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ABSTRACT The short- and long-term behavioral effects of cannabinoids differ in

adolescent and adult rodents. Few studies though have examined the underlying neuro-
chemical changes that occur in the brain following adolescent cannabinoid exposure. In
this study, we examined the effect of treatment with the synthetic cannabinoid, HU210,
on CB1 receptor density in the brain and on body weight in adolescent male rats. Rats
were treated daily with 25, 50, or 100 pg/kg HU210 for 4 or 14 days, or received a single
dose of 100 pg’kg HU210 and sacrificed 24 h later. Receptor density was investigated
using in vitro autoradiography with the CB1 receptor ligand [*H] CP55,940. In contrast
to adult animals treated under the same paradigm in a previous study, adolescents con-
tinued on average, to gain weight over the course of the study. Weight gain was slowest
in the 100 pg/kg group and improved dose dependently with controls gaining the most
weight. Following the acute dose of HU210, a trend for a reduction in [*H] CP55,940
binding and a significant effect of treatment was observed. Statistically significant, dose-
dependent, region-specific decreases in binding were observed in all brain regions exam-
ined following 4 and 14 days treatment. The pattern of CB1 receptor downregulation
was similar to that observed in adults treated with cannabinoids in previous studies;
however, its magnitude was smaller in adolescents. This reduced compensatory response
may contribute to some acute behavioral effects, the pharmacological cross-tolerance
and the long-lasting, adverse psychological consequences of cannabinoid exposure dur-

ing adolescence. Synapse 64:845-854, 2010.

INTRODUCTION

Adolescence is a critical period of development dur-
ing the transition from childhood to adulthood
(Andersen, 2003; Spear, 2000). It is a period when the
brain undergoes both progressive and regressive
changes including extensive synaptic remodelling and
pruning and alterations in neurotransmitters and
their receptors in cortical and limbic brain regions
across different species (Andersen, 2003; Spear, 2000).
These alterations provide a biological basis for the
unique adolescent behaviors including an increase in
risk taking often manifesting in experimentation with
psychoactive substances (Realini et al., 2009; Spear,
2000). Initiation of substance use during adolescence
is linked in some cases with unfavorable outcomes
such as lifetime drug addiction and development of
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psychosis (Chambers et al., 2003; Izenwasser, 2005;
Luzi et al., 2008; Realini et al., 2009).

Cannabis is one of the most widely used street drugs
worldwide by adolescent teenagers (Rubino and Parolaro,
2008). Cannabinoid derivatives are used medicinally
to treat conditions such as nausea, vomiting, and acute
and tonic pain (Wang et al.,, 2008). They have also
been proposed for use as appetite stimulants to treat
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anorexia nervosa (Fride et al., 2005), a condition which
predominantly affects adolescents (Sigel, 2008). However,
cannabis use during adolescence is associated with the
development of attentional deficits, cognitive impairment
and psychoses such as schizophrenia (Luzi et al., 2008;
Rubino and Parolaro, 2008; Schneider, 2008). The main
active component of cannabis, A%- tetrahydrocannabinol
(THC), produces most of its psychoactive effects by inter-
acting with specific cannabinoid receptors (CB1) in the
brain. These receptors are also activated by endocannabi-
noids that occur naturally in the brain (such as ananda-
mide) and constitute part of the endocannabinoid system
that modulates the release of both excitatory and inhibi-
tory neurotransmitters in many brain regions (Wilson
and Nicoll, 2002) and is thought to be involved in proc-
esses such as short- and long-term synaptic plasticity,
attention, cognition, and control of movement (Breivogel
and Childers, 1998; Ledent et al., 1999; Pattij et al.,
2008; Romero et al., 2002a; Wilson and Nicoll, 2002;
Zimmer et al., 1999).

Studies suggest that the short-term behavioral
effects of THC differ in adolescent and adult animals.
Adolescent rodents find THC less aversive than adults
in place and taste aversion tests (Quinn et al., 2008;
Schramm-Sapyta et al., 2007) and emit less vocaliza-
tions than adults during handling following THC expo-
sure (Quinn et al., 2008). THC also appears to have
greater anxiogenic and locomotor-reducing effects in
adult rats than in adolescents (Schramm-Sapyta et al.,
2007; Wiley et al., 2007). Novelty seeking is suppressed
in adults but not adolescents after an acute dose of
WIN 55,212-2 (Fox et al., 2009). Effects of acute WIN
55,212-2 treatment such as impairments in object and
social recognition memory, altered social play and inad-
equate self-grooming are more pronounced in adoles-
cents than in adults (Schneider et al., 2008).

