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NEUROSCIENCE

Endocannabinoid genetic variation enhances
vulnerability to THC reward in adolescent female mice

Caitlin E. Burgdorf'->

Adolescence represents a developmental period with the highest risk for initiating cannabis use. Little is known
about whether genetic variation in the endocannabinoid system alters mesolimbic reward circuitry to produce
vulnerability to the rewarding properties of the exogenous cannabinoid A°-tetrahydrocannabinol (THC). Using
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a genetic knock-in mouse model (FAAH?) that biologically recapitulates the human polymorphism associated
with problematic drug use, we find that in adolescent female mice, but not male mice, this FAAH polymorphism
enhances the mesolimbic dopamine circuitry projecting from the ventral tegmental area (VTA) to the nucleus
accumbens (NAc) and alters cannabinoid receptor 1 (CB4R) levels at inhibitory and excitatory terminals in the
VTA. These developmental changes collectively increase vulnerability of adolescent female FAAH® mice to THC
preference that persists into adulthood. Together, these findings suggest that this endocannabinoid genetic variant
is a contributing factor for increased susceptibility to cannabis dependence in adolescent females.

INTRODUCTION

Adolescence represents a critical neurodevelopmental period char-
acterized by dynamic changes in the structure and function of the
mesolimbic dopamine pathway, including increased dopamine
availability and increased engagement of downstream striatal path-
ways during reward processing (1, 2). The endocannabinoid system
fine-tunes the mesolimbic dopamine pathway by affecting firing
rates of ventral tegmental area (VTA) dopaminergic neurons and
dopamine levels in downstream projection regions such as the
nucleus accumbens (NAc), in addition to affecting reward-associated
behaviors (1-3). The endocannabinoid system reaches peak expres-
sion and activity throughout the brain during adolescence (4). This
positions the endocannabinoid system as a key modulator of devel-
opmental processes during adolescence such as mesolimbic reward
circuitry and associated reward behaviors including vulnerability to
drug addiction (5).

The levels of anandamide (AEA), a primary endocannabinoid in
the brain that directly binds to cannabinoid receptor 1 (CB;R), are
tightly regulated by the catabolic enzyme, fatty acid amide hydrolase
(FAAH) (6). FAAH is highly expressed in brain regions implicated in
reward and addiction and exerts widespread modulatory influences on
molecular and behavioral responses to drugs of abuse (1). For example,
pharmacological inhibition or genetic ablation of FAAH in rodents
increases preference for ethanol and nicotine, self-administration of
ethanol, and psychomotor sensitization to cocaine (I, 3, 7). Cellular
studies have revealed that FAAH inhibition diminishes nicotine-
and cocaine-induced dopamine levels and cocaine-induced NAc
activity (1).
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In humans, a common single-nucleotide polymorphism (SNP) in
the FAAH gene (C385A; rs324420), of which 38% of individuals of
European descent are carriers (8), results in destabilization of the FAAH
protein and increased AEA levels (9). Human studies demonstrate
that FAAH C385A SNP carriers display increased striatal activity
and increased impulsivity during a reward behavioral task compared
to individuals without the SNP (10), an endophenotype associated
with addiction disorders. Many studies have also linked the FAAH
C385A SNP to problem drug use (I, 9, 11) and greater bias to appet-
itive cues after A’-tetrahydrocannabinol (THC) administration in
humans (12). While this SNP in humans has been associated with
increased likelihood to try cannabis (13), the influence on the pro-
gression to cannabis dependence has led to inconclusive results (1).

Recently, we developed a knock-in mouse model (FAAHC/A)
that biologically recapitulates the FAAH polymorphism and is
thus characterized by decreased brain levels of FAAH protein and
increased levels of AEA (14). Furthermore, both humans and mice
carrying the FAAH C385A SNP display enhanced frontoamygdala
and frontolimbic connectivity in addition to changes in fear-related
behaviors compared to humans and mice without the SNP (FAAHC/ C)
(14, 15). In addition, FAAH®* mice exhibit greater alcohol intake
(7); however, the contribution of this FAAH SNP to other types of
addiction, such as cannabis dependence, remains unknown.

Cannabis dependence continues to increase in prevalence as a
major world health problem and as the most common substance
use disorder in the United States (16), with most of the users initiating
use before the age of 18 (17). Cannabis use during adolescence is
associated with a higher risk for developing substance use disorders
in adulthood (5, 18), including cannabis dependence (19). THC, the
psychoactive ingredient of cannabis, directly acts on CB;R in the VTA,
resulting in an indirect activation of the mesolimbic reward pathway
originating in the VTA and projecting to the NAc (20, 21). Chronic
exposure to cannabis has a prominent role in modulating brain reward
function in response to drugs of abuse by increasing VT A dopamine
activity and subsequent dopamine release in the NAc (22), in addition
to persistent alterations of endocannabinoid activity (23).

Although females are less likely to use cannabis compared to males,
a select population of females are more sensitive to the effects of

10f13



SCIENCE ADVANCES | RESEARCH ARTICLE

cannabis and demonstrate a quicker progression to cannabis depen-
dence (24), potentially due to an altered brain reward response (25).
Epidemiological studies continue to attempt to evaluate underlying
genetic and behavioral factors that may predispose individuals to
become dependent on cannabis (11), but the use of animal models
provides the opportunity to determine whether specific genetic factors
can predict the rewarding effects of THC via direct neurobiological
alterations.

In this study, we investigated whether genetic variation in FAAH
can alter structure and function of reward pathways in a sex-dependent
manner during adolescence. Here, we describe the anatomical and
functional characterization of the mesolimbic pathway in adolescent
female and male mice expressing the human FAAH C385A SNP. In
addition, we examined the effect of altered mesolimbic activity on
THC preference. We determined that this circuit alteration is a con-
tributing factor to the vulnerability of adolescent female mice for
preference of THC. In summary, we find a sex- and age-dependent
contribution of this FAAH polymorphism to an enhanced adolescent
THC preference that is persistently expressed into adulthood.

