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Abstract

Background—~Prenatal cannabis exposure has been linked to addiction vulnerability, but the
neurobiology underlying this risk is unknown.

Methods—Striatal dopamine and opioid-related genes were studied in human fetal subjects
exposed to cannabis (as well as cigarettes and alcohol). Cannabis-related gene disturbances
observed in the human fetus were subsequently characterized using an animal model of prenatal
delta-9-tetrahydrocannabinol (THC; 0.15 mg/kg) exposure.

Results—Prenatal cannabis exposure decreased dopamine receptor D2 (DRD2) mRNA
expression in the human ventral striatum (nucleus accumbens; NAc), a key brain reward region.
No significant alterations were observed for the other genes in cannabis-exposed subjects.
Maternal cigarette use was associated with reduced NAc prodynorphin mRNA expression and
alcohol exposure induced broad alterations primarily in the dorsal striatum of most genes. To
explore the mechanisms underlying the cannabis-associated disturbances, we exposed pregnant
rats to THC and examined the epigenetic regulation of the NAc Drd2 gene in their offspring at
postnatal day 2, comparable to the human fetal period studied, and in adulthood. Chromatin
immunoprecipitation of the adult NAc revealed increased 2meH3K9 repressive mark and
decreased 3meH3K4 and RNA polymerase Il at the Drd2 gene locus in the THC-exposed
offspring. Decreased Drd2 expression was accompanied by reduced D,R binding sites and
increased sensitivity to opiate reward in adulthood.

Conclusions—These data suggest that maternal cannabis use alters developmental regulation of
mesolimbic D,R in offspring through epigenetic mechanisms that regulate histone lysine
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methylation, and the ensuing reduction of D,R may contribute to addiction vulnerability later in

life.

Keywords

THC; addiction; development; enkephalin; dynorphin; D1 receptor

Introduction

The prenatal period is sensitive to environmental influences due to dynamic neurobiological
events that occur during this stage to ensure proper patterning of the nervous system. These
processes are likely to be disrupted by maternal drug use and could have lifelong
consequences for their children. In the United States, approximately 4% of pregnant women
report using illegal drugs with marijuana (Cannabis sativa) being the illicit drug most
commonly abused during pregnancy (1). Cannabis is abused for its psychoactive properties
and is prescribed as an antiemetic to treat nausea during pregnancy with the perception that
no negative consequences will befall the developing fetus. However, a growing body of
evidence suggests that maternal cannabis use can have long-lasting negative consequences
on the cannabis-exposed individual including increased risk for developing drug addiction
and neuropsychiatric disorders (2-4). Animal studies have also demonstrated that
developmental exposure to cannabis-mimetic compounds enhances sensitivity to drugs of
abuse, including heroin and morphine in adulthood (5-8). While these studies have been
instrumental in establishing a link between prenatal cannabis exposure and addiction risk,
little is known regarding which neurobiological systems are vulnerable to early
developmental cannabis exposure and how cannabis-induced alterations are maintained into
adulthood to contribute to pathological behavior.

The striatal dopamine system has been implicated in the underlying pathogenesis of
neuropsychiatric disorders (9). The dorsal striatum (caudate and putamen) is associated with
motor control and habit formation, while the ventral striatum (nucleus accumbens; NAc) is
linked to goal-directed behavior and reward processing (10). Diverse populations of medium
spiny neurons, which are enriched in cannabinoid receptors, constitute the striatal output
pathways and are dissociated based on their expression of dopamine receptors and
neuropeptides. Dopamine receptor subtype 1 (D1R) is preferentially localized to the
striatonigral “direct” pathway that contains the opioid neuropeptide dynorphin, whereas
dopamine receptor subtype 2 (D2R) is abundant in striatopallidal “indirect” neurons that also
express enkephalin (11). Reduced DR is a consistent feature observed in adult drug abusers
(12) and has raised questions as to whether DR impairments could also predate adult drug
use to increase addiction risk. Based on the significant number of women who smoke
marijuana when pregnant and the preclinical studies emphasizing the long-term impact of
prenatal cannabis exposure on addiction-related behavior, we hypothesized that in utero
cannabis exposure could contribute to D,R impairments characteristic of addiction
vulnerability.

