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Abstract

Adolescence is a critical phase of active brain development often characterized by the initiation of
marijuana (Cannabis sativa) use. Limited information is known regarding the endogenous
cannabinoid system of the adolescent brain as well as related neurotransmitters that appear sensitive
to cannabis exposure. We recently observed that adult rats pre-exposed to A-9-tetrahydrocannabinol
(THC) during adolescence self-administered higher amounts of heroin and had selective impairments
of the enkephalin opioid system within the nucleus accumbens (NAc) implicated in reward-related
behavior. To explore the ontogeny of the cannabinoid and opioid neuronal systems in association
with adolescence THC exposure, rats were examined at different adolescent stages during an
intermittent THC paradigm (1.5 mg/kg i.p. every third day) from postnatal days (PNDs) 28-49. Rat
brains were examined 24 hours after injection at PND 29 (early adolescence), PND 38 (mid
adolescence) and PND 50 (late adolescence) and analyzed for endocannabinoids (anandamide and
2-arachidonoylglycerol), Met-enkephalin, cannabinoid CB; receptors and i opioid receptors (LOR)
in the NAc, caudate-putamen and prefrontal cortex (PFC). Of the markers studied, the
endocannabinoid levels had the most robust alterations throughout adolescence and were specific to
the PFC and NAc. Normal correlations between anandamide and 2-arachidonoylglycerol
concentrations in the NAc (positive) and PFC (negative) were reversed by THC. Other significant
THC-induced effects were confined to the NAc — increased anandamide, decreased Met-enkephalin
and decreased PORs. These findings emphasize the dynamic nature of the mesocorticolimbic
endocannabinoid system during adolescence and the selective mesocorticolimbic disturbance as a
consequence of adolescent cannabis exposure.
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Introduction

Methods

Animals

It is now well accepted that adolescence is an important period of active neural development
(Rice and Barone, 2000, Charmandari et al., 2003) that may be particularly vulnerable to
external insults and internal (e.g., hormonal and emotional) stress. Of growing concern is the
fact that initiation of drug experimentation normally begins during adolescence (SAMHSA,
2007). Several clinical studies have linked repeated early cannabis exposure with the
development of schizophrenia (Arseneault et al., 2002, van Os et al., 2002, Fergusson et al.,
2003, Green et al., 2004, Veen et al., 2004) and an increased risk of other illicit drug use
(Yamaguchi and Kandel, 1984, Fergusson and Horwood, 2000, Lynskey et al., 2003, Agrawal
et al., 2004). While epidemiological studies have tried to evaluate underlying factors that may
predispose individuals to use cannabis as well as other illicit drugs, e.g. genetic predisposition,
peer-pressure, drug availability and risk-taking behavior (e.g. Hall and Lynskey, 2005),
experimental animal studies have helped to provide insights into direct neurobiological
alterations in the brain induced by cannabis. These alterations may contribute to the disturbance
of reward neural pathways that influence the progression to future drug abuse. We recently
observed in an adolescent rat model (Ellgren et al., 2007) that animals exposed to delta-9-
tetrahydrocannabinol (THC; the main psychoactive ingredient of cannabis) at an early age
resulted in higher intravenous heroin self-administration in adulthood. Moreover, molecular
studies revealed specific alterations in the enkephalin opioid system within brain areas
implicated in reward-related behavior, e.g. increased expression of proenkephalin (PENK)
MRNA in the nucleus accumbens (NACc) shell and increased [ opioid receptor (LOR) activity
in the ventral tegmental area. The time course of THC effects on the opioid system as well on
the endogenous cannabinoids is however unknown. The aim of the present study was to explore
potential neurochemical alterations during adolescent brain development in association with
THC exposure that could account for the opioid reward-related disturbances observed
previously in adult rats with adolescent THC use. To date, most developmental studies of the
cannabinoid (Berrendero et al., 1999, Fernandez-Ruiz et al., 2000, Perez-Rosado et al., 2000,
Ade and Lovinger, 2007) and opioid (Xia and Haddad, 1991, Brana et al., 1995, Georges et
al., 1998) systems have focused on the embryonic and early postnatal stages. As such, another
important aim of the current investigation was to assess the ontogeny of the cannabinoid and
opioid systems in reward-related brain areas in the adolescent rat brain. The levels of
cannabinoid receptor type 1 (CB1), mu opioid receptor (LOR), endocannabinoids (anandamide
and 2-arachidonoylglycerol; 2-AG) and Met-enkephalin were analyzed in subregions of the
striatum — NAc shell, NAc core, and caudate-putamen — of THC or vehicle exposed rats at
ages corresponding to early (postnatal day; PND; 29), mid (PND 38) and late (PND 50)
adolescence. Given the importance of the prefrontal cortex (PFC) in cognitive function and its
protracted development until late adolescence/early adulthood, this cortical area was also
examined

