue using a commercial kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Dissociated cells were incubated with anti-CD11b, anti-CD11a and
anti-CD45 antibodies in an antibody-staining buffer containing 0.2% (w/v) bovine serum
albumin and 0.1% (w/v) sodium azide in phosphate-buffered saline (Supplemental Table

1) for 30 min at 4°C. Microglia were isolated by Fluorescence-Activated Cell Sorting
(FACS), as illustrated in Supplemental Fig. S1A. Cell type markers used for FACS gating
are listed in Supplemental Table 2. Debris, cell doublets, and dead cells were removed
through cell gating, and microglia were isolated by selecting CD45*/CD11b*/CD11a° cells
(Supplemental Fig. S1B). Infiltrating CD11a" macrophages were separated from CD11al°
microglia (Supplemental Fig. S1B). Enrichment in microglia was verified by comparing
the absolute values of reads per kilobase of exon per million reads mapped (FPKM) for

all quantifiable RNAs (Supplemental Fig. S1C). To circulating immune cells, blood was
collected by cardiac puncture and erythrocytes were removed using a commercial buffer
(Miltenyi Biotec). Remaining cells were incubated with anti-Ly6C and anti-Ly6G antibodies
in antibody-staining buffer for 30 min at 4°C (Supplemental Tables 1 and 2). Ly6C+ and
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Ly6G- cells were considered inflammatory monocytes. FACS-sorted cells were quantified
using FCS Express 7 (De Novo Software, Pasadena, CA).

Other Methods

All other Methods and Materials, including Statistical Analyses, are reported in the
Supplemental Methods section.

Results

A model of frequent low-dose THC exposure in adolescence

To approximate frequent low-dose cannabis use in adolescence we administered THC (5
mg/kg, i.p.) or its vehicle to mice once daily from PND30 to PND43 (Fig. 1A), an interval
that spans adolescence in laboratory rodents (36). At this dosage, the drug achieved a peak
plasma concentration (Cpax) 0f 331166 ng/ml (1.11+0.17 nmol/ml, n = 4) at a time to
maximum (Tmax) Of 15 min and exhibited a half-life time of elimination (t1/,) of 759

min (Fig. 1B). This exposure level produces modest effects in adolescent male mice (37)
and, in the present experiments, resulted in a small decrease in body temperature (THC:
-1.04+0.1°C; vehicle: 0.23+0.1°C; n = 5) which was not accompanied by any change in
food intake or motor activity (Fig. 1B). We stopped treatment at PND43 and assessed
microglial gene expression at PND49 (when THC was no longer detectable in brain but was
still present in fat) (Fig. 1C), PND70 (when THC was cleared from the body) and PND120.

Adolescence THC exposure causes persistent transcriptional alterations in microglia

We isolated microglia from THC- and vehicle-treated mice and profiled their transcriptome
by bulk RNA sequencing at PND49 and PND70 (Supplemental Fig. S1). The four

datasets were readily distinguishable by principal component analysis, with both age and
treatment contributing to variance (Fig. 2A). The total number of genes differentially
expressed between control and THC-treated animals was 3976 at PND49 and 2359 at
PND70 (Fig. 2B, Supplemental Table 3). Gene ontology (GO) annotation revealed a
substantial downregulation of host-defense pathways (Fig. 2C). Categories most affected at
PND70 included endocytosis (GO:0006897), response to bacterial molecules (GO:0002237),
positive regulation of immune response (GO:0050778 and GO:0045087), response

to lipopolysaccharide (LPS) (GO:0032496), and immune-activating signal transduction
(G0:0002757). Closer inspection of the data showed that transcription of multiple genes
involved in innate immunity — e.g., those encoding interleukin 1 (//15), interleukin 6
(7/6), retinoic acid receptor-a (Rara), cyclooxygenase-2 (Ptgs2), cluster of differentiation
74 (Cd74) and several members of the Toll-like receptor family (7/r2, TIr3, Tir7, Tir9)

— was attenuated at both PND49 and PND70 (Fig. 2D). Notably, expression of cluster

of differentiation 36 (Cd36) rose ~22.6 folds at PND49 to decline below control levels

at PND70 (Fig. 2D). Genes that are critical to the control of microglia homeostasis —

e.g., transforming growth factor-p1 ( 7gfbI) and its two receptors ( 7gfbr1 and Tgfbr2),
MAF BZIP transcription factor B (Mafb) and early growth response 1 (EgrI) — were