Here we studied whether maternal cannabis use alters regulation of DRD2 and related
striatal genes in the human fetal brain. Our findings demonstrate that maternal cannabis use
decreases NAc DRD2 gene expression in the fetus. Utilizing a THC prenatal rat model, we
show that disruption of NAc Drd2 gene regulation persists into adulthood and is maintained
by epigenetic alterations, which may contribute to increased opiate sensitivity in adulthood.
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Methods and Materials

Human fetal brain material

Drugs

Fetal brain specimens (18-22 weeks gestation) were previously collected following saline-
induced elective abortions under IRB approval at SUNY Downstate Medical Center,
Brooklyn, New York (13). Pregnant participants were interviewed to obtain information
related to maternal demographic status, substance abuse history and medical history. Fetal
brain samples were examined by a pathologist and lightly fixed with 1% paraformaldehyde
and frozen in isopentane. Maternal urine and fetal meconium were analyzed for cannabis,
opiates, stimulants and their respective metabolites to confirm information obtained by
maternal self-report. Samples included in the cannabis-exposed group had positive maternal
self-report and/or maternal urine that tested positive for THC, and/or fetal meconium
positive for THC. Maternal alcohol and cigarette use was evaluated based on maternal report
of average daily alcohol volume and number of cigarettes smoked daily (14). Subjects had
no gross brain malformation. Characteristics of the entire fetal population have been
published (13) and a subset from this collection (see Table 1) was chosen based on
availability of tissue at the level of the NAc which had been cryosectioned in the coronal
plane (20 um-thick), slide-mounted and stored at —30°C.

THC (10 mg/ml in ethyl alcohol 95%; NIDA) was evaporated under nitrogen gas and
dissolved in saline with 0.3% Tween 80 to a concentration of 1.0 mg/ml. Morphine (Sigma-
Aldrich) was dissolved in saline.

Prenatal THC rat model

Adult male (226-250g) and female (151-175g) Long Evans rats (Charles River Laboratories)
were housed under a 12h light/dark cycle. Females were surgically implanted with an
intravenous (i.v.) jugular catheter and treated post-surgically as previously described (5)
with ampicillin (50 mg/kg in Heparin 10U, i.v.) and carprofen (5 mg/kg, s.c.) to prevent
infection and manage pain, respectively. Animals were pair mated (2 females: 1 male) for 5
days to ensure that each female went through at least one estrous cycle (15). After mating,
females were individually housed and the day of separation was recorded as gestation day 1
(GD1). Females were treated with daily i.v. injections of either THC (0.15 mg/kg) or vehicle
(VEH, 0.3 % Tween 80-sterile saline solution) from GD5-PND2. This treatment period
corresponds to the neurodevelopmental period examined in our human fetal population
(midgestation, ~20 weeks) (16). The dose of THC used in this paradigm is comparable to
current estimates of low dose cannabis cigarettes (~16 mg of THC) (17). On PND?2, litters
were culled 8-10 and pups were fostered such that all pups were raised by vehicle-exposed
dams and no dams raised its own offspring. On PND21, pups were weaned and allowed to
mature into adulthood. Only males were studied to reduce variability and to be consistent
with previous work showing greater alterations in male fetuses with prenatal cannabis
exposure (18-19). Two pups/litter were used for different experiments.

Preparation of rat tissue sections for gene expression studies

Adult (PND62) rats were anaesthetized with CO, and decapitated and neonates (PND2)
were sacrificed using live decapitation. After decapitation, brains were frozen in isopentane
and stored at —80°C. Coronal cyrosections (20-um thick) of the striatum were taken and
slide-mounted sections stored at —30°C.
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In situ hybridization histochemistry (ISHH)