Male Long-Evan rats (21 days old) were obtained from M&B Taconic, New York, USA. They
were group-housed in atemperature-controlled environment on areversed 12-h light/dark cycle
(lights off at 11 a.m.) with ad libitum access to food and water. The rats were allowed to
acclimate in their new environment and were handled daily for one week before the start of

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ellgren et al.

Drugs

Page 3

the experiment. All animal experiments were performed in accordance with the guidelines of
The Swedish National Board for Laboratory Animals under a protocol approved by the Ethical
Committee of Northern Stockholm, Sweden.

THC (10 mg/ml in ethanol solution; Sigma-Aldrich, Sweden) was evaporated under nitrogen
gas, dissolved in 0.9% NaCl with 0.3% Tween 80 to a final concentration of 0.75 mg/ml THC
and administered intra-peritoneally (i.p.) at a volume of 2 ml/kg.

Adolescent cannabis exposure

Using the treatment paradigm previously described (Ellgren et al., 2007), young rats were
exposed to THC (1.5 mg/kg i.p.) or vehicle (0.9% NaCl with 0.3% Tween 80) during PND 28
to 49. The age span chosen extends beyond the prototypic adolescent period (days 28-42),
which starts around 10 days before puberty and ends a few days after (Spear, 2000), to reach
late adolescence on the border to young adulthood (Andersen, 2003). The animals were given
one injection every third day, for a total of eight injections; this paradigm was used in order to
mimic the intermittent cannabis use normally seen in teenagers. The rats were sacrificed 24
hours after the first (PND 29, early adolescence), fourth (PND 38, mid adolescence) and eighth
(PND 50, late adolescence) injections respectively. Five animals/group were used for each time
point studied. The PFC, caudate-putamen, NAc core, and NAc shell were collected by manual
dissection on dry-ice according to the atlas of Paxinos and Watson (1997) and was immediately
stored in —70°C. Tissue from the left hemisphere was used in the analysis of endogenous
cannabinoids, whereas tissue from the right hemisphere was used for analysis of receptor
(CB1 and HOR) and Met-enkephalin peptide levels.

Liquid chromatography- mass spectrometry (LC-MS) analysis of endogenous cannabinoids

Anandamide and 2-AG were extracted from the brain tissues according to Kingsley and
Marnett (2003). In brief, the brain tissue was homogenized in ethylacetate:hexane (9:1; 40 ml
per gram of tissue) containing 500 pmol of each internal standard. Lipid extracts were purified
via solid phase extraction (SPE) and the eluate were analyzed by LC-MS (Giuffrida et al.,
2000, Degn et al., 2007) using a Hewlett Packard 1100 Series HPLC/MS system equipped with
a Phenomenex HyperClone ODS column. Synthetic standards of anandamide and 2-

AG, 2Hg-AEA and 2Hg-2-AG were obtained from Cayman Chemical (Ann Arbor, MI, USA).
Quantitative analyses were performed by positive electrospray detecting diagnostic ions
(protonated molecular ions [M + H]* and sodium adducts of molecular ions [M + Na]*) in
selected ion monitoring (SIM) mode. Data analysis was performed using HP Chemstation
software.