RESULTS

FAAH SNP selectively increases VTA-NAc connectivity

in adolescent female mice

As the endocannabinoid system is an important contributor to the
development and regulation of the mesolimbic dopamine circuits
(1, 26), we aimed to determine whether the FAAH SNP results in
altered structural and functional connectivity within the mesolimbic
dopamine reward pathway in male and female mice during adolescence.
To this end, we first performed connectivity analyses by injecting an
anterograde tracer, phytohemagglutinin-L (PHA-L), into the VTA
of male and female mice that are heterozygous for the FAAH SNP
(FAAHC/ Ay and that do not express the FAAH SNP (FAAHC/ C) at
age postnatal day (P) 25 (Fig. 1A). At P35, the NAc and another
target of the VT, the medial prefrontal cortex (mPFC), which mainly
includes the prelimbic region of the prefrontal cortex (PrL) and
infralimbic prefrontal cortex (IL), were imaged and analyzed for
tracer-labeled fiber density using a stereological method. These
tract-tracing experiments revealed increased fiber density in the NAc
of adolescent female FAAH®* mice compared to male FAAH®'“ mice,
male FAAHY2 mice, and female FAAHY® mice (Fig. 1, B and C).
This genotypic difference was selective to VTA-NAc projections,
as examination of fiber density in the mPFC revealed no difference
between male FAAHYC, male FAAH®A, female FAAHY, and
female FAAH®'* mice (Fig. 1, D and E), providing structural evidence
that the FAAH SNP selectively results in the enhancement of VTA
projections to the NAc in female adolescent FAAH® mice.

To determine whether the increase in VT A-NAc projections
is accompanied by an increase in dopamine neurons, brain sec-
tions from the VTA of a separate cohort of male and adolescent
female mice with and without the FAAH SNP were examined for
immunolabeling of tyrosine hydroxylase (TH), the rate-limiting
enzyme for dopamine synthesis (Fig. 1F). Immunohistochemistry
revealed that female FAAH®* mice showed higher density of TH-
containing cells within the VTA compared to male FAAH®/C, male
FAAH®*, and female FAAH““ mice (Fig. 1, F and G). Together,
the observed structural and neurochemical findings indicate that
adolescent female mice carrying the FAAH SNP display hyper-
connectivity between the VTA and NAc and increased TH" cells in
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the VTA as compared to male FAAH®'®, male FAAH®'*, and female
FAAH““ mice, highlighting the impact of the FAAH SNP on the
mesolimbic pathway in adolescent female mice.

CB;R labeling is elevated on inhibitory-type and blunted

on excitatory-txpe axon terminals in the VTA of adolescent
female FAAH" mice

We next wanted to determine an underlying mechanism that may
be resulting in hyperconnectivity of the mesolimbic pathway observed
in adolescent female FAAH* mice compared to female FAAH®'®
mice. Given that the FAAH SNP has been shown in humans and
mice to increase AEA levels (9, 14), we next sought to examine its
effect on CB)Rs, the primary target of AEA (21), within adolescent
female FAAH®* and FAAH“ mice. Endocannabinoids have been
shown to provide control over the excitability of VT A dopamine
cells by acting on inhibitory CB;Rs located on both GABAergic and
glutamatergic presynaptic terminal inputs that synapse onto dopamine
cells in the VTA (1, 20-22).

Therefore, we investigated whether the FAAH SNP induces any
changes in CB)R protein levels located on inhibitory- or excitatory-
type terminals in the VTA of adolescent female mice. Immunoelectron
microscopy was used to detect the presence of membrane-bound or
cytoplasmic CB;Rs on terminals forming symmetric (inhibitory-type)
or asymmetric (excitatory-type) synapses, which are characteristic
of GABAergic and glutamatergic neurons, respectively, using known
parameters (27). The paranigral and parabrachial subregions of the
VTA were used for identification of these synapses because of their
distinct projections to the NAc core/medial shell and NAc lateral
shell, respectively (28).

In the paranigral subregion, adolescent female FAA mice
demonstrated a higher percentage of CB;R-labeled terminals form-
ing symmetric synapses than that seen in female FAAH mice
(Fig. 2A). In parallel, female FAAHY mice demonstrated a lower
percentage of CB;R-labeled terminals forming asymmetric synapses
than female FAAH® mice (Fig. 2B). This bias in labeling toward
symmetric synapses as a result of the SNP was also reflected in a
higher density ratio of membrane-bound symmetric versus asym-
metric labeling in the female FAAH* mice compared to female
FAAH®“ mice (Fig. 2C).

In the parabrachial subregion, female FAA mice demonstrated
no genotypic difference in percent of CB;R-labeled terminals forming
either symmetric synapses (fig. SIA) or asymmetric synapses (fig. S1B)
compared to FAAH®C mice. In addition, there was no genotypic
difference in the density ratio of membrane-bound CB:R labeling
forming symmetric versus asymmetric synapses (fig. S1C).

These ultrastructural analyses of CB;R indicated that adolescent
female FAAH®* mice have higher CB,R labeling in GABAergic
terminals and lower CB;R labeling in glutamatergic terminals than
female FAAH'“ littermates. Because of the known inhibitory actions
of CB)R, this observation suggests that activation of CB;R would
result in greater inhibition of GABAergic synapses and reduced
inhibition of glutamatergic synapses with a net disinhibitory effect
on dopaminergic cells of the VTA (Fig. 2D).