ISHH was used to study DRD1, DRD2, PENK and PDYN in the human fetus (18-19) and
Drd2 (NM_012547; sense probe: GAGAAGGCTTTGCAGACCAC, antisense probe:
GGATGGATCAGGGAGAGTGA) in the rat. A detailed ISHH procedure has been
published previously (20). Briefly, cDNA fragments were obtained from total RNA by
reverse transcription-PCR. RNA probes were transcribed in the presence of [3°S]-uridine 5'-
[a-thio]triphosphate (specific activity 1000-1500 Ci/mmol; New England Nuclear). The
labeled probe was applied to the brain sections at a concentration of 2 x 103 cpm/mm? of the
coverslip area. Two adjacent sections/subject were studied at the level of the NAc
(anatomical location based on Nissl stain and expression pattern of biochemical marks
examined throughout the striatum for each subject). Slides were hybridized overnight at
55°C and apposed to Imaging Plates (Fujifilm) along with 14C-standards (American
Radiolabeled Chemicals). Films were developed with FLA-7000 phosphoimaging analyzer
(Fujifilm) and images analyzed (MultiGauge software). Relative mMRNA expression levels
were measured within the human NAc and putamen (dorsal striatum) based on Human Atlas
(21) and the rat NAc (+1.60 mm from Bregma) and caudate-putamen (+1.60 mm) in
accordance with reference atlas (22). Values from duplicate brain sections for each subject
were averaged and expressed as dpm/mg of tissue by reference to the co-exposed standard.

D2 3H —raclopride binding

Adult rat brain sections were incubated in 2nM [3H]raclopride (80Ci/mmol specific activity)
in incubation buffer (50mM Tris, 0.1% ascorbic acid, 120nM NACI, 5mM KCI, 2mM
CaCl2, 1mM MgCI2, pH 7.4) for 60 mins. Non-specific binding was determined on adjacent
brain sections by adding 100mM unlabeled raclopride in the binding buffer. After
incubation, the sections were rinsed in cold incubation buffer, rapid dip in cold distilled
water and dried. The dried slides were made conductive by an application of metal electric
tape (3M, St. Paul, MN) and placed in the p-imager™ 2000 (Biospace Lab, France). Data
were collected ~18h and the level of bound radioactivity was directly determined by
estimating the number of B-particles obtained from the delineated brain area of interest using
the B-vision program (Biospace). The radioligand signal was measured in duplicate,
averaged, and expressed as counts/minute/square millimeter (cpm/mmz2). Specific binding
was determined as the total minus non-specific binding, which for [3H]raclopride was
negligible with levels similar to white matter background.

Chromatin immunoprecipitation (ChlIP)

NAc was dissected from frozen adult brains of 12 vehicle- and 12 THC-treated rats (2 pups
per litter) using a 15-gauge sample punch on a —25°C cold-block . Bilateral tissue from two
animals was pooled per sample and fixed with 1% formaldehyde. Samples were sonicated
using Bioruptor (Diagenode) in buffer containing 50 mM Hepes pH 7.9, 140 mM Nacl,
1mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate and 0.1% SDS. 25ug chromatin
(measured as DNA at an optical density of 260nm) was immoprecipitated with 9ul
a-2meH3K?9 antibody (Abcam, catalog #ab1220), 3ul a-3meH3K4 antibody (Active Motif,
catalog # 39159), 3ul a-RNA Polymerase Il antibody (Covance, 8WG16) and nonspecific
mouse IgG (Santa Cruz Biotechnology). Immunocomplexes were collected using protein G
Dynabeads (Invitrogen), beads washed, bound fraction eluted, extracted with phenol-
chlorophorm, ethanol-precipitated and resuspended in Tris-EDTA buffer. ChlP material was
analyzed using SYBR green master mix (Roche) in a LightCycler 480 instrument (Roche)
and the default SYBR green PCR program except for annealing temperature (Table S1 in the
Supplement). PCR reactions were carried out in triplicate. Cp values from each PCR
reaction were obtained using the second derivative maximum method (Roche). The
enrichment of a given target sequence precipitated by the antibody was determined as the
difference between the amount of target sequence in the immunoprecipitated fraction and
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the amount of target sequence in the input DNA. Relative quantification and analysis of
THC effects were performed using a modified version of the AACt method using the
samples from vehicle-treated animals as the reference group (23). The background
immunoprecipitation of chromatin with nonspecific mouse 1gG was determined for both
groups (Figure S3 in the Supplement).

