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Abstract

Background: Epidemiological studies recognize cannabis intake as arisk factor for schizophrenia, yet the majority of adolescents
who use marijuana do not develop psychosis. Similarly, the abuse of synthetic cannabinoids poses a risk for psychosis. For
these reasons, it is imperative to understand the effects of adolescent cannabinoid exposure in susceptible individuals.
Methods: We recently developed a novel rodent model of schizophrenia susceptibility, the F2 methylazoxymethanol acetate
rat, where only a proportion (~40%) of rats display a schizophrenia-like phenotype. Using this model, we examined the effects
of adolescent synthetic cannabinoid exposure (0.2 mg/kg WINSS5, 212-2, i.p.) or adolescent endocannabinoid upregulation
(0.3 mg/kg URB597, i.p.) on dopamine neuron activity and amphetamine sensitivity in adulthood.

Results: Adolescent synthetic cannabinoid exposure significantly increased the proportion of susceptible rats displaying
a schizophrenia-like hyperdopaminergic phenotype after puberty without producing any observable alterations in control
rats. Furthermore, this acquired phenotype appears to correspond with alterations in parvalbumin interneuron function
within the hippocampus. Endocannabinoid upregulation during adolescence also increased the proportion of susceptible
rats developing an increase in dopamine neuron activity; however, it did not alter the behavioral response to amphetamine,
further emphasizing differences between exogenous and endogenous cannabinoids.

Conclusions: Taken together, these studies provide experimental evidence that adolescent synthetic cannabinoid exposure
may contribute to psychosis in susceptible individuals.
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Introduction hallucinations, social withdrawal, and cognitive impairment
(American Psychiatric Association, 2000). Clinical observations

Schizophrenia is a debilitating disease emerging during indicate that acute or chronic cannabis administration can

early adulthood and characterized by symptoms including

Received: September 19, 2017; Revised: December 16, 2017; Accepted: January 5, 2018

© The Author(s) 2018. Published by Oxford University Press on behalf of CINP.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any 393
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


mailto:david_aguilar@hms.harvard.edu?subject=

394 | International Journal of Neuropsychopharmacology, 2018

Significance Statement

thetic cannabinoid use.

Schizophrenia is likely the result of interactions between genetic predispositions and environmental insults. In a rat model pre-
disposed to aberrant dopamine system function, exposure during adolescence to a synthetic cannabinoid significantly enhances
the proportion of these animals that develop a schizophrenia-like phenotype in adulthood. Notably, the same treatment has
minimal effects on control animals. Therefore, adolescent exposure to synthetic cannabinoids may contribute to psychosis in
susceptible individuals. Understanding these interactions may allow us to guide policy and health recommendations about syn-

)

induce behavioral and cognitive deficits that resemble those
observed in major psychiatric disorders like schizophrenia
(Emrich et al., 1997). In addition, epidemiological studies sug-
gest that frequent cannabis use is associated with a greater risk
to develop schizophrenia or psychosis (Arseneault et al., 2002;
Henquet et al., 2005). Indeed, cannabis users tend to develop
schizophrenia at a younger age and suffer from more psychotic
relapses (Linszen et al., 1994; Veen et al., 2004). Similarly, syn-
thetic cannabinoids have been associated with psychosis and
psychosis-like conditions (van Amsterdam et al., 2015), and
exogenous cannabinoid agonists, administered during adoles-
cence to rodents or nonhuman primates, produce a schizophre-
nia-like phenotype in adulthood (Rubino et al., 2009; Cass et al.,
2014; Verrico et al., 2014).

It should be mentioned that a causal link between adoles-
cent cannabis use and schizophrenia has not been conclusively
demonstrated, and there is controversy over the nature of this
association (Hall and Degenhardt, 2008; Hill, 2014; Haney and
Evins, 2016). Indeed, a shared genetic vulnerability between can-
nabis use and psychosis might explain this relationship (Power
et al., 2014; Carey et al., 2016). Adolescent cannabis exposure
is neither necessary nor sufficient to induce schizophrenia
(Arseneault et al., 2004). Indeed, the majority of cannabis users
never develop schizophrenia nor do they present mild psychotic
symptoms, suggesting that gene/environment interactions are
responsible for the susceptibility to cannabis-induced psychosis
(Degenhardt et al., 2003; Henquet et al., 2005; French et al., 2015).
The use of synthetic cannabinoids has increased among ado-
lescents, likely due to their high potency, availability, perceived
safety, and ability to circumvent common drug tests (Every-
Palmer, 2011; Castellanos and Gralnik, 2016). The potential for
greater cannabinoid receptor activation than delta-9-tetrahydra-
cannabinol (THC) may explain synthetic cannabinoids’ strong
association with acute psychosis in vulnerable individuals and
the general population (Castellanos and Gralnik, 2016; Fattore,
2016). The long-term consequences of adolescent exposure to
synthetic cannabinoids, however, are relatively unknown.