Fluorescent immunosorbent assay of CB1 and pOR density

Cell membranes were prepared for detection of CB4 and pOR density. In brief, the dissected
tissue was homogenized in 50mM Tris-HCI (pH 7.4) + 10 % sucrose and 1X protease and
phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO, USA). Following a 10-min
centrifugation (20,000 g at 4°C), the pellet was resuspended in 50mM Tris-HCI (pH 7.4) with
protease and phosphatase inhibitors. After 30 min incubation on ice, the samples were
centrifuged (20,000 g at 4°C for 20 min) and resuspended in 50mM Tris-HCI (pH 7.4) with
protease and phosphatase inhibitors. Three ug membrane proteins were plated on a high
binding 96 well ELISA plates (Fisher scientific research, NJ, USA) and dried overnight at room
temperature. The following day, the membranes were washed with phosphate buffered saline
(PBS) and blocked with 3 % normal goat serum in PBS for 1 hour at room temperature. Primary
antibody solutions (the LOR and CB; antibodies were directed against the activated N terminus
conformation state of the receptor, [Gupta et al., 2006, Heimann et al., 2007]; 1:500 dilution)
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were added to the wells followed by incubation at 4°C overnight. The plates were then washed
three times with PBS before a 1-hour incubation at 37°C with secondary antibody solution
(fluorescence-linked goat anti-rabbit IgG; IRDye, Li-Cor biosciences, Nebraska, USA), diluted
1:2000. The plates were again washed three times with PBS before the fluorescence (corrected
integrated intensity; 1.1.) at 700 or 800 nm emission wavelength was determined for each well
using the Odyssey Infrared Imaging System (Li-Cor biosciences).

Radioimmunoassay detecting immunoreactive (ir-) Met-enkephalin

Statistics

Results

Ir-Met-enkephalin was analyzed in the supernatant collected from the membrane purification.
Approximately 10-30 pl of sample supernatant was analyzed for ir-Met-enkephalin using the
Met-enkephalin radioimmunoassay (RIA). For this, the samples were incubated with a 1:2000
dilution of Met-enkephalin antiserum (Bachem Bioscience Inc, Philadelphia, USA) in a RIA
buffer (10 mM Tris-Cl buffer pH 7.5 containing 0.1% gelatin; Bio-Rad, California, USA; 0.1%
bovine serum albumin; protease-free; Sigma, St. Louis, USA; 0.1% Triton X-100 and 0.02%
sodium azide). On the following day, 1251-Met-enkephalin (~10,000 cpm/tube; Bachem
Bioscience Inc.) was added and incubated overnight at 4°C. To terminate the reaction, 100 pl
of goat anti-rabbit globulin and 100 pl of normal rabbit serum were added in RIA buffer
(without gelatin). The antigen-antibody complex was separated from the unbound radioligand
by centrifugation and the radioactivity in the pellet was measured in a gamma counter (Perkin
Elmer Life Sciences, Shelton, CT, USA). A standard curve consisting of 0-1000nM Met-
enkephalin was used to calculate the amount of ir-Met-enkephalin in each sample.

Data was analyzed with two-way analysis of variance (age x drug treatment) followed by Tukey
post hoc analysis when appropriate. Pearson correlation analyses were evaluated for the levels
of the endocannabinoids. Statistical significance was set as P <0.05 and trends considered for
P <0.10.