To test this possibility, we examined the levels of c-Fos protein in
the NAc as a proxy for neural activity, following acute administration
of THC [5 mg/kg, intraperitoneally (ip)] that targets VTA CB;Rs
(20). THC significantly increased the density of cells immunoreactive
for c-Fos in the NAc of adolescent female FAAH®'* mice compared
to female FAAH® mice (Fig. 2, E and F), supporting enhanced
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Fig. 1. Adolescent female mice, but not adolescent male mice, carrying the FAAH SNP demonstrate increased VTA-NAc connectivity and TH-labeled cells in
the VTA. (A) Schematic of PHA-L injected into the VTA of male and female FAAHYC and FAAHA mice at P25. NAc and mPFC were analyzed for fiber density at P35.
(B) Representative images of PHA-L projection labeling in the NAc of adolescent male and female FAAHC and FAAHA mice injected with the anterograde tracer, PHA-L,
in the VTA. Scale bars, 10 um. (C) Adolescent female FAAH“A mice show increased density of PHA-L projection labeling in the NAc compared to adolescent female
FAAHYC mice, male FAAHYC mice, and male FAAHYA mice [one-way analysis of variance (ANOVA): F316=22.02, P < 0.0001, n =5 per group, **P < 0.01, ****P < 0.0001 post
hoc Bonferroni tests]. (D) Representative images of PHA-L projection labeling in the mPFC of adolescent male and female FAAHY mice and FAAH” mice injected with
the anterograde tracer, PHA-L, in the VTA. Scale bars, 10 um. (E) Adolescent male and female FAAHYC and FAAHYA mice show similar density of PHA-L projection
labeling in the mPFC (one-way ANOVA: F316=0.2351, P=0.8706, n =5 per group). (F) Representative images of the VTA showing cells positive for TH immunoreactivity.
(G) Adolescent female FAAHYA mice show increased density of TH-labeled neurons compared to male FAAHYC mice, male FAAH2 mice, and female FAAHYC mice
(one-way ANOVA: F350=14.51, P<0.0001, n = 6 per group, ***P < 0.001 post hoc test, ****P < 0.0001 Bonferroni test).

HY*  (Fig. 3A), which has been shown to be driven by the inhibitory

effect of VTA CB;Rs (29). As expected, acute THC (5 mg/kg, ip)
administration in adolescent female FAAHY® mice resulted in

activity between the VTA and NAc in adolescent female FAA
mice. These findings are consistent with previous data showing
increased ventral striatum activity of human FAAH C385A carriers

during a reward task (10).
To provide additional evidence for the cell type-specific alter-
ations in CB)R labeling, we used THC-induced hypolocomotion
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hypolocomotion compared to vehicle-treated mice (Fig. 3, B and C)
that was absent in FAAHY® mice (Fig. 3, D and E). This lack of
hypolocomotion provides a functional readout to support our
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Fig. 2. Adolescent female mice carrying the FAAH SNP demonstrate increased CB;R-labeled terminals forming symmetric synapses and decreased CB;R-labeled
terminals forming asymmetric synapses in the paranigral subregion of the VTA. (A) Adolescent female FAAHYA mice (A") have more CB;R-labeled terminals forming
symmetric synapses compared to adolescent female FAAHY mice (A") (unpaired t test, t;=2.819, P=0.0479, N =3 animals, n =50 to 87 labels characterized per animal;
FAAHYA: N =3 animals, n =39 to 76 labels characterized peranimal). (B) Adolescent female FAAH“? mice (B") have less CB{R-labeled terminals forming asymmetric
synapses compared to adolescent female FAAHYC mice (B') (unpaired t test, t;=2.819, P=0.0479; FAAHY": N=3 animals, n=50 to 87 labels characterized per animal;
FAAHYA: N=3 animals, n =39 to 76 labels characterized per animal). (C) Adolescent female FAAH“? mice have a higher density ratio of membrane-bound CB1R on
terminals forming symmetric synapses versus asymmetric synapses compared to adolescent female FAAH mice (unpaired t test, t,=6.218, P=0.0034; FAAH“: N=3
animals, n =50 to 87 labels characterized per animal; FAAHYA: N = 3 animals, n = 39 to 76 labels characterized per animal). (D) Schematic of cell-specific CB1R action in the
VTA. (E) Representative images of c-Fos immunoreactivity in the NAc of mice euthanized 90 min following acute THC. Scale bars, 120 um. (F) Adolescent female FAAHCA
mice show increased c-Fos labeling in the NAc compared to adolescent female FAAHY® mice (unpaired t test, ts = 7.985, ***P < 0.001, n =5 per group).

findings that adolescent female FAAH®'* mice have lower levels ~Adolescent female FAAH’® mice demonstrate vulnerability

of CB4R in glutamatergic terminals and higher levels of CB;R in
GABAergic terminals in the VTA, resulting in a net disinhibitory
effect. Together, these data support the previous structural and neuro-
chemical data that demonstrated that adolescent female mice with
the FAAH SNP may have an enhanced VTA-NAc pathway, both
basally and following activation by THC.

Burgdorf et al., Sci. Adv. 2020; 6 : eaay1502 12 February 2020

to THC preference

Cannabis-dependent humans show a hyperconnectivity between the
VTA and NAg, particularly in those who begin using in adolescence
(30). In addition, human carriers of the FAAH SNP are more likely
to be problem drug users (9), although previous studies have not
specifically assessed cannabis dependence. As adolescent female
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Fig. 3. Female mice with the FAAH SNP do not display THC-induced hypolocomotion. (A) Experimental protocol of locomotion testing in FAAHY® and FAAHYA mice
that consists of 30 min of habituation in the locomotor activity box before an acute systemic vehicle or THC injection. Locomotion data are recorded 10 min after injection
for 50 min. (B and C) Adolescent FAAHY“ mice show a decrease in binned locomotion (B) (two-way ANOVA, main effect of time: F4,55 =3.323, P=0.0165; main effect of
treatment: F1,55=26.15, P < 0.0001, *P < 0.05, Bonferroni post hoc test) and cumulative locomotion (C) (unpaired t test, t11=3.761, **P=0.0031, n=7 vehicleand n=6
THC) following a systemic THC injection compared to mice receiving a systemic vehicle injection. (D and E) Adolescent FAAH“* mice show a nonsignificant increase
inlocomotion in first 10 min of binned data (D) (two-way ANOVA, significant interaction, time X treatment: F4,65 =4.904, P=0.0016; main effect of time: F4,65=10.82,
P <0.0001; main effect of treatment: F1,65 =8.138, P=0.0058) but no change in cumulative locomotion (E) (unpaired t test, t13 =0.4037, P=0.6930, n =9 vehicleand n=6

THC) following a systemic THC injection compared to mice receiving a systemic vehicle injection.

FAAH®* mice demonstrate hyperconnectivity between the VTA
and NAc, we sought to determine whether the FAAH SNP affects
preference for THC in adolescent female mice.