The longer-term consequences of cannabinoid expo-
sure are also distinct in adults and adolescents (Ehren-
reich et al., 1999; Luzi et al., 2008). Work in humans for
example identified the presence of attentional deficits in
adulthood in early (before age 16) but not late-onset can-
nabis users (Ehrenreich et al., 1999). Furthermore, epi-
demiological studies in humans have identified a link
between cannabis use during adolescence with the later
development of psychoses such as schizophrenia (Luzi
et al., 2008). In animal studies, behavioral tests indicate
that chronic cannabinoid treatment during adolescence
leads to deficits in object and social recognition, social
behavior, working memory and prepulse inhibition,
effects not seen in adults when treated in parallel
(O’Shea et al., 2004; Quinn et al., 2008; Schneider and
Koch, 2003; Schneider et al., 2008).

The underlying neurochemical mechanisms for the
differential behavioral effects of cannabinoids between
adolescents and adults are unclear and merit further
investigation especially in view of both the beneficial
(e.g. appetite stimulation) and detrimental (onset of psy-
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chosis) effects of cannabinoids during adolescence
(Rubino and Parolaro, 2008; Trezza et al., 2008). We
have previously shown that administration of the potent
synthetic cannabinoid HU210 (Mechoulam et al., 1988;
Ottani and Giuliani, 2001), dose dependently downregu-
lates cannabinoid CB1 receptors in the brain of adult
animals and this downregulation strongly correlates
with body weight loss (Dalton et al., 2009).

The aim of this study was to examine the time-
course of CB1 receptor adaptation in the adolescent
male rat brain following the same treatment regime
as described in Dalton et al. (2009). We describe the
effects of subchronic and chronic treatment with
three doses of HU210, on CB1 receptor density in the
adolescent male rat brain as well as the effects of a
single, acute, high-dose of the drug. The effects of
HU210 on body weight were also investigated.

MATERIALS AND METHODS
Animals

Adolescent male Wistar rats were obtained from the
Animal Resource Centre Pty Ltd (Perth, Australia) and
were housed in polyethylene boxes with wire lids
(489 X 343 X 240 mm?®) in groups of three to four per
cage. All handling of animals and procedures were car-
ried out in accordance with the guidelines established
by the Animal Care and Ethics Committee at the Aus-
tralian Nuclear Science and Technology Organisation.
The animals were kept at a constant temperature of
22 = 2°C on a 12-12 h light-dark cycle with lights on at
09.00 am and were handled during the seven days pre-
ceding the experiment. Food and water were freely
available. Cohort one consisted of 30 rats with body
weights ranging between 127.6 * 13 g on postnatal
(PND) 35. Cohort two was made up of a total of 24 rats
with an initial body weight 122.9 = 10 g on PND 35.

Drugs and treatment

Animals from cohort one were divided into five treat-
ment groups (n = 6 per group) so that the mean body
weight and standard deviation for each group were
approximately equal at the beginning of the experiment.
The synthetic cannabinoid, HU210, was obtained from
Sapphire Laboratories, Australia and was dissolved in a
vehicle solution of Tween 80:dimethyl sulfoxide:normal
saline (1:1:98). Animals in groups 1-3 were treated daily
for four days by intraperitoneal (i.p.) injection with the
following doses of HU210: 25, 50, or 100 ug/kg. A fourth
group received vehicle for three days and 100 ug/kg
HU210 on Day 4. Control rats received only vehicle solu-
tion for the treatment period. Animals in cohort two
were divided into four groups (n = 6 per group). Groups
1-3 received daily i.p. injections of 25, 50, or 100 pg/kg
HU210 for 14 days. The control group was injected with
vehicle only for 14 days. For both cohorts, animals were
weighed daily prior to injection. All injections were
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Fig. 1. Typical autoradiographs showing [*H] CP55,940 binding
in adolescent animals treated with vehicle which consisted of Tween
80:dimethyl sulfoxide:normal saline (1:1:98) for 14 days (control),
received a single dose of 100 pg/kg HU210 (acute) or 25, 50, or
100 pg/kg doses of HU210 for 14 days. ACB, nucleus accumbens;
BLA, basolateral amygdala; CA1, CA1l region of the hippocampus;

administered at a volume of 1 ml/kg. As for other auto-
radiography studies examining cannabinoid receptor
levels/activity following cannabinoid treatment (Romero
et al., 1998; Breivogel et al., 1999; Sim-Selley and Mar-
tin, 2002), animals were euthanized 24 h after the last
injection in order to allow drug washout. Brains were
removed and frozen rapidly in liquid nitrogen. Coronal
brain sections (16 um) were cut with a cryostat and
thaw mounted onto microscope slides.