Endogenous cannabinoids

Concentrations of endogenous cannabinoids measured in the NAc, caudate-putamen and PFC
during the adolescent period and the effect of THC exposure are shown in figure 1. The amount
of anandamide in the NAc was found to depend on both age [F(2, 23)=4.43, P<0.05] and THC
treatment [F(1, 23)=10.51, P<0.01]. Anandamide levels peaked at mid adolescence in vehicle
treated animals, where it was almost three times (165%) higher than at the early adolescence
stage (43.5 vs. 16.4 pmol/g, P<0.05) and almost double the amount in the late (43.5 vs. 22.4
pmol/g, P<0.05). The first injection of THC caused a strong elevation (165%) in the level of
anandamide (43.5 vs. 16.4 pmol/g in the corresponding vehicle control, P<0.01) and there was
still an increased trend after the full treatment period of eight injections (39.4 vs. 22.4 pmol/
g; 76% increase, P=0.08). The levels of 2-AG in the NAc was dependent on age [F(2, 23)
=28.45, P<0.00001] and post hoc analysis of merged treatment groups (no significant group
difference) revealed that there was a significant decrease in 2-AG levels from early to mid
adolescence (24.4 vs. 7.2 nmol/g, P<0.00001). The 2-AG levels were still lower in late
adolescence (10.1 vs. 24.4 nmol/g in early adolescence, P<0.00001). In the caudate-putamen,
anandamide and 2-AG levels were not altered by either age or treatment.

In the PFC, both anandamide and 2-AG levels were markedly dependent on age ([F(2, 23)
=34.58, P<0.00001] and [F(2, 23)=57.93, P<0.00001], respectively). Anandamide levels
progressively increased in the PFC during the course of adolescence; the levels more than
doubled (118% increase) from early to mid adolescence (8.0 vs. 17.4 pmol/g, P<0.05) and
increased further from mid to late adolescence (17.4 vs. 31.0 pmol/g, P<0.001). The amount
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of 2-AG in the PFC showed a temporal decrease during the time periods studied. The 2-AG
levels decreased from early to mid adolescence (45.0 vs. 21.8 nmol/g, P<0.001), but were
increased again in late adolescence (21.8 in mid vs. 34.4 nmol/g in late adolescence, P<0.001;
but still lower than early adolescence, P<0.001). There were no THC treatment effects on the
levels of anandamide or 2-AG in the PFC.

Based on the recent inverse relationship detected between anandamide and 2-AG synthesis in
the striatum (Maccarrone et al., 2008), we evaluated correlations between the endocannabinoid
levels. A strong significant negative correlation was apparent generally throughout
development between anandamide and 2-AG levels in the NAc (r = —0.8005, P=0.001) in
control animals. This was, however, disrupted in THC rats with a reverse correlation evident
at the mid-adolescent stage (r = 0.8863, P<0.05). In contrast to the ventral striatum, no
significant correlation was observed between the endocannabinoids in the caudate-putamen.
Evaluation of the PFC revealed an increased correlation between anandamide and 2-AG levels
throughout development with significance prominent in late adolescence (r =0.9709, P<0.01)
which was reversed in THC animals (r = —0.9327, P <0.05)

CB1 receptor density

Figure 2 shows the levels of CB4 (represented as corrected integrated intensity; I.1) in the brain
regions studied. There was a significant overall effect of age [F(2, 23)=6.28, P<0.01] and an
age x treatment interaction [F(2, 23)=4.01, P<0.05] in the NAc shell, with a significant increase
of CB receptors in the vehicle treated group from early to late adolescence (24% increase,
P<0.05). There was also a trend for increased CB levels after one injection in the THC group
compared to the vehicle control (22% increase, P=0.08). Inthe NAc core, there was a significant
effect of age [F(2, 23)=5.04, P<0.05] with a 19% decrease in activated CB; levels from early
to late adolescence (P<0.05). Also in PFC there was a significant age effect on the levels of
CB1 [F(2, 23)=3.82, P<0.05]; the density of CB1 decreased 9% from early adolescence to mid
adolescence (P<0.05). An age [F(2, 23)=3.35, P=0.05] and trend treatment [F(2, 23)=3.23,
P=0.08] effect was also apparent in the caudate-putamen.