also variously affected (Fig. 2E), while genes that are upregulated in disease-associated
microglia (38) were either unchanged (e.g., Ax/, Spiland Trem?2) or attenuated [e.g.,
Apoe and Clec7a (dectin-1)] at PND49 and/or PND70 (Fig. 2F). A notable exception
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was microRNA-155 (miR-155hg), whose transcription was persistently elevated in the
THC group (Fig. 2F). Consistent with lasting modifications in microglial homeostasis,
immunofluorescent imaging experiments revealed that levels of ionized calcium binding
adaptor molecule 1 (IBA-1) (39) were lower in hippocampus of male THC-exposed mice
at both PND49 and PND70, compared to controls (Fig. 2G and 2H). Morphometric
analyses further showed that the maximal length of microglial processes was greater in
THC-treated male mice than controls (Fig. 21). The number of ramified IBA-1-positive cells
was modestly, and insignificantly, higher in THC-exposed animals (Fig. 21) whereas other
parameters, including number of IBA-1-positive cells, remained unchanged (Supplemental
Fig. S2). gRT-PCR quantification of representative THC-sensitive mRNAs indicated that
microglia transcription in the THC group returned to normal by PND120 (Fig. 2J). Further
interrogation of the data using the STRING platform (https://string-db.org) showed that
microglia from THC-exposed animals exhibited significant changes in sensome-related
transcripts (40) and, more specifically, in the 7yrobp causal network that is critically
involved in innate immunity (Fig. 3) (41). The results indicate that daily exposure to
low-dose THC during adolescence causes substantial modifications in the microglial
transcriptome, which persist until young adulthood.

Adolescence THC exposure alters endocannabinoid signaling in microglia

Cannabinoid receptor overactivation during adolescence may cause enduring modifications
in endocannabinoid signaling (3). Accordingly, RNA sequencing of purified microglia

at PNDA49 identified multiple alterations in genes encoding for components of the
endocannabinoid system, some of which persisted until PND70 (Fig. 4A and 4B).

Such alterations, which were confirmed by qRT-PCR, included transient and opposite
changes in CB4 (CnrI) and CB, (Cnir2) receptors (Fig. 4C), a persistent increase in

fatty acid amide hydrolase (Faah) (Fig. 4D) along with concomitant decreases in A-acyl
phosphatidylethanolamine-selective phospholipase D (Napep/d) and monoglyceride lipase
(Mglh (Fig. 4E and 4F). The transcription of N-acylethanolamine acid amidase (NVaaad), a
cysteine hydrolase that degrades the paracannabinoid lipid palmitoylethanolamide (12,42),
was also persistently reduced (Fig. 4G). Levels of the aforementioned transcripts returned to
normal by PND120 (Fig. 4C-G).

Adolescence THC exposure disables the response to bacterial endotoxin

Microglia are the first line of defense against microbial agents invading the brain (32).

To determine whether this function might be affected by adolescence THC exposure, we
challenged control and THC-treated male mice with LPS (0.33 mg/kg, i.p.). The bacterial
endotoxin was administered on PND70, and brains were collected 24h later for RNA
sequencing. We analyzed both whole brain extracts, to evaluate the organ’s defense response
in its entirety, and FACS-purified microglia. Compared to saline, LPS produced broad
transcriptional changes in brain of animals not exposed to THC: a total of 268 genes were
differentially expressed (Fig. 5A), with largest increases observed in immune pathways

- e.g., interferon regulatory factor 7 (/rf7), interferon induced transmembrane protein

3 (/fitm3), complement component C4b (C4b), po-microglobulin (B2m) and lymphocyte
activation protein-6A (Ly6a) (Fig. 5B; Supplemental Table 4). The three GO categories most
significantly upregulated following LPS challenge were immune process (GO:0002376),
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https://string-db.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 6

defense response (GO:0006952) and response to external biotic stimuli (GO:0043207) (Fig.
5C). As expected, LPS also enhanced transcription of representative cytokines — interleukin
1B (//1b), interleukin 6 (//6) and tumor necrosis factor-a ( 7777@) — in purified microglia
(Supplemental Fig. S3).

The effect of LPS was blunted in THC-exposed mice (Fig. 5A and 5B, Supplemental Fig.
S3), in which the most enriched GO categories were not related to immunity (Fig. 5D). Only
47 differentially expressed genes, primarily involved in host defense, were shared between
THC-treated and control mice following LPS challenge (Fig. 5E): these comprised response
to biotic stimuli (GO:0043207, GO:0009607), response to other organisms (GO:0051707,
G0:0098542) and immune response (GO:0006955). Confirming these findings, qRT-PCR
and ELISA analyses of brain extracts showed that expression of //1b, //6 and Tnfa was
attenuated in THC-exposed animals, compared to controls, both 6h and 24h after LPS
injection (Fig. 5F; protein levels are shown in Supplemental Fig. S4). Adolescence THC
treatment also reduced the rise in hippocampal IBA-1 (Fig. 5G, 5H) and the number of
monocytes found in bloodstream and brain 24h after LPS administration (Fig. 6). The
endotoxin’s proinflammatory effect was restored at PND120 (Supplemental Fig. S5).