There is also a disconnect between clinical studies, which
point to cannabis consumption as a risk factor for schizophrenia,
and preclinical studies showing that adolescent cannabinoid
exposure induces a schizophrenia-like phenotype in essentially
all animals (Rubino et al., 2009; Leweke and Schneider, 2011,
Zamberletti et al., 2014). Thus, to better examine the mecha-
nisms by which adolescent cannabinoid exposure contributes
to schizophrenia, it is essential to use a model of susceptibility
that recapitulates the clinical observations. The methylazoxym-
ethanol acetate (MAM)-treated rat is a developmental disruption
model of schizophrenia whereby a mitotoxin (MAM) is admin-
istered to pregnant females on gestational day 17 (Moore et al.,
2006; Lodge and Grace, 2009). This model displays histological,
neurophysiological, and behavioral deficits in the F1 generation,
which are analogous to schizophrenia symptoms observed in
patients (Penschuck et al., 2006). This phenotype, however, is

observed in most (if not all) of the experimental animals. Given
that MAM is a potent methylating agent that induces epigenetic
alterations in the F1 generation (Perez et al., 2016), we examined
whether schizophrenia-like neurophysiological deficits could
be inherited through generations and found that a subpopula-
tion of F2 (and F3) MAM rats displayed a robust schizophrenia-
like hyperdopaminergic phenotype characterized by increased
dopamine neuron activity (Perez et al., 2016). As this phenotype
was observed in only a subset of rats, we hypothesized that
these animals provide a valid model of susceptibility to schizo-
phrenia to examine potential gene/environment interactions.
In this work, we used this novel model to show that synthetic
cannabinoid exposure during adolescence increases the propor-
tion of F2 MAM rats displaying a schizophrenia-like hyperdo-
paminergic phenotype in adulthood without affecting control
littermates. Our data indicate that this phenotype is associated
with a decrease in inhibitory interneuron function in the hippo-
campus, a key pathological deficit in schizophrenia (Lodge et al.,
2009; Lodge and Grace, 2011; Perez and Lodge, 2013; Boley et al.,
2014). Given the purported beneficial effects of endogenous
cannabinoid upregulation in schizophrenia (Seillier et al., 2010;
Seillier et al., 2013; Aguilar et al., 2014), we also examined the
effect of administration of the endocannabinoid-enhancing
drug URB597 during adolescence, a critical period for endocan-
nabinoid system development. Interestingly, endocannabinoid
upregulation during adolescence also increased the proportion
of susceptible rats developing a hyperdopaminergic pheno-
type. Taken together, these data demonstrate that adolescent
cannabinoid exposure (both exogenous and endogenous) can
contribute to the development of schizophrenia-like hyperdo-
paminergic symptoms in susceptible individuals.

Methods

All experiments were conducted in accordance with the guide-
lines outlined by the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the University
of Texas Health Science Center San Antonio.

Animals

Albino Sprague-Dawley rats were used for all experiments.
MAM treatments were performed as described previously
(Moore et al., 2006). Timed pregnant rats were injected with
MAM (25 mg/kg i.p.) or saline (1 mL/kg i.p.) on gestational day
17. All rats were weaned at postnatal day (PND) 21. Once F1 MAM
and saline rats had reached sexual maturity, they were mated
with controls to generate the second filial generation (F2). The
phenotype of F1 animals was not verified in this experiment,
as gestational disruption with MAM reliably induces a schizo-
phrenia-like phenotype in all subjects (Moore et al., 2006; Perez
and Lodge, 2013). Nine F1 MAM animals were bred with control



mates to produce 49 F2 MAM males. Ten F1 saline (SAL) animals
were bred with control mates to produce 51 F2 SAL males. All
adult F2 animals in the WIN cohort were subjected to the experi-
mental recordings described in detail below. One F2 SALXWIN
rat was removed from the dataset as a significant outlier (2.55
dopamine cells/track, Grubbs’ outlier test, P<.05). No other outli-
ers were detected in the dataset.

Adolescent Drug Administration

Adolescent F2 MAM and F2 SAL rats received daily injections of
either vehicle (1 mL/kg i.p.), the cannabinoid (CB1 and CB2 re-
ceptor) agonist WINS5,212-2 (0.2 mg/kgi.p. every other day), or the
fatty acid amide hydrolase (FAAH) inhibitor URB597 (0.3 mg/kg
i.p. daily) during PND 35 to 45 (Figure 1). URB597 increases en-
dogenous cannabinoid signaling and produces antipsychotic
effects in rodents (Seillier et al., 2010; Aguilar et al., 2014). URB597
was dissolved in 10% Tween-80, 10% polyethylene glycerol, 80%
saline; WINS5,212-2 was dissolved in 1% dimethyl sulfoxide
(in saline). Many preclinical studies report schizophrenia-like
phenotypes after administering cannabinoids at higher doses
(1.2 mg/kgWINS55,212-2) for 20+ days during adolescence (Leweke
and Schneider, 2011; Gomes et al., 2015). Similarly, WINS55,212-2
(2mg/kg, i.p., 3-5 injections) administered during the adolescent
period of PND 35 to 45 in rats or PND 30 to 35 in mice is sufficient
to evoke schizophrenia-like changes in adult rodents (Gleason
etal., 2012; Cass et al., 2014). In our preliminary studies, 1.2 mg/kg
WINS55,212-2 (i.p.) administration for 5 days during PND35-45
was sufficient to augment dopamine population activity in a
majority of control rats. We used a lower dose of WIN55,212-2
to more accurately recapitulate cannabinoid receptor activation
by marijuana and to avoid induction of a schizophrenia-like
phenotype in control animals. Indeed, 0.5 mg/kg WINS5,212-2
(i.p.) has been used in rats as a correlate of a moderately low
exposure to cannabis in humans (Mereu et al., 2003), and chronic
administration of 0.2 mg/kg WIN55,212-2 (i.p.) was reported to
have minimal behavioral effects in rats (Bambico et al., 2010).
The dose of URB597 (0.3 mg/kg i.p.) was based on our previous
studies showing antipsychotic-like activity in an adult rat model
of schizophrenia (Seillier et al., 2010, 2013; Aguilar et al., 2014). In
rodents, this dose of URB597 inhibits FAAH in vivo and upregu-
lates brain endocannabinoid anandamide for hours without
producing changes in locomotion, body temperature, or food
intake (Kathuria et al., 2003).