Morphine place conditioning

PND®62 rats with prenatal THC- or vehicle-exposure were tested in an apparatus (ENV-517,
MED Associates Inc., Vermont) with two compartments distinct in wall pattern and tactile
floor environments. On experiment day 1, rats were allowed to explore both compartments
in a 15 minute habituation session. The pre-conditioning test was conducted on day 2 where
rats were again allowed to explore both compartments for 15 minutes to assess baseline
preference. On days 3, 5 and 7 rats were administered morphine (4 mg/kg s.c.) in their home
cages and after 15 minutes were placed in the least preferred compartment for 30 minutes.
On days 4, 6 and 8 rats were administered saline in their home cages and after 15 minutes
were placed in the other compartment for 30 minutes. On day 9, a post-conditioning test was
performed which was identical to the pre-conditioning test. Preference was calculated as the
difference in time spent in the drug-paired compartment between the pre-conditioning and
post-conditioning tests.

Statistical analysis

Results

For human gene expression studies, data were tested for normality and normalized by
natural log transformation if they were not normally distributed. Univariate statistical
analyses were used to study the effect of each independent demographic variable (e.g. fetal
age, sex, PMI, etc.) on mRNA expression. Variables with a p-value less than 0.10 were
included in a multiple regression model and maternal cannabis, alcohol and cigarette were
always included in the final model. The dose-dependent effects of prenatal drug exposure on
MRNA expression were analyzed by nonparametric correlation (Spearman ranked R).
Outliers were excluded by residual analysis. For the animal experiments, statistical
comparison between vehicle- and THC-pretreated animals was performed by one-way
ANOVA.

Demographics of the human fetal population are summarized in Table 1, which consisted of
forty-nine primarily African American subjects with no significant differences between the
cannabis and control groups except for the amount of maternal cannabis use.

Maternal cannabis use decreases DRD2 mRNA levels in the NAc of the human fetus

High levels of dopaminergic D1 (DRD1) and D2 (DRD2) receptor mRNA transcripts were
detected in the dorsal and ventral striatum (Fig. 1A). Statistical analysis revealed an overall
significant alteration of DRD2 mRNA levels [F(3,46)=3.09, p=0.036] with prenatal cannabis
exposure accounting for decreased expression detected in the NAc (p=0.003; Fig. 1B).
Moreover, NAc DRD2 mRNA levels were negatively correlated with maternal report of
cannabis use (r=—0.42, p=0.005; Fig. 1C). No other drug showed a significant association
with NAc DRD2 mRNA levels (cigarette p=0.4916, alcohol p=0.604) and DRD2 mRNA
expression was not altered in the putamen with cannabis exposure (p=0.736). In contrast to
cannabis, maternal alcohol use was associated with a reduction of DRD2 (30%; p=0.0187)
and DRD1 (45%; p=0.004) in the dorsal striatum. DRD1 mRNA levels were not
significantly altered in the NAc for any drug including cannabis [F(3,35)=1.186, p=0.330;
Fig. 1D].

Biol Psychiatry. Author manuscript; available in PMC 2012 October 15.
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Given that the opioid neuropeptides proenkephalin (PENK) and prodynorphin (PDYN) are
also highly expressed in the striatum and dissociate striatopallidal (D,R/PENK) and
striatonigral (D1R/PDYN) neurons (11), we also analyzed PENK and PDYN mRNA levels
in the human fetal striatum (Fig. 1E) to identify any generalized effects of maternal cannabis
use. Although PENK mRNA expression tended to be slightly reduced in the cannabis group
covaried for age (Fig. 1F), it was not significant since overall PENK alterations in the NAc
[F(4,44)=4.76; p=0.003; Figure S1 in the Supplement] and dorsal striatum [F(4,43)=4.720;
p=0.003] were strongly influenced by alcohol. Prenatal alcohol exposure was associated
with attenuation of the normal developmental upregulation of striatal PENK levels within
the NAc (p=0.003; Figure S1 in the Supplement) and putamen (p=0.018). PDYN mRNA
levels were not related to maternal cannabis use (p=0.155), but expression in the NAc was
significantly associated with cigarette exposure (p=0.007); there was a negative correlation
with the amount of reported cigarette use (r=—0.555, p=0.0004; Figure S2 in the
Supplement).