Met-enkephalin

MOR density

Examination of ir-Met-enkephalin levels revealed a significant age x treatment interaction in
the NAc core [F(2, 23)=6.58, P<0.01] (figure 3). The ir-Met-enkephalin concentrations in the
NACc core did not vary between age groups, but the THC pretreated group had significantly
decreased levels after the full treatment paradigm (16.1 vs. 22.7 pmol/g in the vehicle treated
group, P<0.05). Of the other brain areas studied, the levels of ir-Met-enkephalin were not
affected by age or THC treatment. It should be noted that the level of ir-Met-enkephalin was
below the detection limit (50 fmol/sample) in 7 of the caudate-putamen samples, distributed
between all groups studied irrespective of treatment or age.

Figure 4 shows the density of HORs in the brain regions studied. There was a significant age
x treatment interaction [F(2, 23)=3.68, P<0.05] in the NAc shell and a post hoc analysis
revealed significantly lower amount of HOR in the THC treated group compared to vehicle
controls in late adolescence (14% decrease, P<0.05). There was no significant effect of either
age or treatment in the NAc core or caudate-putamen, however, there was an age x treatment
interaction on the amount of LOR detected in the PFC [F(2, 23)=4.56, P<0.05]. THC treated
rats had decreased density of the LOR in late adolescence compared to both early (22%
decrease, P<0.01) and mid adolescence (20% decrease, P<0.05).
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Discussion

The current results reveal clear developmental fluctuations throughout adolescence in
endocannabinoid levels in the NAc and PFC, brain regions involved in reward, motivation,
and cognition. The most profound alteration was the continuous increase in PFC anandamide
levels throughout the adolescent period; concentrations were almost three times higher in late
than early adolescence. However, the 2-AG concentrations were lower in the PFC in the later
phases than in the beginning of the adolescent period, a finding paralleled in the NAc. These
findings emphasize dynamic alterations in endocannabinoid function in mesocorticolimbic
regions of the adolescent brain that are relevant to reward and, to an even greater extent,
cognition and emotional learning. The strong role of endocannabinoids in cognitive functions
is well established (Egerton et al., 2006). For example, blocking endocannabinoid function by
the CB; antagonist SR141617A (rimonabant) improves working memory in adult rats
(Terranova et al., 1996, Lichtman, 2000). Stimulation or blockade of cannabinoid CB4
receptors also modulates emotional associative learning and memory formation in neurons of
the medial PFC (Laviolette et al., 2005, Laviolette and Grace, 2006). Several investigations
also implicate endocannabinoids in neurogenesis and neuroprotection, e.g., impaired adult
neurogenesis was observed in CB1 knock-out mice (Jin et al., 2004). In addition to the
endocannabinoids, we found CB; receptors to vary in the PFC and NAc core during the
different phases of adolescence, but the alterations were less marked than for anadamide and
2-AG. We, however, did not examine CB; receptor function and thus cannot exclude
developmentally-dependent alterations in CB; signaling transduction.

In contrast to the endocannabinoid markers, both Met-enkephalin and HOR levels were stable
across adolescence in the current developmental paradigm. These findings underscore the
specific association of the endocannabinoid system with neurodevelopment, not only for the
prenatal/perinatal period that has been well documented (Fernandez-Ruiz et al., 2000, Berghuis
et al., 2005, Ade and Lovinger, 2007, Berghuis et al., 2007), but also during adolescence.
Nevertheless, opioid neuropeptides have been shown to play an important role during perinatal
neurodevelopment (Zagon et al., 1994, Wang et al., 2003) and further studies are needed to
fully explore the opioid system during adolescent development.

In contrast to the strong developmental changes apparent during adolescence, THC effects
were discrete on both the opioid and cannabinoid signaling systems. The lack of significant
CB; alterations by THC is not unexpected since receptor density may appear stable with
alterations in signaling transduction more sensitive to changes in receptor function. Moreover,
THC-induced effects on CB4 are normally observed at high dosing regimens as compared to
the low THC dose used in the current study (McKinney et al., 2008). Interestingly, of the THC-
induced effects seen on the cannabinoid and opioid systems, alterations were primarily evident
in both the shell and core compartments of the NAc, neuronal populations associated with
reward and goal-motivated behavior. No changes were detected in the caudate-putamen that
is strongly linked with sensorimotor function (Alexander and Crutcher, 1990, McFarland and
Haber, 2000). This indicates specific mesolimbic sensitivity within the striatum as a
consequence of the THC exposure.