Extracellular Dopamine Cell Recordings

Adult male F2 MAM and F2 SAL rats were anesthetized with
8% chloral hydrate (400 mg/kg i.p.) and placed in a stereotaxic
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apparatus with body temperature held at 37°C. Supplemental
chloral hydrate was administered as needed to suppress the
limb compression withdrawal reflex during recordings (tested
every 20 minutes). Chloral hydrate induces general anesthesia
without significantly affecting spontaneous dopamine neuron
activity (Hyland et al., 2002). Glass micro-electrodes (imped-
ance 6-14 MQ) were lowered into the ventral tegmental area
(VTA) in the right hemisphere (coordinates from bregma: A/P
-5.3 mm, M/L +0.6 mm, D/V -6.5 to -9.0 mm). Three-minute-
long extracellular recordings were taken from spontaneously
active dopamine neurons. These neurons were identified using
electrophysiological parameters recorded with open-filter set-
tings (low pass: 30 Hz; high pass: 30 kHz) as previously reported
(Grace and Bunney, 1983). Dopamine neurons can be identified
using electrophysiological criteria, if applied carefully (Ungless
and Grace, 2012). Population activity (number of spontaneously
active dopamine cells per vertical electrode track), basal firing
rate, and the proportion of action potentials occurring in bursts
were examined as previously reported (Grace and Bunney, 1983).
Five to 9 electrode tracks (separated by 0.2 mm) were recorded
in each animal.

Behavior

Adult male F2 MAM or F2 saline (SAL) rats (300425 g) were
acclimated to the testing room for at least 1 hour. Rats were
then placed in an open field arena (17.5 x 17.5 x 12 inches; MED
Associates) under bright light, and their locomotion was meas-
ured in the x-y plane by recording beam breaks with the Open
Field Activity software (Med Associates). Following a 45-minute
baseline recording, rats received an injection of amphetamine
(0.5 mg/kg i.p.) and their locomotor activity was recorded for 45
minutes. Rats then received an additional injection of 2 mg/kg
amphetamine and locomotor activity was again recorded for 45
minutes. Dopamine cell recordings in these animals were car-
ried out at least 7 days later to avoid any confounding effects of
amphetamine.

Histology

After the electrophysiological recordings, all rats were deeply
anesthetized, decapitated, and the brain was collected. The
ventral hippocampus was rapidly dissected from the left hemi-
sphere and immediately frozen at -80°C for protein analysis. To
verify electrode track placement within the VTA, the right hemi-
sphere was collected, fixed for at least 48 hours in 8% (wt/vol)
paraformaldehyde, and cryoprotected in 25% (wt/vol) sucrose
until saturated. Right hemispheres were sectioned (25-pm cor-
onal sections), mounted on gelatin-chrom alum-coated slides,

F2 Schedule
Adolescence Adulthood
PND 1 21 35 45 70+

[

Birth Wean

Injections

Experiments

WIN55,212-2 Cohort: Vehicle or 0.2mg/kg (i.p.) WIN, every other day PND 35-45

URB597 Cohort:

Vehicle or 0.3mg/kg (i.p.) URB597, daily PND 35-45

Figure 1. Experimental timeline. Adolescent F2 methylazoxymethanol acetate (MAM) or saline rats were injected with vehicle, WIN55,212-2 (0.2 mg/kg, i.p. every other
day) or URB597 (0.3 mg/kg, i.p. daily) from postnatal day (PND) 35 to 45 and tested in adulthood (PND 70+). Behavioral experiments were run at least 7 days before

dopamine recordings.
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and stained with Cresyl violet. All histological analyses were
performed with reference to a stereotaxic atlas (Paxinos and
Watson, 2009).