Prenatal THC exposure reduces Drd2 mRNA expression in the rat NAc of the offspring that
is maintained into adulthood

The observation that prenatal cannabis exposure was related to reduced DRD2 transcripts in
the NAc of the human fetal brain prompted us to investigate the specificity of this effect on
the developmental regulation of Drd2 expression in the ventral striatum especially given
maternal polysubstance use. As such, striatal sections from offspring with prenatal THC
exposure were examined for disturbances in Drd2 mRNA levels. There was no significant
difference in developmental parameters as a consequence of the THC exposure. Similar to
the human cannabis-exposed fetus, Drd2 mRNA expression was decreased by ~40% in the
NAc [F(1,15)=16.472, p=0.001], but not the dorsal striatum [F(1,15)=0.846, p=0.373], of
the PND2 pup (Fig. 2A). To evaluate whether prenatal THC exposure causes long-term
impairments in the expression of the Drd2 gene, a separate cohort of male offspring was
studied in adulthood (PNDG62). Intriguingly, Drd2 mRNA levels continued to be reduced
(~30%) at PND62 in the NAc and remained unchanged in the dorsal striatum [F(1,8)=1.12,
p=0.322]. The NAc core and shell, important components of motor and reward circuits
respectively (24), could be dissociated at PND62, and Drd2 mRNA levels were decreased in
both subregions (NAc core: [F(1,8)=9.92, p<0.01]; NAc shell: [F(1,8)=7.09, p<0.05]; Fig.
2B), indicating that THC-induced disruption of mesolimbic Drd2 mRNA levels persisted
into adulthood.

Prenatal THC exposure disrupts the long-term epigenetic regulation of Drd2 mRNA
expression in the rat NAc

The detection of reduced Drd2 mRNA transcript levels in the NAc of cannabis-exposed
human fetuses and in neonatal rats with prenatal THC exposure, together with the
persistence of the change into adulthood in rats, indicated that the observed downregulation
of Drd2 gene expression may be achieved via epigenetic regulatory processes. One
mechanism by which THC could epigenetically modulate the levels of Drd2 mRNA
expression is by affecting the post-translational modification of nucleosomal histones in the
locus. To investigate this possibility, we performed chromatin immunoprecipitation (ChIP)
on extracts isolated from the NAc of adult male rats with prenatal THC exposure and
immunopreciptated with antibodies specific for dimethylated lysine 9 (2meH3K9) and
trimethylated lysine 4 (3meH3K4) on histone H3. These modifications were chosen because
decreased Drd2 expression could be modulated by enhanced transcriptional repression,
reduced transcriptional activation or both. It is well accepted that 3meH3K4 is mainly
detected in transcriptionally active chromatin regions of the genome (25-26) while
dimeH3K®9 has been often associated with repression of developmental genes in other
experimental paradigms (27-28). After immunoprecipitation, the purified DNA was
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amplified using primers specific for four evolutionarily conserved genomic regions within 3
kb upstream of the Drd2 transcription start site (TSS) and for one site within the coding
sequence. The profile of 2meH3K9 and 3meH3K4 at the Drd2 locus in the NAc of drug-
naive (prenatally vehicle-treated) adult rats revealed higher levels of 3meH3K4 close
(+0.3kb) to the TSS, and higher levels of 2meH3K9 upstream of the TSS (Figure S3 in the
Supplement).