Adolescent female mice with and without the FAAH SNP were
tested in THC conditioned place preference (CPP), a behavioral
measure to assess rewarding or aversive drug effects, using a modified
version of a previously published protocol (31), as outlined in Fig. 4A.
At a dose of 1 mg/kg, ip, adolescent female FAAH®'® mice showed
decreased preference for the THC-paired chamber, indicating condi-
tioned place aversion (CPA) (Fig. 4B). In contrast, adolescent female
FAAH®“A mice demonstrated increased preference for the THC-
paired chamber, indicating CPP (Fig. 4B). This genotypic difference
was additionally reflected by comparing the CPP difference score
(test day preference score — baseline preference score), which showed
that FAAH®* mice had a significantly higher difference score than
FAAH““ mice (Fig. 4C), demonstrating that the FAAH SNP increases
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preference for THC. Neither genotype demonstrated CPA or CPP
at doses of 0.1 mg/kg THC (fig. S2A), 0.5 mg/kg THC (fig. S2B), and
3 mg/kg THC (fig. S2C). On the basis of these findings, we used a
dosing regimen of 1 mg/kg for the subsequent THC CPP studies.

To determine whether the FAAH SNP selectively increased
vulnerability to THC or whether this also affected preference for the
psychostimulant cocaine, we trained and tested adolescent female
FAAH““and FAAHY* mice in cocaine CPP. Both female FAAH“®
and FAAH®* mice demonstrated preference for the cocaine-paired
chamber (fig. S3A) with similar difference scores (fig. S3B), indicating
that the FAAH SNP did not affect cocaine preference in female
adolescent mice.

To directly test whether FAAH activity during CPP training
drives THC preference as seen in adolescent female FAAH®* mice,
we used a pharmacological approach to inhibit FAAH before THC
exposure. Adolescent female C57BL/6] wild-type (WT) mice were
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Fig. 4. Adolescent female mice carrying the FAAH SNP display a preference for THC. (A) Experimental and developmental timeline for THC CPP protocol in adolescent
and adult mice. (B) Adolescent female FAAHY® mice show significantly lower preference for the THC-paired chamber on the test day compared to the baseline test
(paired t test, t15 = 2.782, *P < 0.05, n = 16), while adolescent female FAAHY* mice show significantly higher preference for the THC-paired chamber on the test day compared
to the baseline test (paired t test, t13 =4.183, **P < 0.01, n = 14). (C) Adolescent female FAAHYA mice show a significantly higher difference score than adolescent female
FAAH®C mice (unpaired t test, t28 = 4.82, ***P < 0.001, FAAHY": n = 16; FAAH". n = 14). (D) Adult female FAAHY® mice and adult female FAAHYA mice show no change in
preference for the THC-paired chamber on the test day compared to the baseline test (FAAHC: paired t test, t14=0.9102, P=0.3781,n=15; FAAH“”: paired t test, t19=1.316,
P=0.2037, n=20). (E) Adult female FAAHY” mice show similar difference scores compared to adult female FAAHYC mice (unpaired t test, t33 =1.55, P=0.1306, FAAHYS:

n=15; FAAHYA: n=20).

tested in THC CPP, as outlined in fig. S4A. During THC conditioning,
mice received an injection of either the FAAH inhibitor (PF-3845)
or vehicle 2 hours before each injection of THC. PF-3845 had no
effect on THC preference. Neither vehicle-treated nor PF-3845-treated
WT mice demonstrated a preference for THC (fig. S4B), indicating
that the THC preference seen in adolescent female FAAH* mice
may be due to preestablished developmental neurobiological changes
as a consequence of the FAAH SNP.

Next, to determine whether the vulnerability to THC preference
in female FAAH®* mice was specific to THC preference during
adolescence, we tested adult female mice in THC CPP using the protocol
outlined in Fig. 4A. Adult female FAAH/C and FAAH“A mice were
trained and tested in THC CPP. Neither genotype demonstrated a
significant increase or decrease in THC preference, indicating a lack
of CPP or CPA, respectively (Fig. 4D). In addition, difference scores

Burgdorf et al., Sci. Adv. 2020; 6 : eaay1502 12 February 2020

were similar between adult female FAAH“ and FAAH®* mice
(Fig. 4E). Thus, preference for THC in female mice carrying the
FAAH SNP is only evident when trained during adolescence, sup-
porting adolescence as a sensitive period for the rewarding effects of
THC (2, 5, 18, 23).

To determine whether the FAAH SNP affected preference for
the psychostimulant cocaine, we trained and tested adult female
FAAH““and FAAH* mice in cocaine CPP. As opposed to lack of
THC preference, both female FAAH®© and FAAH®A mice demon-
strated preference for the cocaine-paired chamber (fig. S3C) with
similar difference scores (fig. S3D), indicating that the FAAH SNP
did not affect cocaine preference in female adult mice.

As exposure to drugs of abuse during adolescence can result
in persistent substance use behavior in adulthood (18), we investi-
gated whether THC CPP training during adolescence affected THC
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preference later in adulthood. Adolescent female FAAH®'“ and
FAAH“* mice that were trained in THC CPP were tested in adulthood
as outlined (Fig. 5A). Adolescent-trained female FAAHY mice tested
during adulthood continued to demonstrate increased preference
for the THC-paired chamber and thus demonstrated preference for
THC that persisted into adulthood (Fig. 5B). In contrast, adolescent-

trained female FAAH®'“ mice tested in THC CPP during adulthood
demonstrated no change in preference for THC (Fig. 5B), indicating
that THC CPP training during adolescence had no impact on THC
preference in FAAH®C mice. When comparing the CPP difference
score between genotypes, we also found that female FAAH* mice
had a higher difference score that was trending in significance
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Fig. 5. Preference for THC as a result of the FAAH SNP persists into adulthood when trained in adolescence. (A) Experimental timeline for persistence of THC CPP
protocol. Mice were trained in THC CPP during adolescence and tested in adulthood. (B) Female FAAH” mice, but not female FAAHY® mice, that had been trained in THC
CPP during adolescence and then tested in THC CPP during adulthood continue to show a preference for THC, as shown by a significant increase in preference score on
test day compared to baseline day (FAAHYC mice: paired t test, t;o=0.76, P=0.4648, n=11; FAAH“” mice: paired t test, ty=3.164, *P < 0.05, n=10). (C) Female FAAHY?
mice showed a trending increase in difference score compared to female FAAHY® mice when trained in THC CPP during adolescence and retested in adulthood (unpaired
t test, tj9=1.958, P=0.0650,n=11 FAAHYC and n=11 FAAHC/A). (D) Experimental timeline for home cage exposure of THC. Mice were treated during adolescence and
trained and tested in THC CPP later in adulthood. (E) Female FAAHY mice, when exposed to THC in their home cage during adolescence, develop an aversion for THC in
adulthood (paired t test, tz = 2.438, P=0.0407, n = 9). In contrast, female FAAHA mice do not show a preference for THC as demonstrated by a lack of change in preference scores
on adult test day compared to baseline day (paired t test, ts=0.5965, P=0.5673, n=9). (F) Female FAAHYC and FAAHYA mice show similar difference scores when exposed to
home cage THC during adolescence and trained and tested in THC CPP during adulthood (unpaired t test, t;6=0.6575, P=0.5202, n =9 FAAHY® and n=9 FAAH"A).
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than female FAAH®“ mice (Fig. 5C), demonstrating that female
FAAH“* mice continue to have a preference for THC compared to
female FAAH®® mice when trained in adolescence and tested later
in adulthood.