High-dimensional mass cytometry by time-of-flight (cy TOF) (43) offered additional insights
into the impact of adolescence THC exposure on immune cell populations of the brain.

We purified CD45-positive cells from brains of PND70 mice treated with LPS or vehicle
and analyzed them by cyTOF using a panel of 25 heavy metal isotope-tagged antibodies
(Supplemental Table 5) (Fig. 7A). Consistent with previous reports (44), stochastic neighbor
embedding (ViSNE) analysis of the data (45) identified four cell populations: microglia,
dendritic cells, border-associated macrophages, and monocytes (Fig. 7B1, Supplemental

Fig. S6). Microglia were further divided into two subpopulations: surveillant, which was
predominant in mice not treated with LPS (Fig. 7B2), and activated, which became prevalent
after LPS administration (Fig. 7B3). LPS also increased the number of monocytes in the
brain (Fig. 7B2 and 7B3). Adolescence THC treatment did not grossly alter this profile

(Fig. 7B4). However, ViSNE interrogation of cell-marker densities (Fig. 7C) suggested
multiple dissimilarities between THC-treated and control mice (Fig. 7C3 and 7C4), which
could be resolved using spanning-tree progression analysis of density-normalized events
(SPADE) (46). This tool identified five microglial clusters that differed between THC and
control groups (Fig. 7D). Distinguishing features shared among these clusters included
lower expression of proinflammatory proteins (interleukin 17A, CD68, and MHCII) and
higher expression of FAAH and CD81, an extracellular vesicle marker (47) (Fig. 7E). Higher
levels of the T-cell costimulatory molecule CD86 (48) were found in clusters 1 and 2,

while higher levels of F4/80, which might play a role in antigen recognition (49), were

seen in clusters 1 and 4 (Fig. 7E). Together, the findings indicate that adolescence THC
exposure causes a persistent disruption in the molecular and cellular response of microglia to
gram-negative bacterial infection.

Adolescence THC exposure impairs the response to psychosocial stress

Microglial activation mediates the response to social stress in rodent models (33) and
has been linked to the development of depression in humans (27,50). The finding that

Biol Psychiatry. Author manuscript; available in PMC 2023 November 07.
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adolescence THC treatment causes an enduring impairment in microglia-mediated host
defense prompted us to ask whether reactions to psychosocial stress might also be affected.
To test this, we subjected young-adult male mice (PND70) that had received either THC

or vehicle during adolescence to a repeated social defeat (RSD) protocol (Fig. 8A and 8B).
This paradigm reproduces key aspects of the human response to social stress and is known
to depend on microglial activation (51-53). Predictably, in vehicle-treated animals RSD
produced marked elevations in circulating corticosterone and IL-6 concentrations (Fig. 8C
and 8D) and stimulated transcription of /16, /6 and Tnfain brain (Fig. 8E). Strikingly, no
such effect occurred in THC-treated animals (Fig. 8C-E).

Next, we assessed the impact of RSD on social anxiety using the social interaction test
(51,54,55). In control mice, RSD caused social withdrawal, as shown by an increase in
time spent in the avoidance zone of the arena (Fig. 8F) and a reduction in time spent in

the social interaction zone (Fig. 8G). As reported (51,56), ~75% of defeated mice in the
control group showed an impairment in social behavior while the remainder were resilient
(Fig. 8G). By contrast, none of the animals in the THC group developed social withdrawal
after RSD (Fig. 8F and 8G), a difference that cannot be ascribed to variability in aggression
time (Fig. 8H). Finally, we evaluated innate fear using the elevated plus maze test under
non-aversive conditions. As anticipated (54), RSD produced robust anxiety-like behavior
in vehicle-treated mice, evidenced by a decrease in the time spent in, and the number of
entries into, the open arms of the maze (Fig. 81 and 8J, Supplemental Fig. S7). Conversely,
animals in the THC group exhibited no overt change in anxiety-like behavior (Fig. 81 and 8J,
Supplemental Fig. S7). We conclude that the response to psychosocial stress is defective in
young-adult male mice exposed to THC during adolescence.

Role of CB; cannabinoid receptors

The psychoactive effects of THC depend on activation of CB; receptors, which are highly
expressed in CNS but are also found throughout the periphery (57,58). We asked therefore
whether CB1 blockade might prevent the temporary disruption in microglia homeostasis
caused by adolescent THC (Fig. 9A). Coadministration of THC with the global CB; inverse
agonist AM251 (1 mg/kg, i.p., once daily 30 min before THC) prevented changes in
transcription of representative THC-sensitive genes in purified microglia both under control
conditions and after LPS stimulation (Fig. 9B-D). Interestingly, coadministration of THC
and AM6545 (3 mg/kg, i.p.), a CB1 neutral antagonist that does not access the CNS (59),
produced a similar effect (Fig. 9B-D). We interpret the results as indicating that adolescence
THC exposure temporarily affects microglia homeostasis through a mechanism that requires
the engagement of CB1-expressing cells outside the CNS.