Interestingly, prenatal THC exposure significantly increased the repressive 2meH3K9 mark
between —1.8kb (69% increase vs control) and —3kb (83% increase vs control) upstream of
the TSS and decreased 3meH3K4 across the analyzed genomic fragment in the NAc of adult
rats exposed to THC in utero (Fig. 3A and B; Figure S4 in the Supplement). In agreement
with 3meH3K4 as a mark of transcriptional activity, its reduction was associated with
decreased RNA polymerase Il (Pol 1) at the TSS (+0.3kb) and within the coding region
(+40kb) (Fig. 3C). Although no change in 2meH3K9 was observed at the Drd1 gene (Fig.
3A), there was reduced 3meH3K4 (Fig. 3B) and decreased Pol Il (Fig. 3C) association at
this locus despite the lack of alteration of Drd1 transcripts in response to prenatal THC
exposure.

Prenatal THC exposure disrupts DyR function and increases opiate reward sensitivity in

adulthood

The relevance of impaired Drd2 gene expression to D,R function was tested by investigating
D,R binding using 3H-raclopride in vitro autoradiography. Similar to the alterations
observed on gene expression, we found decreased D,R binding sites in the NAc
[F(1,8)=6.15, p=0.05], but not in the dorsal striatum [F(1,9)=0.08, p=0.782] of adult rats
exposed prenatally to THC (Fig. 4). Since reduced striatal DoR levels are associated with
increased addiction vulnerability (29-30), we hypothesized that adult rats with prenatal THC
exposure would be more sensitive to the rewarding effects of drugs of abuse since previous
studies showed that prenatal THC-exposed adult rats exhibited higher sensitivity to heroin
self-administration (5). In order to investigate this possibility, rats were tested in the place
condition task with an opiate drug. Adult vehicle animals had no compartmental preference
during pre-conditioning (433.75+ 11.27s/light and 466.25 + 11.27s/dark), but THC-exposed
animals showed preference to the dark environment (295.57 + 19.26s/light and 604.43 +
19.26s/dark). Despite the baseline pre-conditioning aversion, rats exposed to THC in utero
showed increased place preference for the initial non-preferred compartment in response to
low dose morphine compared to vehicle exposed rats [F(1,10)=5.76, p=0.039] (Fig. 5).

Discussion

Our data suggest that the association between prenatal cannabis exposure and addiction
vulnerability can be explained, at least in part, by cannabis-induced alterations in the
epigenetic regulation of the DRD2 gene in the NAc. Mimicking the human mesolimbic
DRD?2 expression impairments in a rat prenatal THC exposure model also enabled us to
follow the long-term trajectory of disrupted Drd2 regulation, which persisted into adulthood
and was associated with increased levels of 2meH3K9. Moreover, prenatal THC-exposed
adults showed enhanced opiate reward conditioned place sensitivity that superseded their
baseline pre-conditioning aversion that is consistent with increased heroin self-seeking
behavior previously documented in animals with similar prenatal treatment (5).

The finding that prenatal cannabis exposure disrupts DRD2 gene expression in the human
fetal brain is interesting given that D,R dysregulation has been implicated in addiction risk.
Imaging studies of adult subjects with a history of drug abuse have reported reduced levels
of D,Rs in the striatum (12), and animal models documented that reduction of NAc Drd2
gene enhances drug intake (31). Human genetic studies have also linked variants of the D2
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receptor gene to addiction phenotypes related to alcohol, opiates and psychostimulant abuse
(32). While we do not exclude a genetic contribution to the impairment of the DRD2 mRNA
expression observed in the cannabis-exposed fetuses, the complementary animal model
supports our contention that adult NAc D,R regulation is impacted by prenatal THC
exposure.

Studies of the human brain are invariably complex especially given the inability to regulate
confounds including multi-drug use and it is expected that alcohol and cigarette could affect
DRD2. Examining other striatal genes in addition to DRD2, however, can help to provide
important information regarding the specificity of cannabis-related alterations. Similar to
DRD2, PENK mRNA is also expressed on striatopallidal neurons in both the ventral and
dorsal striatum (11, 33), but striatal PENK expression was strongly influenced by alcohol
exposure. The impact of maternal alcohol use on striatal PENK mRNA levels could have
masked cannabis-induced effects of PENK mRNA expression considering that reduced NAc
PENK mRNA was detected in neonate rats with prenatal THC exposure (5). However, as
compared to cannabis, alcohol was associated with a widespread disturbance of most
markers studied particularly in the dorsal striatum. The specificity of the molecular
observations to cannabis was also supported by the observation that although cigarette
smoking is common in cannabis users, only the PDYN mRNA was directly related to the
maternal report of cigarette use, in contrast to the DRD2 expression which was significantly
correlated to maternal cannabis intake. Thus, it is possible to dissociate specific drug-related
effects in the human fetal brain, especially when substantiated by the use of complementary
animal models.