Next, to test whether THC exposure alone in the absence of
context-specific THC-associated learning is sufficient to induce
persistent vulnerability to THC preference, adolescent female FAAH®“
and FAAH* mice received home cage THC injections at the same
age and with the same dosage as used for the THC CPP protocol
(1 mg/kg, ip), as outlined in Fig. 5D, followed by THC CPP training
and testing during adulthood. Female FAAH®'* mice that received
home cage THC exposure during adolescence showed an aversion
to THC during adulthood, as demonstrated by a significantly lower
preference for THC, while FAAH“* mice showed no preference for
THC in adulthood (Fig. 5E). Comparing difference scores of female
FAAH®* mice and FAAHY“ mice revealed no significant difference
between genotypes (Fig. 5F). Home cage THC exposure in adult
FAAH®“ and FAAH“* mice using the protocol outlined in fig. S5A
did not produce THC preference or aversion when tested in adult-
hood 30 days later (fig. S5B). These findings suggest that learning
of context-specific drug-reward associations during adolescence
contributes to increased vulnerability to the persistent preference
for THC into adulthood.

VTA-NAc pathway activity drives persistent expression

of THC preference in female FAAHYA mice

Given the findings that female FAAH®* mice demonstrate persistent
preference for THC if trained in THC CPP during adolescence, we
sought to determine whether activity of the VTA-NAc pathway is
required for persistence of THC preference. We used a chemogenetic
approach to inhibit VT A-NAc projection activity in combination
with the adolescent persistence protocol wherein the VTA-NAc
pathway was inhibited immediately before the adult THC CPP test
(Fig. 6A). First, adolescent female FAAHY® mice were trained in
THC CPP. Following THC CPP training, hM4Di inhibitory DREADD
(Designer Receptor Exclusively Activated by Designer Drug) was
selectively expressed in VTA neurons projecting to the NAc by
bilaterally injecting a Cre-dependent virus expressing hM4Di
(AAV2-hSyn-DIO-hM4D-Gi-mCherry) into the VTA and a retro-
grade virus expressing Cre recombinase in the NAc (CAV2-Cre)
(Fig. 6B). Control mice either underwent sham surgery without
viral infusions or did not receive surgery. Once mice reached adult-
hood, 45 min before THC CPP test, hM4Di DREADD mice were
injected with clozapine N-oxide (CNO) (3 mg/kg, ip) to activate
hM4Di DREADD and selectively inhibit VT'A-NAc pathway. Control
mice were also injected with CNO to control for off-target behavioral
effects of CNO administration. Control groups showed no statistical
differences in behavior [difference scores, sham surgery: 132.7 + 73.32
(n = 6) versus no surgery: 208.4 + 37.78 (n = 3), unpaired ¢ test,
t7=0.687, P = 0.5141] and were thus collapsed into one group. Control
female FAAH®'* mice continued to show a preference for THC in
adulthood (Fig. 6C), as previously observed in female FAAH®'4
mice (Fig. 5B). In contrast, chemogenetic inhibition of the VT A-NAc
pathway in female FAAH* mice resulted in an attenuation of THC
preference (Fig. 6C). This differential behavioral response was addi-
tionally reflected by comparing the CPP difference score between
treatment groups, which showed that hM4Di DREADD female
FAAH® mice had a significantly lower difference score than CNO
control female FAAH* mice (Fig. 6D), demonstrating that inhibition
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of the VTA-NAc projection is sufficient to dampen the preference
for THC in female FAAH®'* mice. These data indicate that the persistent
expression of THC preference observed in female FAAH®A mice is
driven by enhanced function of the VTA to the NAc pathway.

DISCUSSION

The underlying mechanisms that dictate why only a fraction of those
individuals experimenting with cannabis become dependent remain
unknown. Substantial evidence implicates genetic factors mediating
the risk for drug dependence, including cannabis use disorder, in
susceptible individuals (1, 11, 13, 32). In addition, adolescence,
particularly in female mice, represents a highly vulnerable develop-
mental period in which cannabis use predicts a higher risk of depen-
dence compared to adulthood (24, 25). Our findings in this study
provide the first evidence that the FAAH C385A polymorphism is a
contributing factor toward a preference for THC in adolescent
female mice that persists into adulthood if the individual receives
THC CPP training during adolescence. We find that compared to
adolescent female FAAH®/C mice that find THC aversive, FAAH®/A
mice demonstrate a preference for THC, and if exposed to THC
during adolescence, this preference for THC persists into adulthood.
Our mouse data are in line with the human studies demonstrating
the influence of this SNP on increased impulsivity during a reward
behavioral task (10), greater subjective response to the acute effects
of cannabis (33), and increased problem drug use (1, 9, 11), although
not segregated by gender. In addition, consistent with greater response
to substances of abuse during adolescence (2), adolescent, but not
adult, female FAAH®* mice demonstrated a preference for THC.
Our observations in FAAH“* female mice are in line with the clinical
observation that a select population of females demonstrate a quick
progression to cannabis dependence and are very sensitive to the
acute effects of cannabis (24). These findings may extend to other
drugs of abuse as seen for alcohol, wherein FAAH“* mice demon-
strate higher alcohol binge drinking (7).