Effects of sex and age

Since sex influences microglial gene expression (60,61) and function (62,63), we examined
whether female mice might be sensitive to the long-term consequences of adolescence

THC exposure (Fig. 10A), as seen with males. Baseline and LPS-stimulated expression of
representative cytokines was suppressed in purified microglia from young-adult female mice
that had received THC during adolescence (Fig. 10B-D; brain mRNA levels are shown in
Supplemental Fig. S8). Moreover, (7) no significant sex differences were observed in the

Biol Psychiatry. Author manuscript; available in PMC 2023 November 07.
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response of endocannabinoid-related genes in either purified microglia or brain extracts,
whereas (77) a sexual dimorphism transpired in Iba-1 expression and morphometric microglia
measurements, with female mice failing to display the phenotypic changes observed in
males (Supplemental Fig. S8). Confirming previous work (64), sex-related differences in the
quantitative response to LPS were also noted (Fig. 10B-D).

Microglial properties change during postnatal development (24). We asked therefore
whether microglia in young-adult male mice might be vulnerable to the persistent effects
of repeated THC exposure, as shown for adolescent male and female mice. We injected
THC (5 mg/kg, i.p.) once daily for 14 days starting on PND70 and sacrificed the mice 27
days later (PND110) (Fig. 10E). The volcano plot reported in Figure 10F shows that only
22 genes were differentially expressed between control and THC groups, none of which

is involved in immunity (Supplemental Table 6). Furthermore, all genes whose expression
was changed by adolescent THC remained unaltered when the same treatment was given in
adulthood (Fig. 10G).

Discussion

The results show that daily exposure to low-dose THC produces in adolescent male and
female mice a persistent disruption of microglia transcription and function, which lasts
until young adulthood (PND70) and recedes when the animals transition to full maturity
(PND120). This state is prevented by either global or peripheral CB; receptor blockade
and is characterized by (7) changes in the expression of genes that underpin microglial
homeostasis and innate immunity; and (7)) impairments in microglia-driven responses

to endotoxin challenge and psychosocial stress. The results suggest that frequent low-
intensity activation of CB receptors during adolescence disables critical functions served
by microglia until young adulthood, with potentially far-reaching consequences for brain
health.

We adopted an administration regimen that consisted of daily intraperitoneal injections of
5 mg/kg THC throughout adolescence, which in mice spans the fifth and sixth weeks of
postnatal life (36). After a single injection, the plasma Cpax Value for THC was comparable
to those measured in blood of adult human smokers of ‘low-potency’ cannabis (~3%
THC) experiencing signs of intoxication (65,66). In agreement with pharmacokinetic data
and previous work (37), we found that this THC dosage elicited only modest effects in
adolescent male mice (Fig. 1B) suggesting that the present protocol offers an ecologically
relevant model for frequent low-intensity THC exposure. It is important to point out that
this protocol was not designed to capture high-intensity use patterns — such as multiple
daily usage of concentrated cannabis extracts — whose effects might be different from
those described here. Indeed, prior work showed that high-intensity THC regimens (e.g.,
twice-daily injections escalating from 2.5 to 10 mg/kg over 10 days) in adolescent rats
produce signs of neuroinflammation when animals reach adulthood (67-71).

Adolescence THC exposure modified the transcriptional profile of adult microglia in various
ways. First, expression of many genes involved in innate immunity was attenuated. For
example, genes encoding interleukin 1, interleukin 6, cyclooxygenase-2, and various

Biol Psychiatry. Author manuscript; available in PMC 2023 November 07.
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members of the Toll-like receptor family were downregulated in microglia of THC-treated
mice relative to controls (Fig. 2D). Indeed, data annotation using the STRING functional
enrichment analysis suggested marked changes in the microglia sensome (40) as well as
disruption of the Tyrobpl Dap12signaling pathway (Fig. 3A, B), whose roles in microglia
activation are well documented (72). Second, multiple genes that contribute to microglia
homeostasis — e.g., Tgfb1, Tgforl, Tgfbr2, Mafb, Egrl (26) — were variously altered (Fig.
2E) while genes that are upregulated in disease-associated microglia (24,26) either remained
unchanged (Ax/, Spiland TremZ2) or were downregulated (Apoe, Clec7a, Itgax) (Fig. 2F).
Lastly, IBA-1 immunoreactivity was lower and maximal branch length of IBA-1-positive
cells was higher in THC-exposed male mice compared to controls (Fig. 2G and 2H) though,
as discussed below, this effect was not observed in females. Differences between vehicle
and THC groups were brought into sharper focus after LPS challenge, whose impact on the
expression of host-defense genes and monocyte trafficking was dampened in THC-treated
mice (Figs. 5 and 6). A plausible interpretation of these results is that frequent exposure to
THC in adolescence promotes an activation-resistant microglial phenotype that lasts until
young adulthood. This scenario is consistent with the known immunosuppressive properties
of THC (73) but should not be oversimplified. Indeed, its complexity is underscored by the
enhanced transcription of microRNA-155 (Fig. 2F), whose pro-inflammatory functions are
well recognized (74,75).