Western Blot

The ventral hippocampus was homogenized in 500 pL of
ice-cold homogenization buffer (50 mM Tris-HCI, 150 mM Nacl,
0.1% Triton X-100, pH 7.4) containing 1% protease inhibitor cock-
tail (Sigma-Aldrich). Homogenates were centrifuged at 12000 G
for 10 minutes at 4°C, and the supernatant was collected and
analyzed for parvalbumin (PV) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression. After being heated at 90°C
for 10 minutes in Laemmli sample buffer + 5% dithiothreitol,
proteins (25 pg per well) were separated (40-50 minutes at 150
V) on Any kD Mini-PROTEAN TGX gels (Bio-Rad) in Tris/glycine/
SDS buffer (Bio-Rad) and subsequently transferred onto nitro-
cellulose/filter paper sandwiches, 0.2 um (Bio-Rad), with ice-cold
transfer buffer (25 mM Tris-HCl, 192 mM glycine, 20% [wt/vol]
ethanol, pH 8.3) for 1 hour at 100 V. Membranes were blocked
for 30 minutes (PV: 3% nonfat milk in TBST; GAPDH: 5% bovine
serum albumin in TBST; TBST: 15 mM Tris-HCI, 137 mM NacCl,
0.1% Tween 20, pH 7.4) and incubated for 1 hour in primary
anti-PV (1:5000, rabbit, 23°C) or anti-GAPDH (1:1000, mouse, 4°C)
antibody. Membranes were washed in TBST (3x 10 minutes) be-
fore incubation for 1 hour at 23°C in secondary antibody (PV:
1:10000, goat anti-rabbit conjugated to HRP; GAPDH: 1:5000,
goat anti-mouse conjugated to HRP). Membranes were rinsed
again in TBST (3x 10 minutes) and then in Pierce ECL Western
Blotting substrate (Thermo Scientific; no. 32106) for 1 minute,
exposed to high-performance chemiluminescent film (GE
Healthcare; Amersham Hyperfilm ECL; 28906839), and the band
density quantified with Image]J. After the quantification of PV
expression, membranes were stripped for 15 minutes in Restore
Western Blot Stripping Buffer (Thermo Scientific) and reprobed
for GAPDH.

Analysis

Electrophysiological analysis of putative dopamine neuron
activity was performed with LabChart software v7.1
(ADInstruments) and plotted using GraphPad Prism (GraphPad
Software). All data are presented as the mean+SE, with n val-
ues representing the number of animals per experimental
group. For firing rate and burst firing analyses, n values indi-
cate the number of cells recorded. Statistical analyses were car-
ried out using SigmaPlot (Systat Software, Inc) and Graphpad
Prism. Dopamine neuron activity and western blot data were
analyzed by 2-way ANOVA. Variables were strain (F2 Saline / F2
MAM) and treatment (vehicle / URB597 or vehicle / WINS55,212-
2). Posthoc comparisons were performed using the Holm-Sidak
method. The percentage of rats that developed a schizophrenia-
like hyperdopaminergic phenotype was analyzed by the chi
square test of independence followed by Marasculio’s posthoc.
The average dopamine population activity in each subset (<1.5
or >1.5 cells per track) was analyzed by 1-way ANOVA and the
Holm-Sidak posthoc test. Locomotor activity was analyzed by
3-way ANOVA (variables: treatment, amphetamine dose, time).

Chemicals

MAM was purchased from Midwest Research Institute. URB597
was from Cayman Chemical Company. WINS55,212-2 mesylate
was from Tocris Bioscience. Goat anti-mouse IgG HRP (A4416)

antibody, chloral hydrate, D-Amphetamine sulfate, and
Dulbecco’s phosphate-buffered saline were from Sigma-Aldrich.
Anti-parvalbumin (aab11427), anti-GAPDH (ab9484), and goat
anti-rabbit IgG HRP (ab6721) antibodies were from Abcam.

Results

Adolescent Exposure to WIN55,212-2 Induces a
Schizophrenia-Like Hyperdopaminergic Phenotype
in F2 MAM Rats

WINS55,212-2 administration during adolescence induced a
persistent increase in dopamine neuron population activity in
susceptible F2 MAM, but not F2 SAL, rats (Figure 2A). Two-way
ANOVA revealed a main effect of strain [F(1,51)=10.96; P=.0017;
2-way ANOVA,; Figure 2A] with no significant interaction (P=.10).
The Holm-Sidak multiple comparison test revealed the F2
MAM x WIN group had significantly higher dopamine popu-
lation activity (1.642+0.12 cells/track, n=14) than the F2 SAL
x VEH (1.134+0.08 cells/track, n=14; P<.05) and F2 SAL x WIN
groups (1.084+0.09 cells/track, n=13; P<.01), but not F2 MAM x
VEH littermates (1.319+0.14 cells/track, n=14; Figure 2A). The
firing rate of dopamine neurons was unchanged by all treat-
ments (Figure 2B, 2-way ANOVA), but a main effect of strain was
observed, such that F2 MAM rats had significantly less burst-
ing (32.34+1.79%) compared with F2 SAL rats [39.08+2.09%;
F(1,408)=6.376, P<.05; 2-way ANOVA; Figure 2C]. The sample
sizes were as follows: F2 SAL VEH n=14 rats, 96 cells; F2 SAL
WIN n=13 rats, 84 cells; F2 MAM VEH n=14 rats, 113 cells; F2
MAM WIN n=14 rats, 125 cells.

As only a proportion of F2 MAM animals inherits a schiz-
ophrenia-like phenotype (Perez et al., 2016), we examined the
distribution of dopamine neuron activity across all rats tested.
Consistent with our published data, we found a bimodal distri-
bution (Figure 3A: R2=0.96) of VTA dopamine neuron population
activity that was best fit by the sum of 2 Gaussians (extra sum-
of-squares F test: P=.0001) that separated at ~1.5 cells/track
(Perez et al., 2016).