Genetic variants can play a key role in sculpting the brain during
development. In particular, adolescence represents a period of high
activity in the endocannabinoid system, reflected in FAAH activity,
AEA levels, and CB+R expression (4). As a result, brain development
during this period may be particularly sensitive to the FAAH C385A
SNP and the resulting increase in AEA levels during adolescence. It
is important to note that other FAAH substrates such as oleamide,
which modulates the serotonin system in a CB;R-independent fashion,
may also be increased in these mice.

Previous studies using this mouse line have identified hyper-
connectivity between frontolimbic regions during the same develop-
mental period. Adolescent-specific behavioral adaptations observed in
the present study and in a previous study suggest that the develop-
ing central nervous system may be especially sensitive to differential
expression of FAAH and thus heightened AEA tone (15). Consistent
with female-specific effects of the FAAH SNP on mesolimbic projec-
tions and previously reported changes in endocannabinoid activity
during adolescence, the FAAH SNP may have a significant impact
on the development of the mesolimbic dopamine pathway that
drives reward behavior to drugs such as THC (21). Our observation of
hyperconnectivity of the mesolimbic pathway in adolescent female
FAAH“* mice is also in line with the observation that chronic THC
during adolescence causes a hyperdopaminergic state in the VTA
(22). In addition, as THC preference was not altered following
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Fig. 6. Activity of the VTA-NAc pathway is required for persistence of THC CPP in female mice carrying the FAAH SNP. (A) Experimental timeline for surgery,
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administration of a FAAH inhibitor in mice lacking the FAA gonadal hormone fluctuations to produce changes in limbic activity

SNP, the FAAH SNP is likely inducing developmental changes in
circuit function before THC CPP training.

Altered adolescent brain development in response to the FAAH
C385A SNP may be more impactful in females because of the earlier
rate of maturation of this system compared to males (4). In both
sexes, peak expression of the endocannabinoid system occurs just
before the onset of puberty, which is P35 in female rodents and
P40 in male rodents (4). Changes in gonadal hormone functioning
associated with puberty influence endocannabinoid signaling through
a feedback loop involving limbic regions (4). As a result, enhanced
endocannabinoid signaling during adolescence may interact with
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during this developmental stage. Future studies will examine the
interaction between gonadal hormones and the FAAH C385A SNP
on sex differences in THC-related behaviors.

The further enhancement of the endocannabinoid system during
adolescence as a result of the FAAH C385A SNP may affect the
mesolimbic pathway similar to what has been observed with chronic
THC exposure during adolescence, leading to persistent changes in
levels and activity of CB;Rs in the VTA of adolescent females, but
not males (24), and a persistent imbalance of the glutamate/GABA
systems (34). Supporting these observations, we find that the FAAH
SNP in adolescent female mice affects CB;R protein levels with
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higher levels at GABAergic terminals and lower levels at gluta-
matergic terminals in the VTA compared to FAAH®'® mice that
could affect the development of the VTA-NAc pathway. Although
the tools do not currently exist to selectively manipulate CB;Rs in a
terminal-specific manner in the VTA, future studies should investigate
whether these VTA cell type-specific changes in CB/R levels are
sufficient to drive acute responses to THC- and reward-related
behaviors, as well as the higher THC-induced c-Fos levels observed
in the NAc of FAAHY* mice.

Contexts associated with initiation of drug use can precipitate
drug craving and contribute significantly to drug dependence (35).
For example, social contexts, such as the presence of peers, can con-
siderably influence the addictive process particularly in adolescence
and predict the initiation and maintenance of drug use (36). Previous
research in nonhuman primates and rodents also demonstrates that
pairing of contextual cues contributes to THC-associated reward
behavior by CB;R-dependent dopamine activity (22, 35). In the current
study, we find that persistent THC preference in female FAAH*
mice is dependent on context-drug association during adolescence,
as mice exposed to THC in the home cage during adolescence do
not exhibit persistent THC preference. Mice harboring the FAAH
C385A SNP may be particularly influenced by context-paired THC
behavior because CB;R expression in female FAAH C385A mice biases
toward enhanced dopamine response.

In summary, we have identified a genetic variant in the endo-
cannabinoid system that leads to enhanced risk for persistent THC
reward in a developmental and sex-specific manner. This study
provides a further understanding on how genetic variants can affect
adolescent brain circuits and influence drug dependence. In addi-
tion, this study highlights how phenotypic expression of a genetic
polymorphism varies as a function of developmental changes in
gene expression and neural circuit maturation, leading to increased
vulnerability to cannabis dependence. In addition, the present find-
ings can directly inform current human clinical trials with FAAH
inhibitors, which are being explored for the treatment of cannabis
dependence and other neuropsychiatric disorders, with regard to
sex-dependent and developmental effects.

MATERIALS AND METHODS

Animals

Mice heterozygous for the FAAH C385A mutation (FAAHY2) were
generated as previously described. Male and female mice were mated
to produce mice heterozygous for the FAAH C385A mutation
(FAAHC/ Ay and control mice without the FAAH C385A mutation
(FAAHC/ C) (14). Adolescent male and female C57BL/6 mice (Charles
River) were used for select experiments as outlined in Results.
The Weill Cornell Medicine Institutional Animal Care and Use
Committee approved all procedures. Experiments were compliant
with the 2011 eighth edition of the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals.

Anterograde tracer injections and analysis

Brain region-specific tracer injections were achieved using stereotactic
surgical procedures, as previously described (15). At age P25, mice
were microinjected with PHA-L (20 nl per hemisphere; AS-2300,
Vector Laboratories) into the VTA using coordinates adopted from
the Mouse Brain Atlas (37): antero-posterior (AP) = —3.3 mm;
dorso-ventral (DV) = —4.5 mm; medio-lateral (ML) = £0.3 mm.

Burgdorf et al., Sci. Adv. 2020; 6 : eaay1502 12 February 2020

Following 10-day survival after PHA-L injections, at age P35, animals
were deeply anesthetized and perfused. Tissue was processed and
stained using immunofluorescence. NAc and mPFC were imaged
and analyzed for tracer-labeled fiber density using a stereological
method described below and elsewhere (15).