Another striking consequence of adolescence THC exposure was the suppression of
molecular and behavioral responses to psychosocial stress, as assessed using the RSD
model. In this paradigm, the stress caused by social defeat in repeated resident-intruder
encounters produces a depression-like phenotype in which anxiety and social avoidance are
accompanied by accelerated egress of monocytes from bone marrow and their recruitment
to the brain (76). Based on our transcriptomic data, we expected that the response to RSD
would be defective but were surprised by the size of the deficit we found. None of the
hormonal and immune reactions that define this model — including increased circulating
corticosterone and interleukin-6, and elevated inflammatory cytokine transcription in brain
— was detectable in THC-exposed mice (Fig. 8C—-E). Alterations in social and anxiety-

like behaviors were also absent (Fig. 8F-J). The findings indicate that adolescence THC
exposure causes a lasting inability to mount an adequate reaction to psychosocial stress.
Since the processing of acute stress events in early life is essential to establish neuroimmune
homeostasis (77,78), the potential mental health implications of this deficit warrant further
examination.

THC’s ability to persistently modify microglia was restricted to adolescence (Fig. 10F and
10G). This suggests that THC exposure early in life — when these cells still retain part of the
heterogeneity typical of their embryonic stage (24) — may promote the establishment of an
activation-resistant phenotype that lasts until young adulthood (PND70) and dissipates when
the animal reaches full maturity (PND120). This hypothesis is consistent with microglia’s
longevity (79) and highlights the need to elucidate the mechanisms underpinning THC’s
impact on postnatal microglia function. Adolescence THC treatment lowered the expression
of proinflammatory cytokines in microglia purified from the brain of both male and female
mice (Fig. 10B-D). There were detectable sex differences, however, including (7) a greater
number of elongated microglia branches, which was observed in THC-treated males but not
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females; and (77) the size of the stimulatory effect of LPS on cytokine transcription, which
was greater in females than males irrespective of prior THC exposure. Sexual dimorphisms
in microglia gene expression profile and function have been previously documented (80).

The impact of adolescence THC treatment on microglia requires CB; receptor activation
(Fig. 9). Despite its moderate intensity, such activation was sufficient to evoke broad
adaptations in the expression of endocannabinoid-related genes not only at PND49, when
residual THC was still detectable in fat, but also three weeks later, when the drug

had been eliminated from the body. Two such adaptations are especially noteworthy.

First, transcription of the anandamide-producing enzyme NAPE-PLD was decreased
whereas transcription of the anandamide-degrading enzyme FAAH was /ncreased. Second,
transcription of the 2-AG-degrading enzyme MGL was suppressed. These changes, which
were maximal at PND49 but still statistically detectable at PND70, are suggestive of
opposing modifications in 2-AG- and anandamide-mediated signaling in microglia. It is
possible that these modifications contribute to the induction and/or maintenance of the
microglial phenotype — for example, by enhancing immunosuppressant 2-AG-mediated
signaling at CB1 (73).

Another important question raised by our experiments pertains to the cellular localization
of the CB1 receptors engaged by THC. We found that the drug’s lasting effects could be
prevented by coadministering the peripheral CB; antagonist AM6545. This finding was
not entirely unexpected. In fact, emerging evidence points to the existence of a functional
crosstalk between microglia and circulating monocytes, which has been implicated in

the response to social stress (81) as well as in the emergence of chronic pain (82) and
neuroinflammation (83). It is thus plausible, though remains to be demonstrated, that
THC’s impact on microglia might require CB activation in monocytes (84, 85) or other
myeloid cells which might, for example, interrupt chemical communication with microglia.
Consistent with this view, THC treatment lowered the numbers of monocytes in circulation
and trafficking to the brain following LPS challenge (Fig. 6).