The percentage of F2 MAM rats displaying a schizophrenia-
like hyperdopaminergic phenotype (defined by augmented
dopamine population activity) doubled from 36% to 71% after
adolescent treatment with 0.2 mg/kg WIN55,212-2 (Figure 3B).
A chi square test of independence was used to compare the
percentage values of rats developing schizophrenia-like hyper-
dopaminergic phenotypes in each experimental group [x? (3,
n=55)=13.0833, a=0.0045]. Specifically, the F2 MAM x WIN group
had a significantly higher proportion of animals with >1.5 dopa-
mine cells per track (71%) than either the F2 SAL x VEH (14%;
¥2=14, 0=0.0029; Marasculio’s posthoc) or the F2 SAL x WIN (15%;
¥2=12.7727,0.=0.0052; Marasculio’s posthoc) groups (Figure 3B).
The average number of dopamine cells/track recorded in each
subset is shown in Figure 3C.

Adolescent Exposure to WIN55,212-2 Increases
Amphetamine Sensitivity in F2 MAM Rats

The locomotor response to amphetamine was tested follow-
ing 2 increasing doses (0.5 and 2 mg/kg, i.p.) administered 45
minutes apart (Figure 4). Here we demonstrate that WIN-treated
F2 MAM rats display a hyper-responsivity to amphetamine ad-
ministration, indicative of a sensitized dopaminergic system.
In F2 SAL rats, we found a significant interaction between ado-
lescent WIN and amphetamine dose [F(2,729)=8.687, P<.001;
3-way ANOVA]. Specifically, after 2 mg/kg amphetamine, the
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Figure 2. (A) Adolescent exposure to WIN55,212-2 increases dopamine neuron
population activity in “susceptible” F2 methylazoxymethanol acetate (MAM) but
not F2 saline rats. The firing rate and burst firing of putative dopamine neurons
are presented in B and C, respectively. * Represents a significant difference from
F2 saline (SAL) x vehicle (VEH) and F2 SAL x WIN groups (P<.05, 2-way ANOVA,
Holm-Sidak). # Represents a main effect of strain (P<.05, 2-way ANOVA). Error
bars indicate SEM. The sample sizes per group were as follows: F2 SALVEH, n=14
rats, 96 cells; F2 SAL WIN, n=13 rats, 84 cells; F2 MAM VEH, n = 14 rats, 113 cells;
F2 MAM WIN, n=14 rats, 125 cells.

F2 SAL x WIN group (3929+112.3 cm) traveled significantly less
than their F2 SAL x VEH littermates (4682+108.4 cm; Holm-
Sidak:=4.823, P<.001; Figure 4A). There was also a significant
interaction between adolescent WIN and amphetamine dose
in F2 MAM rats [F(2,729)= 3.452, P<.05; 3-way ANOVA]. At base-
line, F2 MAM rats treated with WINS55,212-2 during adolescence
traveled significantly more distance (2072+126.3 cm) than their
F2 MAM littermates treated with vehicle (1630+122.0 cm; Holm-
Sidak: t=2.515, P<.05; Figure 4B). After 2 mg/kg amphetamine,
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Figure 3. Adolescent exposure to WIN55,212-2 increases the proportion of F2
methylazoxymethanol acetate (MAM) rats displaying a schizophrenia-like
phenotype. (A) Dopamine population activity recorded from all animals (F2
saline [SAL] and F2 MAM) follows a bimodal distribution (R?=0.96) and a split
around 1.5 spontaneously active dopamine cells per track. Some F2 MAM ani-
mals inherit a schizophrenia-like hyperdopaminergic phenotype (augmented
dopamine population activity) from their F1 MAM parent (right distribution),
while others show a phenotype closer to 1.0 cells/track, like their control parent
(left distribution). (B) Percentage of rats with >1.5 dopamine cells per track for
each treatment group. (C) Average dopamine cells per track (<1.5 solid colors,
>1.5 striped) in each treatment group. * Represents a significant difference from
F2 SAL x Vehicle and F2 SAL x WIN groups (chi square, Marasculio’s posthoc).
W Represents a significant difference from the F2 SAL VEH <1.5 cells/track sub-
group (solid white), while # represents a significant difference from a treatment’s
respective <1.5 cells/track subgroup (corresponding solid color) (1-way ANOVA,
P<.0001, Holm-Sidak). The proportion of animals with >1.5 dopamine cells per
track was: 2/14 (F2 SAL VEH), 2/13 (F2 SAL WIN), 5/14 (F2 MAM VEH), 10/14 (F2
MAM WIN).
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Figure 4. Adolescent exposure to WIN55,212-2 increases the locomotor response
to amphetamine in F2 methylazoxymethanol acetate (MAM) rats. The average
locomotor activity of rats across baseline, 0.5 mg/kg, and 2 mg/kg (i.p.) amphet-
amine challenges was recorded. While F2 saline rats were less sensitive to 2 mg/kg
amphetamine after adolescent WINS55,212-2 treatment (A), the “susceptible”
F2 MAM rats displayed increased locomotor response to amphetamine (B).
1 Represents a significant difference from vehicle group for entire period fol-
lowing 2 mg/kg amphetamine (P<.05, 3-way ANOVA). * Represents a significant
difference from vehicle group for entire baseline period (P<.05, 3-way ANOVA).
Error bars indicate SEM. Sample sizes were SALVEH, n=15; SAL WIN, n=14; MAM
VEH, n=15; MAM WIN, n=14.