TH immunohistochemistry

All experiments were conducted at P35, as this equated to the same
age as “test day” in the CPP behavioral protocol for adolescent
cohorts. Euthanasia, perfusion, and immunohistochemistry were
performed in a serial manner, as described (15). Briefly, brain
sections were treated using the Mouse on Mouse Kit (1:100; Vector
Laboratories) and incubated in mouse anti-TH primary antibody
(1:1000; Sigma-Aldrich) for 24 hours at 4°C followed by donkey
anti-mouse secondary antibody labeled by Alexa Fluor 555 (1:500;
Thermo Fisher). Sections were then counterstained by green Nissl
for architecture and border identification.

Stereological estimation of cell and fiber density
Stereological estimation of cell and fiber density was performed
using Stereo Investigator 9.0 software (MicroBrightfield, USA) (14).
After systematic random sampling, sampled serial sections (every third
section—120 um) that include interested brain regions were contoured.
Total area of brain regions was estimated by drawn contours.

Detection of fiber density was performed using perimetrics
method. Briefly, sections were traced under a 4x lens, and then
perimetrics probe analysis was performed under a 40x lens. Counting
frame was set to 25 pm by 25 um, and radius of the Merz coherent
test system was set to 5 um. Total length of all sampling sites
was automatically calculated. For each animal, fiber density was
obtained from the sum of the lengths divided by the sum of area for
all included sections.

Estimation of cell density of TH-positive cells in VTA was per-
formed using a fractionator, with a counting frame size of 25 um by
25 um by 40 um and a sampling grid size of 100 um by 100 pm.
Individual cell density was calculated for each mouse by dividing
the total sampled cell numbers by the total volume of the region.

Immunoelectron microscopy
Immunoelectron microscopy studies were performed in naive FAA
and FAAH“* mice at age P35 to examine the subcellular distribu-
tion of CB;R immunoreactivity within terminals of the VT A. Mice
were anesthetized with sodium pentobarbital (150 mg/kg, ip) and
transcardially perfused with normal saline containing 2% heparin,
followed by 30 ml of 3.75% acrolein and 2% paraformaldehyde in
phosphate buffer (38). Brains were processed for immunoelectron
microscopy using previously described procedures (38). To ensure
identical labeling conditions between groups, the sections were coded
with hole punches and groups were pooled into single containers.
Brain sections were incubated in rabbit anti-CB;R (1:800, L15)
antisera (39), washed in tris-saline, incubated for 30 min in a don-
key anti-rabbit secondary antiserum (1:400; Vector Laboratories),
and further processed using the peroxidase labeling procedure as
described. Ultrathin sections (70 nm) through the VTA were cut using
a diamond knife (Electron Microscopy Sciences) and counterstained
with UranyLess (Electron Microscopy Sciences) and lead citrate.
Sections were examined on a CM10 electron microscope (FEI).

An investigator blinded to the experimental conditions collected
and analyzed all electron microscopic data. Each VTA section was
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examined at low magnification (x3400) divided into paranigral and
parabrachial subregions. Images of each subregion were randomly
photographed at x23,000. Peroxidase-labeled axon terminals in
the VTA were collected from three animals per genotype using
established methods (38).

CB/R labeling was analyzed in presynaptic terminals and further
characterized by synapse type, which was defined by established
morphological criteria (27). In particular, symmetric synapses were
defined by the presence of pleomorphic vesicles in the axon terminal
in addition to the absence of a prominent postsynaptic density.
Asymmetric synapses were defined by the presence of spherical
vesicles in the axon terminal in addition to a wide cleft with a
prominent dense coating on its cytoplasmic surface (27). Nonsynaptic
labeling was excluded from the analysis. Labeling was further char-
acterized as cytoplasmic and membrane bound. The total percent of
peroxidase particles in each synapse type (cytoplasmic and membrane-
bound) in addition to the density ratio of membrane-bound label-
ing was compared statistically by genotype.

Drugs

For acute THC-induced c-Fos and locomotion experiments, THC
(25 mg/ml; Sigma-Aldrich) was dissolved in a vehicle solution
composed of 5% Tween 80 and 95% saline to a final concentration
of 0.5 mg/ml. The diluted THC was injected by intraperitoneal route
at 10 ml/kg for a final dosage of 5 mg/kg. For CPP experiments, THC
was dissolved in a vehicle solution composed of 5% Tween 80 and
95% saline to a final concentration of 0.1 mg/ml. The diluted THC
was injected by intraperitoneal route at 10 ml/kg for a final dosage
of 1 mg/kg. The FAAH inhibitor PF-3845 (Cayman Chemical) was
resuspended in dimethyl sulfoxide (DMSO) to a concentration of
10 mg/ml. The concentrated PF-3845 was diluted 1:1:8 (PF-3845/
Tween 80/saline) to a final concentration of 1 mg/ml. The diluted
PF-3845 was injected by intraperitoneal route 2 hours before each
THC injection at 10 ml/kg for a final dosage of 10 mg/kg.

Acute THC-induced c-Fos immunohistochemistry

Adolescent P35 mice were given an acute injection of THC (5 mg/kg, ip)
and then returned to their home cage. Ninety minutes following
treatment, mice were euthanized and perfused, as described (15).
Immunohistochemistry was performed using rabbit anti-c-Fos primary
antibody (sc-52, Santa Cruz Biotechnology) diluted 1:1000 and
Alexa Fluor-labeled donkey anti-rabbit immunoglobulin G secondary
antibody (Alexa Fluor 555) diluted 1:500. Estimation of cell density
of c-Fos—positive cells in NAc was performed as described in stereo-
logical methods above.