In conclusion, adolescence exposure to low-dose THC may induce in mice of both sexes

a persistent state of microglia dishomeostasis that is accompanied by profound deficits in
the molecular, hormonal, cellular and behavioral response to endotoxin and psychosocial
stress. The emergence of this phenotype requires recruitment of peripheral CB; receptors
and is accompanied by alterations in endocannabinoid signaling in microglia. Integrating
these findings into epidemiological and clinical studies on adolescent brain development
may help identify neuroimmune risks of early-life cannabis exposure, which may have been
hitherto underestimated.
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Fig. 1. Frequent exposureto low-dose THC in adolescence: pharmacokinetic and
phar macodynamic char acterization.

(A) We modeled frequent low-level exposure to THC-containing cannabis in adolescence
by administering THC (5 mg/kg, i.p.) or its vehicle (8% Tween-80 in saline, v/v) to male
and female mice from PND30 to PND43. The animals were euthanized on PND49, PND70
or PND120. (B) Top: time-course of plasma THC concentrations after a single injection

of THC (5 mg/kg, i.p.) to male mice on PND37 (n=5). Bottom: effects of vehicle or THC
on core body temperature (30 min after injection; n = 5) (left), average daily food intake
(center) and locomotor activity (right) (n=8-10). (C) Time-course of THC concentrations
in brain and white adipose tissue (WAT) after THC injection (n=3-4). LOQ, lower limit of
quantification. ***P < 0.001, two-tailed unpaired #test.
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Fig. 2. Persistent effects of adolescence THC exposure on genetranscription in microglia.
(A) Principal component analysis of RNAseq data from purified microglia of THC-

and vehicle-treated male mice at PND49 and PND70 (n=3-4 per group). (B) Volcano

plots showing genes that were differentially expressed (Padj<0.05) between THC- and
vehicle-treated mice at PND49 and PND70. Red, transcripts upregulated in THC vs
vehicle groups; green, transcripts downregulated in THC vs vehicle groups; black,
unchanged transcripts (Padj>0.05). (C) Annotation of genes downregulated in THC- vs
vehicle-treated mice at PND49 and PND70. Gene ontology (GO) categories showing
significant enrichment in downregulated transcripts are listed according to their Padj values
(lower Padj value on top). GO:0006954, inflammatory response ; GO:0002274, myeloid
leukocyte activation; GO:0050778, positive regulation of immune response; GO:0002694,
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regulation of leukocyte activation; GO:0050865, regulation of cell activation; GO:0001817,
regulation of cytokine production; GO:0045087, innate immune response ; GO:0006897,
endocytosis; GO:0002237, response to molecules of bacterial origin; GO:0032496, response
to LPS; GO:0002253, activation of immune response; GO:0002757, immune response-
activating signal transduction. (D-F) Heatmaps showing the effects of adolescence THC
exposure on the transcription of select (D) inflammatory genes, (E) genes involved in
microglia homeostasis, and (F) genes related to disease-associated microglia phenotypes.
Numbers represent the log,[ THC/Veh] value for each gene. (G) Confocal images of IBA-1
immunofluorescence in hippocampus of PND70 male mice after adolescence exposure to
vehicle or THC. Green, IBA1; blue, DAPI. Calibration bar, 100 um. (H) Quantitative
analyses of IBA1 immunoreactivity in vehicle- (black symbols) and THC-treated (green
symbols) mice at PND49 and PND70. (1) Morphometric analysis of microglia from vehicle-
and THC-treated mice at PND70. Left: maximal branch length. Middle: representative
morphologies for each classification of microglia. Right: quantitative distribution (percent
of total) of major microglial morphologies. (J) gqRT-PCR analyses showing mRNA levels of
select THC-sensitive genes in microglia from PND120 mice after adolescence exposure to
vehicle or THC (n=3). *P < 0.05, two-tailed unpaired #test.
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Fig. 3. Functionally enriched networksin microglia from THC-exposed mice.
STRING multiple protein analysis of 318 down-regulated genes (Padj<10~4) in microglia

of THC-treated mice identified 305 nodes and 867 edges, with PPI enrichment P-value
<1.0x10716, Among the networks identified with significant enrichment by false discovery
rate (FDR), two representative results are shown: (A) The genes of inquiry were highly
enriched (FDR=1.44e-06) in genes identified as microglial sensome (40). A heatmap
showing the effects of adolescence THC exposure on the microglial sensome genes is
shown. Numbers are log,[ THC/Veh] values for each gene. (B) STRING also identified
enrichment of the genes of inquiry in the WikiPathway WP3625, the Tyrobp causal network
in microglia (FDR=4.88 x107°). The pathway WP3625 diagram is shown with the whole
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network and genes affected by adolescence THC exposure in green and logo[THC/Veh]
value for each gene.
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Fig. 4. Persistent effects of adolescence THC exposure on the endocannabinoid system in

microglia.