F2 MAM rats treated with WINS55,212-2 in adolescence traveled
significantly more distance (5270+126.3 c¢m) than their litter-
mates treated with vehicle (4318 +122.0 cm; Holm-Sidak:=5.416,
P<.001; Figure 4B). There was no difference between groups (ei-
ther F2 SAL or F2 MAM rats) after 0.5 mg/kg amphetamine. To
further examine the relationship between dopamine neuron
activity and amphetamine responsivity, we divided the groups
into susceptible (>1.5 cells/track) and nonsusceptible (<1.5 cells/
track) and examined locomotor activity in these populations.
Unfortunately, the variability in behavior between individual
rats coupled with the decrease in sample size made these data
difficult to interpret (not shown).

Adolescent Cannabinoid Treatment Decreases
Parvalbumin Expression in the Hippocampus

PV expression in the ventral hippocampus was measured by
western blot, using GAPDH as a loading control (Figure 5A). F2
rats, regardless of strain, show decreased PV protein expression
in response to adolescent exposure to WINS5,212-2 [main effect
of WIN; F(1,40)=5.645, P=.0224; 2-way ANOVA; Figure 5B]. The
graph in Figure 5C shows a linear regression between the data

collected from adolescent vehicle and WIN treatments within
each strain. In F2 MAM rats, WIN treatment during adolescence
decreased PV expression (Figure 5B), which was associated with
increased dopamine cells per track (Figure 5C), consistent with
previously published correlations (Perez et al., 2016). Sample
sizes were: SAL VEH, n=10; SAL WIN, n=13; MAM VEH, n=3§;
MAM WIN, n=13.

Adolescent URB597 Increases the Proportion
of F2 MAM Rats with a Schizophrenia-like
Hyperdopaminergic Phenotype

As previous studies have shown antipsychotic-like activity of
URB597 (Seillier et al., 2013; Aguilar et al., 2014), we examined
the effect of this drug when administered during adolescence.
Although URB597 in adolescence did not significantly increase
adult dopamine neuron population activity in either F2 SAL
(Veh, 1.360+0.09 cells; URB, 1.368+0.13 cells; 2-way ANOVA) or
F2 MAM rats (Veh, 1.345+0.15 cells; URB, 1.587 +0.13 cells; 2-way
ANOVA) (Figure 6A), after this treatment the proportion of F2
MAM rats displaying a schizophrenia-like hyperdopaminergic
phenotype (>1.5 dopamine cells/track) doubled from 38% to 78%
[Figure 7B: 2 (3, n=37)=4.9001, a.= 0.1793]. This trend was com-
parable to that observed in rats treated with WIN55,212-2 during
adolescence (Figure 3B). Firing rate and burst firing of dopamin-
ergic cells were unchanged in all treatment groups (Figure 6B-C,
2-way ANOVA). We again examined the distribution of dopamine
neuron activity across all rats tested in this cohort. Consistent
with our published data (Perez et al., 2016), we found a bimodal
distribution (Figure 7A: R? = 0.96) of VTA dopamine neuron popu-
lation activity that was best fit by the sum of 2 Gaussians (Extra
sum-of-squares F test: P=.0134) that separated at ~1.5 cells/
track. Sample size per experimental group was: F2 SAL x Veh,
n=38 rats (68 cells recorded); F2 SAL x URB, n=12 rats (107 cells
recorded); F2 MAM x Veh, n=_8 rats (67 cells recorded); F2 MAM x
URB, n=9 rats (84 cells recorded).

The locomotor response to amphetamine was tested as
described above. Interestingly, and in contrast to the effect of
WINS55,212-2, there were no observable increases in the loco-
motor response to amphetamine following adolescent ex-
posure to URB-597 (not shown). One potential reason for this
discrepancy is based on recent data from the Grace laboratory
suggesting opposing effects of dopamine neuron activity in the
VTA and SNc that are mediated by distinct regions of the ven-
tral pallidum (Bortz and Grace, 2017). Thus, the lack of effect on
amphetamine-induced behavior may be due to URB-597’s ro-
bust targeting of the VP following systemic administration as
we have reported previously (Aguilar et al., 2014). Indeed, this
observation is consistent with recent physiological reports dem-
onstrating qualitative and quantitative differences between ex-
ogenous and endogenous cannabinoids (Aguilar et al., 2016).

Discussion

The adolescent use of cannabinoids has been consistently
associated with increased risk for developing schizophrenia
or psychosis, although it is neither necessary nor sufficient
(Arseneault et al., 2004; Bechtold et al., 2015). This apparent
lack of causality has generated many hypotheses (for review,
see Haney and Evins, 2016). While schizophrenia-like traits
may increase the likelihood of cannabis use, we posit that ado-
lescent cannabinoid exposure contributes to the etiology of
schizophrenia only in individuals with an underlying genetic
predisposition (Caspi et al., 2005; Henquet et al., 2005; French
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n=_8; MAM WIN, n=13. The uncropped blot for A is included as supplementary material.

et al., 2015). This hypothesis is consistent with longitudinal
studies showing that adolescent cannabis use increased the in-
cidence of schizophrenia only in patients with specific catechol-
methyl-transferase polymorphisms (Caspi et al., 2005).