Mimicking cannabis-induced human fetal mesolimbic DRD2 gene expression disturbances
in the prenatal THC rat model also provided novel information regarding epigenetic
disturbances that could maintain Drd2 gene expression impairments into adulthood.
Identifying specific epigenetic mechanisms that may play a role in maintaining cannabis-
induced alterations in Drd2 gene expression is important since most studies showing long-
term epigenetic disturbances in the offspring due to environmental influences has been
related to maternal diet-induced changes (34) and no data currently exist on such protracted
effects of early developmental drug exposure. The majority of epigenetic studies in the drug
abuse literature have focused on cocaine-induced changes in chromatin during adolescence
or adulthood, rather than during the prenatal period (26, 28, 35). A particularly interesting
observation of our study is the THC-induced increase in 2meH3K9 in a discrete region
upstream of the Drd2 TSS. In contrast to 3meH3K4, the 2meH3K9 mark remained
unchanged at the Drd1 gene, indicating a developmental regulatory mechanism that might
act on specific sequences located between —1.8 and 3 kb upstream of the Drd2 TSS.
Developmental regulation of 2meH3K9 has been shown to be important for the appropriate
tissue-specific expression of a variety of gene loci not only at promoters but also in broader
regulatory regions including enhancers (36-37).

The site-specific increase in 2meH3K9 was accompanied by decreased 3meH3K4 across the
analyzed Drd2 genomic fragment. Reduced 3meH3K4 was also detected at the Drd1 gene
without significant change in 2meH3K®9, suggesting that long-term disruption of 3meH3K4
due to prenatal THC exposure may not on its own be sufficient for altering transcriptional
activity. However, the direction of change of both 2meH3K9 (increase) and 3meH3K4
(decrease) at the Drd2 gene is consistent with the observed reduction in Drd2 mRNA
expression in adulthood. Antagonistic roles for histone H3 lysine 9 and 4 methylation have
been widely documented in gene regulation during brain development (25). For example, it
has been shown using in vitro biochemical and in vivo approaches that H3K9 methylation
levels can only be increased in the absence of the 3meH3K4 mark due to the specificity of
enzymes that modulate H3K9 methylation, the binding of which is blocked by high level
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3meH3K4 (38). Such a mechanism would explain the reduced 3meH3K4 levels induced by
THC and the recruitment of the enzymes that modulate 2meH3K9 at the upstream sequence
element of the Drd2 gene. As the RNA polymerase I transcription machinery is known to
physically and functionally interact with chromatin regions containing 3meH3K4 (39), the
THC-induced reduction in 3meH3K4 could explain decreased Pol 11 association with the
gene and downregulation of Drd2 mRNA production. Identification of the chromatin
modifying enzymes that mediate the long-term effect of prenatal THC exposure will be an
important subject of future studies.

In conclusion, these data emphasize the sensitive nature of the prenatal period, during which
cannabis exposure can set into motion epigenetic alterations that contribute to long-term
disturbances of the D2R in adulthood, thereby laying a foundation for increased vulnerability
to addiction and potentially other psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Dopamine receptor and opioid neuropeptide mRNA levels in human fetal striatum. (A) In
situ hybridization autoradiograms showing the distribution pattern of DRD2 and DRD1
MRNA transcripts in the striatum. (B) DRD2 mRNA levels in the NAc and putamen of
cannabis-exposed subjects. (C) Correlation of NAc DRD2 mRNA levels with maternal
report of cannabis use. (D) DRD1 mRNA levels in the NAc and putamen of cannabis-
exposed subjects. (E) Distribution pattern of PENK and PDYN mRNA transcripts in the
human fetal striatum. (F) PENK and (G) PDYN mRNA levels in the NAc and putamen of
cannabis-exposed subjects. Bar graphs show the cannabis-exposed group (black bars)
expressed relative to control (white bars). Date are expressed as mean £ SEM. **, p <0.01
vs control subjects. N=17-24 subjects per group. NAc, nucleus accumbens; Put, putamen;
AD)J, average daily joint; dpm/mg, disintegrations per minute per milligram.