(A) Schematic overview of the endocannabinoid signaling system. Left: anandamide
formation and deactivation. Right, 2-arachidonyl-sr-glycerol (2-AG) formation and
deactivation. Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PLA2GA4E, phospholipase A, group IVE; NAPE, N-acyl-PE; NAPE-PLD, NAPE-specific
phospholipase D; FAAH, fatty acid amide hydrolase; PIP,, phosphatidylinositol-4,5-
bisphosphate; PLC, phospholipase C; DAG, diacylglycerol; DGL, diacylglycerol lipase;
ABHD-6, a,B-hydrolase domain-containing 6; MGL, monoglyceride lipase. (B-G) Changes
in the levels of primary endocannabinoid-related genes produced in microglia by
adolescence exposure to THC. (B) Bulk RNAseq analysis of purified microglia (n=3-4).
(C-G) gRT-PCR quantification (normalized to individual vehicle controls) of transcripts

Biol Psychiatry. Author manuscript; available in PMC 2023 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

Page 22

encoding (C) CBy (Cnrl) and CB, (Cnir2) receptors; (D) FAAH (Faah); (E) NAPE-PLD
(Napepld); (F) MGL (Mgl)) and (G) N-acylethanolamine acid amidase (NVaad) (n=3). **P <
0.01 and ***P < 0.001, two-tailed unpaired #test.
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Fig. 5. Persistent effects of adolescence THC exposure on the responseto L PS.
(A) Volcano plots showing genes differentially expressed (Padj<0.05) in brain tissue

between THC- and vehicle-treated male mice 24h after LPS challenge (0.33 mg/kg, i.p.,
challenge on PND70). Left, vehicle; right, THC. Red, transcripts upregulated by LPS;
green, transcripts downregulated by LPS; black, unchanged transcripts (Padj>0.05). (B)
Heatmap showing changes elicited by LPS on the transcription of select innate immune
genes. Numbers represent log,[LPS/Veh] values. (C-E) Gene Ontology (GO) analyses
illustrating the differential impact of LPS in brain tissue from THC- and vehicle-treated
mice. Number of genes and GO categories enriched in: (C) only the vehicle group,

(D) only the THC group, and (E) both vehicle and THC groups. GO categories are
listed according to their Padj values (lower Padj value on top). GO:0002376, immune
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system process; GO:0006952, defense response; GO:0043207, response to external biotic
stimulus; GO:0051707, response to other organism; GO:0009607, response to biotic
stimulus; GO:0009605, response to external stimulus; GO:0098542, defense response

to other organism; GO:0006955, immune response; GO:1903829, positive regulation

of cellular protein localization; GO:1903827, regulation of cellular protein localization;
G0:0060341, regulation of cellular localization; GO:0007010, cytoskeleton organization;
G0:0032388, positive regulation of intracellular transport; GO:0090316, positive regulation
of intracellular protein transport; GO:0033157, regulation of intracellular protein transport;
G0:0051641, cellular localization; GO:0051704, multi-organism process. (F) Transcription
of representative cytokines (//1b, Tnfaand //6) in brain tissue after LPS in THC- or
vehicle-treated mice (n=3 per group). (G) Confocal images of IBA-1 immunofluorescence
in hippocampus of THC- or vehicle-treated mice 24h after LPS. Green, IBA1; blue, DAPI.
Calibration bar, 100 um. (H) Quantitative analyses of IBA1 immunoreactivity in vehicle-
and THC-treated mice that received LPS or saline. */*P < 0.05, **/*#P < 0.01, and ***/###p
< 0.001, two-way ANOVA, followed by Tukey’s multiple comparison test.
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Fig. 6. Persistent effects of adolescence THC exposure on L PS-induced monocyte trafficking.
(A) Gating strategy for the isolation of circulating Ly6C*Ly6G~ monocytes, and (B) number

of monocytes in vehicle- and THC-treated male mice challenged with LPS or saline (Ctrl).
Data are expressed as number of cells per pL of blood. (C) Gating strategy for the
isolation of CD45*CD11b*CD11a* monocytes trafficking to brain tissue, and (D) number
of infiltrating monocytes in vehicle- and THC-treated male mice challenged with LPS or
saline. Expression of CD11a was used to distinguish infiltrating monocytes (CD11aM) from
microglia (CD45*CD11b*CD11al%). #P < 0.05, **/*P < 0.01, and ***P < 0.001, two-way

ANOVA followed by Tukey’s multiple comparison test.
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Fig. 7. CyTOF analysis of immune cells from the brain of adult mice after adolescence THC

exposure.