Several preclinical studies have examined the effects
of early-life cannabinoid administration in adult animals.
Adolescent administration of THC or the synthetic cannabinoid
agonist WIN55,212-2 lead to a variety of schizophrenia-like def-
icits in adult rodents that may be reversed by atypical antip-
sychotic treatment (Rubino et al., 2009; Leweke and Schneider,
2011). However, these deficits occur in all experimental ani-
mals, whereas clinical observations indicate that cannabinoid
exposure during adolescence does not induce schizophrenia in
the majority of people (Caspi et al., 2005; Bechtold et al., 2015).
In this study, we used a novel rodent model of schizophrenia
susceptibility to examine the consequences of adolescent can-
nabinoid exposure. Specifically, we demonstrate that adminis-
tration of a synthetic cannabinoid to adolescent rats, at a dose
and duration that do not produce overt physiological changes
in controls, dramatically increased the proportion of F2 MAM
rats displaying schizophrenia-like hyperdopaminergic pheno-
types. Indeed, WIN55,212-2 doubled the percentage of F2 MAM
rats showing aberrant dopamine neuron population activity in
adulthood without dramatically altering their firing rate or burst
firing characteristics. It should be noted that previous studies
have demonstrated that WIN55,212-2 acutely activates dopa-
mine neurons in adult rats (French et al.,, 1997). This acute and
transient increase in firing rate is likely responsible for the acute
psychotomimetic effects of synthetic cannabinoids whereby the
data presented here are in line with findings from other rodent
models and selective and persistent increases in the number of
spontaneously active neurons are observed (Lodge and Grace,
2007; Aguilar et al., 2014; Gomes et al., 2015). Dopamine neuron
population activity (i.e., the number of dopamine neurons fir-
ing spontaneously) is thought to provide a gain of function to
the dopamine system; thus, an increase in this measure would
ascribe the same (enhanced) salience to all environmental

stimuli, a mechanism that may underlie the positive symptoms
of schizophrenia (for review, see Lodge and Grace, 2011).

The increase in dopamine neuron population activity is
likely responsible for the aberrant response to psychomotor
stimulants, such as amphetamine, seen in patients with schizo-
phrenia (Laruelle et al., 1996) and rodent models (Lodge and
Grace, 2011). Our studies showed that adolescent WINS5,212-2
administration increased the locomotor response to a low dose
of amphetamine in F2 MAM rats but not in F2 controls. Although
F2 MAM x WIN rats exhibited an increased locomotor activity at
baseline, this effect was greatly exaggerated following exposure
to 2 mg/kg amphetamine. These data suggest that F2 MAM rats
have a sensitized dopamine system, which is consistent with
the increased dopamine population activity reported above and
with previously reported data in F1 generation MAM rats.

Using a variety of rodent models, we previously demon-
strated that increased dopamine neuron population activity is
directly attributable to a pathologically enhanced drive from the
ventral hippocampus (Lodge and Grace, 2007; Aguilar et al., 2014).
Aberrant activity in the anterior hippocampus (the analogous
region in primates) has been repeatedly reported in patients
with schizophrenia by imaging studies (Kawasaki et al., 1992)
and correlated with symptom severity (Schobel et al., 2009). The
cause of ventral hippocampus hyperactivity in rodent models
has not been conclusively elucidated; however, it likely involves
a decrease in inhibitory interneuron function in this area. PV
is a calcium binding protein found in fast-firing interneurons
that has been consistently implicated in the pathophysiology
of schizophrenia based on postmortem studies (Lewis et al.,
2005). In addition, decreased PV expression or PV interneuron
activity in the hippocampus has been associated with impaired
downstream regulation of dopamine activity in the VTA (Shah
and Lodge, 2013; Boley et al., 2014; Perez et al., 2016) and schiz-
ophrenia-like behavioral deficits (Nguyen et al., 2014). We previ-
ously showed that the F1 generation of MAM-treated rats have
decreased expression of PV protein in the ventral hippocampus
(Lodge et al., 2009), a region where PV levels significantly increase
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during adolescence (Caballero et al., 2013). In F2 MAM rats, we
also observed a negative correlation between PV expression in
this area and dopamine neuron activity (Perez et al., 2016). In
this study, we showed that adolescent WINS55,212-2 adminis-
tration to F2 MAM rats produced a significant decrease of PV
expression in the ventral hippocampus as well as a concomi-
tant increase in dopamine neuron population activity. These
findings are consistent with studies carried out in other labs
showing that adolescent THC administration decreases the cell
size of PV-containing interneurons in the prefrontal cortex of
catechol-methyl-transferase knockout mice (Behan et al., 2012).
Adolescent exposure to cannabinoids likely disturbs endocan-
nabinoid signaling with potential consequences on synaptic
pruning, dendritic plasticity, and maturation of limbic and cor-
tical regions (Malone et al., 2010). This may affect the excitability
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tible” F2 methylazoxymethanol acetate (MAM) rats with increased dopamine
population activity in adulthood, while having no effect in F2 saline rats (B). (A)
Dopamine population activity recorded from all animals in this cohort follows a
bimodal distribution (R?=0.96) and a split around 1.5 spontaneously active dopa-
mine cells per track. (B) Percentage of rats with >1.5 dopamine cells per track for
each treatment group. (C) Average dopamine cells per track (<1.5 solid colors,
>1.5 striped) in each treatment group. W Represents a significant difference from
the F2 saline (SAL) vehicle (VEH) <1.5 cells/track subgroup (solid white), while #
represents a significant difference from a treatment’s respective <1.5 cells/track
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proportion of animals with >1.5 dopamine cells per track was: 3/8 (F2 SAL VEH),
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of circuits, potentially leading to oxidative damage that affects
the vulnerable fast-spiking PV interneurons in a wide variety of
preclinical models (Steullet et al., 2017). It is important to note
that the decrease in hippocampal PV expression occurred in
both F2 MAM and control rats, albeit this was more pronounced