Of the endocannabinoids studied, anandamide appeared most sensitive to THC. There was an
upward shift of anandamide concentrations in the NAc of THC-exposed rats with significance
evident after the first injection, though there was still a trend towards increased levels after the
full treatment paradigm. In line with the current findings, previous studies have observed
increased tissue levels of anandamide in limbic forebrain areas, that contained the NAc, after
chronic THC, nicotine or alcohol administration (Di Marzo et al., 2000, Gonzalez et al.,
2002). It is important to note that despite the apparent modest impact of THC on the
concentrations of anandamide and 2-AG there was evidence for significant disturbance in
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endocannabinoid transmission. Consistent with recent publication documenting an imbalance
between striatal anadamide and 2-AG levels (Maccarrone et al., 2008), we detected a strong
negative correlation in control animals between the endocannabinoid concentrations in the
NAc which was reverse at the mid-adoloscent phase in THC-treated animals. Other studies
have also reported opposite changes in anadamide and 2-AG levels (Valenti et al., 2004, Vigano
et al., 2004, Bequet et al., 2007, Caille et al., 2007). These opposing effects, at least in the
striatum, appear to be due in part to anadamide inhibition of 2-AG synthesis via anadamide
regulation of the TRPV1 (Maccarrone et al., 2008). Although our findings in the NAc are in
line with this apparent negative relationship between the endocannabinoid levels, we failed to
see a similar correlation in the caudate-putamen/dorsal striatum. The striatal region was not
specified by Maccarrone and colleagues (2008) and further investigations are needed to fully
elucidate potential subregional differences within the striatum in regard to the relationship
between anandamine and 2-AG production. The current findings also suggest regional
differences between the striatum and cerebral cortex regarding the homeostatic relationship
between anadamide and 2-AG, considering the opposing relationship detected between the
endocannabinoids in the PFC as compared to the NAc. Although THC elevation of anandamide
was only detected in the NAc, THC did influence endocannabinoid transmission in the PFC
as evident by the reversal of the normal positive correlation between anadamide and 2-AG at
the late developmental phase in THC-exposed animals.