(A) Schematics illustrating the cy TOF protocol. (B) ViSNE plots for composite (B1)

and for each experimental group (B2-B4), color-coded for five (sub)population of brain
immune cells: surveillant and activated microglia, border-associated macrophages (BAMs),
monocytes, and dendritic cells. (C) ViSNE plots with cell density heatmap, for composite
(C1) and for each experimental group (C2-C4). (D) SPADE diagram for CD11b in brain
immune cells, which identifies five microglia cell clusters that differ between control and
THC-treated mice. (E) Heatmap showing differences in marker protein expression in each
microglia cell cluster. Numbers are the logo[ THC/Veh] values for each marker.
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Fig. 8. Persistent effects of adolescence THC exposure on repeated social defeat (RSD)-induced
molecular and behavioral deficitsin mice.

(A, B) Schematics illustrating the THC administration and testing protocols. Plasma levels
of (C) corticosterone and (D) IL-6 protein in vehicle- or THC-treated male mice 24h after
RSD (n=3 per group). (E) Levels of //1b, //6and Tnfa mRNA in brain tissue 24h after RSD
(n=3 per group). (F, G) Effects of RSD in the social interaction test. (F) Time spent in the
avoidance zone (s). Vehicle-treated mice showed a significant preference for the avoidance
area (Fz 55=7.894, P = 0.0068). (G) Distribution of time spent in the interaction zone (s).
Vehicle-treated mice did not distribute normally (AZ* = 1.331; P = 0.0012) and a k-means
analysis uncovered two sub-groups of ‘vulnerable’ [Vuln, red closed circles; ~75% (n=12)]
and ‘resilient” mice [Res, blue closed circles; ~25% (n=4)]. Vulnerable animals avoided,
whereas resilient preferred the interaction zone (F ; 55=7.894, P = 0.0068). RSD did not
significantly affect social behavior in THC-treated mice (n=14-16). (H) Aggression time (s)
in vehicle- and THC-treated mice (F; 3= 2.845, P = 0.1014). (I, J) Effects of RSD in the
EPM test. (1) Time in open arms. (J) Number of open arm entries. RSD did not significantly
affect anxiety-like behavior in THC-treated mice (n=14-16). */*P < 0.05, **/*P < 0.01, and
*HxHH#P < 0,001, two-way ANOVA followed by Tukey’s multiple comparison test.
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Fig. 9. The effects of adolescence THC exposurein microglia require peripheral CB1 receptors.
(A) Schematics illustrating the THC administration and testing protocols. Gene expression

in purified microglia was measured by qRT-PCR (n=3 per group). Levels of (B) //1b, (C)
Tnfa, and (D) Prgs2in male mice treated with vehicle or THC alone (left), vehicle or THC
plus the globally active CB; inverse agonist AM251 (1 mg/kg, i.p.) (center) and vehicle or
THC plus the peripherally restricted CB; neutral antagonist AM6545 (3 mg/kg, i.p.). *P <
0.05, **P < 0.01, and ***###p < 0,001, two-way ANOVA followed by Tukey’s multiple
comparison test.
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Fig. 10. The effects of adolescence THC exposure on microglia are sexually dimorphic and

age-dependent.

(A) Schematics illustrating the THC administration and LPS challenge protocols used in
adolescent female mice. Gene expression in microglia was measured by qRT-PCR (n=3
per group). Levels of (B) /15, (C) Tnfaand (D) //6 mRNA in female (left) and male
(right) mice exposed to vehicle or THC and then challenged with LPS. (E) Schematics

illustrating the THC administration protocol used in adult male mice. The animals received
daily vehicle or THC injections (5 mg/kg, i.p.) from PND70 to PND83. Gene expression

in microglia was assessed by bulk RNA-seq on PND110. (F) Volcano plots showing genes
that were differentially expressed (Padj<0.05) between THC and vehicle groups at PND110.
Red, transcripts upregulated in THC vs vehicle; green, transcripts downregulated in THC

vs vehicle; black, unchanged transcripts (Padj>0.05). (G) Heatmap comparing the effects of
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adolescence vs adult treatment with THC. Numbers represents the log,[THC/Veh] value for
each gene. *P < 0.01 and ****#p < 0.001, two-way ANOVA followed by Tukey’s multiple
comparison test.

Biol Psychiatry. Author manuscript; available in PMC 2023 November 07.



	Abstract
	Introduction
	Methods and Materials
	Animals
	Cell Isolation
	Other Methods

	Results
	A model of frequent low-dose THC exposure in adolescence
	Adolescence THC exposure causes persistent transcriptional alterations in microglia
	Adolescence THC exposure alters endocannabinoid signaling in microglia
	Adolescence THC exposure disables the response to bacterial endotoxin
	Adolescence THC exposure impairs the response to psychosocial stress
	Role of CB1 cannabinoid receptors
	Effects of sex and age

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.