in the F2 MAM animals (~22% decrease vs ~10% decrease from
vehicle-treated littermates). Thus, it is possible that adolescent
cannabinoid exposure represents one of the multiple “hits” (both
genetic and environmental) that are required to reduce PV func-
tion to a level sufficient to alter neuronal activity and behavior.
Indeed, a minor decrease in PV expression (such as that seen
in control animals following WINS55,212-2) appears insufficient
to produce enduring changes in dopamine activity (Figure 2A).
Moreover, PV is a calcium binding protein and, as such, its
expression can be regulated to compensate for increased fast-
spiking interneuron activity (Hu et al., 2014). Thus, it is possible
that the behavioral paradigms and anesthesia may have influ-
enced PV expression per se. Given that all treatment groups
underwent the same procedures, the reported effects are likely
driven by treatment.

Itis important to note that these rats were bred from F1 MAM
mothers and F1 saline fathers. We previously demonstrated
(Perez et al., 2016), and consistent with the results presented
here, that F2 MAM rats from F1 MAM mothers do not display a
significant decrease in PV expression nor a significant increase
in dopamine cells per track. As such, they represent a useful
model of schizophrenia “susceptibility” to examine the conse-
quence of environmental manipulations.

While a large body of evidence indicates that exogenous can-
nabinoids in adulthood may exacerbate schizophrenia symp-
toms (Mason et al., 2009), enhanced endogenous cannabinoid
transmission (through FAAH inhibition) has been shown to al-
leviate some schizophrenia-like behaviors (Leweke et al., 2012;
Iseger and Bossong, 2015). We previously demonstrated that the
FAAH inhibitor URB597 (0.3 mg/kg i.p.) can alleviate both social
withdrawal (Seillier et al., 2013) and aberrant dopamine neuron
population activity (Aguilar et al.,, 2014) in the phencyclidine
(PCP) rodent model of schizophrenia. Similarly, initial clinical
trials with cannabidiol (a marijuana plant ingredient with FAAH
inhibitory activity) have produced promising results in adult
patients with schizophrenia (Leweke et al., 2012). It has been
suggested that targeting the prepsychotic or prodromal phases
of the illness may be an effective way to prevent the transition
to schizophrenia (Phillips et al., 2002). For this reason, we also
examined what effects URB597 administration might have dur-
ing adolescence in the F2 MAM model of susceptibility.

Interestingly, while URB597 decreased aberrant dopamine
neuron population activity in adult PCP-treated rats (Aguilar
et al., 2014), we found that F2 MAM rats exposed to URB597 dur-
ing adolescence are twice as likely to present augmented dopa-
mine population activity than their vehicle-treated littermates.
The reason for this discrepancy likely lies in the physiological
changes that the endogenous cannabinoid system undergoes
throughout adolescence. During this time, CB1 receptor expres-
sion increases dramatically (Rodriguez de Fonseca et al., 1993;
Mato et al., 2003; Verdurand et al., 2011) and the endocannabi-
noid anandamide reaches its highest concentration levels in
limbic brain regions (Ellgren et al., 2008). Therefore, altering en-
dogenous cannabinoid signaling during this critical period may
produce different effects than those seen in adulthood. For this
reason, FAAH inhibitors may be contraindicated for the pharma-
cological treatment of prodromal patients.

In summary, our study indicates that adolescent synthetic
cannabinoid exposure (both exogenous and endogenous) can
induce a schizophrenia-like hyperdopaminergic phenotype in a
novel rodent model of schizophrenia susceptibility at doses and
treatment regimens that have no observable effects in control
animals. These data more closely recapitulate the human condi-
tion, where cannabis use in adolescence is a risk factor without
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being necessary or sufficient to induce psychosis (Arseneault
et al., 2004; Hall and Degenhardt, 2008). Such a model could be
used to examine mechanistic alterations underlying gene/en-
vironment interactions that contribute to the pathophysiology
of schizophrenia. Indeed, we showed that adolescent synthetic
cannabinoid exposure in this model decreases PV expression in
the ventral hippocampus, a key deficit linked to dysregulation of
the dopamine system in schizophrenia (Lewis et al., 2005; Shah
and Lodge, 2013; Boley et al., 2014).

Supplementary Material

Supplementary data are available at International Journal of
Neuropsychopharmacology online.
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