Biol Psychiatry. Author manuscript; available in PMC 2012 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DiNieri et al.

120 4

100 1

80 4

% of control
()]
o

Figure 2.

%% %

PND2

NAc

DS

% of control
N EaN (o)} o]
o o o o

o

Page 13

PND62 I:I VEH
Hl THC
*
* *
NAc NAc DS
shell core

Striatal Drd2 mRNA levels in rats exposed to THC in utero. Drd2 mRNA levels in the
striatum of PND2 (A) and PND62 (B) rats with prenatal THC exposure. Bar graphs show
the THC-exposed group (black bars) expressed relative to control (white bars). Data are
expressed as mean £ SEM. *, p < 0.05; **, p < 0.01; *** p < 0.001 vs control subjects.
N=5-16 rats per group. PND, postnatal day.
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Figure 3.

Dopamine receptor gene regulation in the NAc of adult rats with prenatal THC exposure.
(A) Analysis of 2meH3K9 at the Drd2 gene and Drd1 gene. (B) Analysis of 3meH3K4 at the
Drd2 gene and Drd1 gene. (C) Analysis of Pol Il binding in Drd2 and Drd1 gene. Values are
expressed as mean £ SEM. *, p < 0.05; **, p < 0.01; ***, p <0.001; **** p < 0.0001vs
control subjects. N=5-6 samples (bilateral pooled NAc from 2 rats in each sample)/group.
Black bars, THC exposed group; white bars, vehicle-exposed group; kb, kilobases; TSS,

transcription start site.
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Figure 4.

D,R 3H-raclopride binding in the striatum of adult rats with prenatal THC exposure. Bar
graphs show the THC-exposed group (black bars) expressed relative to the vehicle group
(white bars). Values are expressed as mean £ SEM. *, p < 0.05 vs vehicle group. N=5 rats
per group.
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Figure 5.

Place conditioning for morphine (4 mg/kg) in adult rats with prenatal THC or vehicle
exposure. Data are represented as time spent on drug-paired side on test day. *, p < 0.05 vs
vehicle group. N=5-6 rats per group.
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Demographics of the human fetal samples in cannabis-exposed and control groups. Maternal cannabis,

Table 1

Page 17

cigarette and alcohol use are represented as average daily joint (ADJ), average daily cigarette (ADC), and
average daily volume (ADV), respectively. This metric was calculated by converting weekly use into daily use
based on the yearly pattern of use [e.g. seven joints per week equals an ADJ score of 0.90 (7 joints/week x 4
weeks/month)/(31 days/month)] (40). For alcohol use, 1 drink was equal to 12 oz. of beer, 4 oz. of wine, or 1.5
oz of liquor. Values are represented as mean + SEM.

((':\logtlzfg; Cann(a'l\llalzs-gi)posed p-value
Mother’s Age (years) 23.84+1.2 22.25+0.7 0.2724
Mother’s Education (years) 12.12+04 11.87+04 0.6712
Mother’s Race (White/Black/Hispanic) 212112 0/19/5 -
Fetal Sex (male/female) 13/12 13/11 -
Fetal Age (gestation weeks) 20.36 + 0.3 20.21+0.3 0.6961
Postmortem Interval (hours) 9.58+0.7 7.97+0.7 0.1248
Maternal Cannabis Use (ADJ) 0 1.24+0.2 <0.0001
Maternal Cigarette Use (ADC) 2.16+0.8 4.04+£0.8 0.0983
Maternal Alcohol Use (ADV) 0.30+0.1 0.30+0.1 0.9899
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