Anandamide is an important regulator of synaptic plasiticity and THC-induced increase of
anandamide levels in the NAc would be expected to inhibit glutamate release due to the
stimulation of CB1 receptors on excitatory presynaptic terminals (Hoffman and Lupica,
2001, Wilson and Nicoll, 2002). Disturbance of NAc glutamate function is a key
neurobiological feature underling drug abuse vulnerability (McFarland et al., 2004, LaLumiere
and Kalivas, 2008) and thus may account in part of the enhanced opiate self-administration
behavior evident in adulthood in animals with adolescent exposure to THC (Ellgren et al.,
2007) or other CB agonists (Biscaia et al., 2008). In addition to enhanced anadamide levels
and stimulation of CB; receptors, induction of synaptic plasticity in the form of long-term
depression in the striatum requires stimulation of D, receptors (Calabresi et al., 2007).
Enkephalin containing medium spiny neurons in the NAc express both dopamine D5 and
CBj receptors (Luetal., 1998, Pickel et al., 2004) and activation of these Gi/o coupled receptors
would resultinadecrease in PENK gene expression, leading to lower levels of Met-enkephalin.
Adolescent animals exposed to THC in our model had reduced Met-enkephalin levels in the
NAc core. Previous work in our lab also demonstrated decreased PENK mRNA levels in the
NAc immediately following chronic prenatal THC exposure (Spano et al., 2007). Itis important
to note that a microdialysis study reported increased extracellular levels of Met-enkephalin in
the NAc after acute administration of THC (Valverde et al., 2001). Differences in apparent
Met-enkephalin levels in response to THC between the studies could be explained by the very
high dose (20 mg/kg) used by Valverde et al., (2001) as compared to the low 1.5 mg/kg used
in the current experiment which might lead to different neural stimulations and mechanisms
of action. Another consideration is that the current study evaluated tissue concentrations, which
reflect not only released levels, but synthesis, processing, and degradation of the neuropeptide.
Moreover, in contrast to the microdialysis evaluation, Met-enkephalin levels were currently
examined 24 hours after the drug injection. One question of interest for the Met-enkephalin
findings was the relationship to gene expression given that young adult animals with adolescent
THC exposure had PENK mRNA alterations specifically in the NAc shell (Ellgren et al.,
2007). THC effects apparent on Met-enkephalin at late adolescence was also restricted to the
NAc, but within the NAc core. Prenatal THC-induced effects on PENK mRNA have, however,
been detected in both the NAc core and shell of young adult animals (Spano et al., 2007).
Additional studies are required to fully characterize subregional dissociation between mRNA
and protein. Nevertheless, the findings to date emphasize NAc disturbance as a consequence
to developmental THC exposure.
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In addition to the Met-enkephalin findings, LOR were also decreased in the NAc, but not in
caudate-putamen or PFC, as a consequence of the adolescent THC exposure. Altogether, these
results continue to substantiate the specific sensitivity of mesolimbic opioid neuronal
populations important for hedonic state (Kelley et al., 2002, Skoubis et al., 2005) as a
consequence of early THC exposure. Such disturbances would be expected to contribute to
impaired reward function.

In summary, this study emphasizes the dynamic nature of the endocannabinoid system in the
adolescent brain. Active endocannabinoid neurodevelopment occurs to a very high extent from
early to late adolescence with the most pronounced brain changes relevant to cognitive
function. In contrast, chronic intermittent low dose THC exposure during adolescence leads to
discrete alterations of both cannabinoid and opioid-related markers most evident in the NAc.
The fact that cannabis-induced effects are localized to the NAc support our previous finding
of increased opioid reward-related behavior after adolescent cannabis exposure (Ellgren et al.,
2007) and strengthen the underlying role of mesolimbic enkephalinergic disturbance in the
NAC to early cannabis use.
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Figure 1.

Concentration of anandamide (A) and 2-AG (B) at different developmental time points during
adolescence and the effect of THC exposure (1.5 mg/kg every third day). Early, mid and late
adolescence groups had received 1, 4 or 8 injections of THC or vehicle, respectively. Data is
shown as mean + SEM. * significant difference between age groups, P<0.05; *** P<0.001. #,
significantly different vs vehicle early adolescence, P<0.05. +, significantly different vs vehicle
mid adolescence, P<0.05. (n=5). CP, caudate-putamen; NAc, nucleus accumbens; PFC,
prefrontal cortex.
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Figure 2.

Density of CB; receptor (represented as corrected integrated intensity; I.1) at different
developmental time points (early, mid and late) during adolescence and the effect of THC
exposure. Data is shown as mean + SEM. (n=5). *, significant difference between age groups,
P<0.05. +, P<0.05 significantly difference in vehicle animals in late vs early adolescence.
Abbreviations in figure 1.
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Figure 3.

Levels of ir-Met-enkephalin at different developmental time points (early, mid and late) during
adolescence and the effect of THC exposure. Data is shown as mean + SEM. *, P<0.05
significant THC treatment effect (n=5). Abbreviations in figure 1.
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Figure 4.

Density of HOR at different developmental time points (early, mid and late) during adolescence
and the effect of THC exposure. Data is shown as mean = SEM. °, P<0.05 significant treatment
effect THC vs. vehicle control. #, P<0.05 significantly different vs THC early adolescence. +,

P<0.05 significantly different vs THC mid adolescence. (n=5). Abbreviations in figure 1.
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