THC-induced locomotion

Adolescent P35 mice were placed into a locomotion chamber (Med
Associates Inc., St. Albans, VT). Following a 30-min habituation
period, mice were injected with vehicle (90% saline, 5% DMSO,
5% Tween 80, 0.01 ml/g body weight, ip) and immediately placed
back into the locomotion chamber. Following a 10-min recovery
period, horizontal locomotor activity was measured for 50 min
using computer-assisted activity monitoring software (Med Associates
Inc.). In a separate group of P35 aged mice, mice were placed into
the locomotion chamber, allowed to habituate for 30 min, injected
with THC (5 mg/kg, ip), and immediately placed back into the loco-
motion chamber. After a 10-min recovery period in the chamber,
horizontal locomotor activity was measured for 50 min.
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CPP behavioral protocol

CPP was performed using a biased place conditioning procedure with
a three-chamber place preference apparatus (Med Associates Inc.).
The protocol for THC CPP was modified from a previous publica-
tion (Fig. 4A) (31), and cocaine CPP was performed as previously
published in our laboratory (40). For all adolescent experiments,
mice began the protocol at age P29. For all adult experiments, mice
began the protocol at age P65. During the first preconditioning testing
session (baseline test), mice were initially placed in the central gray
chamber for a 1-min acclimation period, followed by free access
to all three chambers for 20 min. Time spent in each chamber was
recorded. For THC CPP, the next day, mice were given a systemic
injection of THC (1 mg/kg at 0.01 ml/g body weight) in their home
cage 24 hours before CPP training. For THC CPP, training was run
on the following 4 days in which mice were given a systemic injec-
tion of vehicle (90% saline, 5% DMSO, 5% Tween 80, 0.01 ml/g
body weight) in the morning session and confined to the most
preferred chamber for 1 hour and then given a systemic injection of
THC (1 mg/kg at 0.01 ml/g body weight) in the afternoon session
and confined to the opposite least preferred chamber for 1 hour.
For cocaine CPP, training was run on the following 3 days following
baseline testing in which mice were given a systemic injection of
saline in the morning session and confined to the most preferred
chamber for 20 min and then given a systemic injection of cocaine
(10 mg/kg at 0.01 ml/g body weight) in the afternoon session and
confined to the opposite least preferred chamber for 20 min. For the
test day session, mice were placed in the central chamber without
drug treatment for a 1-min acclimation period before being allowed
free access to all three chambers for a 20-min time period. Preference
scores were calculated by subtracting the time spent in the saline-
paired chamber from time spent in the drug-paired chamber. Dif-
ference scores were calculated by subtracting the preference score
on baseline testing day from the preference score on test day. The
THC CPP protocol was optimized and confirmed to produce a
THC CPP response in C57BL/6] adolescent male mice [baseline:
—167.4 + 34.98 (SEM) versus test day: —43.15 + 28.49 (SEM), paired
t test, t13 = 2.666, *P < 0.05, n = 14].

To test the persistence of THC CPP response, adolescent mice
trained in THC CPP were returned to their home cage for 30 days.
Following this period of abstinence, mice were again placed in the
central chamber without drug treatment for a 1-min acclimation
period before being allowed free access to all three chambers for a
20-min time period. Preference scores were calculated as described
above. Difference scores were calculated by subtracting the prefer-
ence score on baseline testing day from the preference score on new
testing day.

To test the effect of THC home cage exposure during adolescence
on THC CPP response in adulthood, mice were given a daily intra-
peritoneal injection of THC (1 mg/kg at 0.01 ml/g body weight)
from P30 to P34 (Fig. 5D) to replicate the same THC exposure
timeline as mice tested in THC CPP. Once mice reached adulthood
(P60), mice were tested for THC CPP as described above.

Pharmacological FAAH inhibition and THC CPP

To test the effect of FAAH inhibition on THC CPP, adolescent female
C57BL/6] mice (WT) were treated with either vehicle (1:1:8, DMSO/
Tween 80/saline) or the FAAH inhibitor PF-3845 (10 mg/kg, ip; Cayman
Chemical), 2 hours before each THC injection during THC CPP train-
ing sessions. Mice received no PF-3845 treatment on test day.
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Chemogenetic manipulation of neural circuitry

DREADD was used to manipulate VTA-NAc projection during
behavioral testing. Following THC CPP training during adolescence,
mice underwent surgery at P40. A Cre-dependent adeno-associated
virus (AAV) expressing the hM4Di inhibitory DREADD (AAV2-
hSyn-DIO-hM4DGi-mCherry, Addgene viral prep #44362; www.
addgene.org/44362/) (41) was injected into bilateral VTA (AP = —3.0 mmy;
DV = -4.8 mm; ML = +£0.5 mm; 400 nl per side), and a retrograde
transported canine adenovirus type 2 vector expressing CAVCre
(CAV2-Cre, Plateforme de Vectorologie de Montpellier, Plateau
IGMM; www.pvm.cnrs.fr/plateau-igmm/?vector=cav-cre) (42) was
injected bilaterally into the NAc (AP = -1.0 mm; DV = —4.5 mm;
ML = +1.5 mm; 400 nl per side). Control groups either received sham
surgery without viral infusions or did not undergo surgery. Before
CPP testing, all mice were injected with CNO (3 mg/kg, ip).

Statistics

For all experiments, data were first analyzed for normality using the
Shapiro-Wilk normality test. Anatomical data comparing across all
four groups of male FAAH“'“, male FAAH“'#, female FAAH'C,
and female FAAH“"* were analyzed with a one-way analysis of variance
(ANOVA). All cumulative locomotion data and CPP behavioral data
were analyzed within genotype by a parametric paired ¢ test. Binned
locomotion data were analyzed by a two-way repeated-measures
ANOVA followed by Bonferroni post hoc tests. When two indepen-
dent groups were compared, experimental data were analyzed by
a parametric independent-samples ¢ test. Statistical analyses were
conducted using GraphPad Prism version 6.0 for Mac (GraphPad
Software, La Jolla, CA) and were considered to be statistically signif-
icant for values when P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/7/eaay1502/DC1

Fig. S1. Adolescent female mice carrying the FAAH SNP demonstrate no change in
CB;R-labeled terminals forming symmetric or asymmetric synapses in the parabrachial
subregion of the VTA.

Fig. S2. THC CPP dose response in adolescent female mice carrying the FAAH SNP.

Fig. S3. Adolescent and adult FAAHY and FAAHA mice show preference for cocaine CPP.
Fig. S4. Pharmacological inhibition of FAAH in WT mice is not sufficient to reproduce
rewarding effect of THC seen in adolescent female mice with the FAAH SNP.

Fig. S5. THC CPP during adulthood does not result in a preference for THC in female mice
carrying the FAAH SNP.

View/request a protocol for this paper from Bio-protocol.
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