Autoradiography

[®H] CP55,940 binding was carried out as described in
Dalton et al. (2009). Briefly, sections were preincubated
for 30 min at room temperature in 50 mM Tris HCI1 (pH
7.4) containing 5% bovine serum albumin (BSA). Sec-
tions were then incubated for 2 h at room temperature
in the same buffer with the addition of 5 nM [*H]
CP55,940 (specific activity 139.6 Ci/mmol, Perkin
Elmer, USA). Nonspecific binding was determined by
incubating adjacent sections in 5 nM [*H] CP55,940 in
the presence of 10 uM CP55,940. After the incubation,
sections were washed for one hour at 4°C in 50 mM Tris
HCI (pH 7.4.) containing 1% BSA and a second wash
was then carried out for three hours in the same buffer
at 4°C. The third wash was in 50 mM Tris HCI (pH 7.4.)
for 5 min at 4°C. Sections were then dipped briefly in ice
cold distilled water and then dried.

Following the assay, dried sections were apposed to
Kodak Biomax MR film, together with autoradio-
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CING, cingulate cortex; CPUL, lateral caudate putamen; CPUM,
medial caudate putamen; DG, dentate gyrus; GP, globus pallidus;
HYP, hypothalamus; RSD, retrospenial cortex; S1BF, primary soma-
tosensory cortex (barrel field); SIFL, primary somatosensory cortex
(forelimb field); SNR, substantia nigra; THAL, thalamus; TU, olfac-
tory tubercle nucleus.

graphic standards ([*H] microscales from Amersham),
in x-ray film cassettes. Films were developed after 69
days using Kodak GBX developer and fixed with
Kodak GBX fixer.

Quantitative analysis of autoradiographic
images

All films were analyzed by using a computer-assisted
image analysis system, Multi-Analyst, connected to a
GS-690 Imaging Densitometer (Bio-Rad, USA). Brain
regions for quantification were identified based on a
standard rat brain atlas (Paxinos and Watson, 2007).
As detailed in Figure 1, 15 brain regions were selected
for quantification. Quantification of receptor binding in
each brain region was performed by measuring the av-
erage optical density in adjacent brain sections. Non-
specific binding was subtracted from the total binding
to determine the specific binding. Optical density
measurements for specific binding were then converted
into fmoles [PH] CP55,940 per mg tissue equivalent
(fmol/mg TE), according to the calibration curve
obtained from the tritium standards.

Data analysis

Two-way ANOVA (treatment X brain region) with
repeated measures was carried out to identify statisti-
cally significant variation in radioligand binding in 15
brain regions, across groups treated for 4 or 14 days.
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TABLE I. Absolute values for [°H] CP55,940 binding in fmoles/mg tissue equivalent for adolescent rats that received vehicle, a single acute
dose of 100 pg/kg HU210 or that were treated with doses of 25, 50, or 100 pg/kg HU210 daily for 4 or 14 days

4 Days 14 Days
Vehicle Acute (100) 25 50 100 Vehicle 25 50 100

S1IBF 38913 275+23 261=x29 23.9 = 1.7 19.8 =21° 497 +20 281=07" 20.8=*15% 17.6 =+ 1.8*
RSD 356 +24 246x19 257 *32 214+ 1.9 179 = 1.9 458+26 27.0+14" 206=16" 172= 11"
SIFL  46.7*15 326+29 34012 294 * 2.0 231+27% 585+11 327+ 15% 332+48" 176+ 26"
CING 454 +20 335+37 330=11 28.1 * 2.0 23.7+29% 582+26 344 +16° 291 +*36" 196+ 23"
ACB 36.8+19 267x28 291=*13 22.9 = 1.6 177 +19° 475+ 17 270+ 1.2 19.8 = 2.4* 134 x 2.6*
CPUM 495 +3.2 39.0*36 407+ 21 30.8 21" 25.0*+26° 586+26 37911  31.0=*31% 20.8=x29*
CPUL 83.7+43 66.7*+52 69.7+28 51.9 + 2.9% 42.3 = 4.2% 113.0 + 2.8 70.3 + 2.5% 55.7 + 4.8% 392 + 4.5*
GP 115.0 = 3.9 105.0 + 9.3 985 * 3.5 831+ 26" 702+65% 1089 +75 843+ 44% 572+ 44" 356+ 25"
SNR 2085 =82 1927 9.1 168.0 = 19.5% 157.4 = 10.7* 126.8 = 11.9" 239.9 * 10.9 1885 = 16.3* 109.8 = 15.7% 60.1 = 3.6"
BLA 38.1+20 287x25 279=*26 22.1 + 1.0 179 19" 632*x31 366=32% 251=x15% 19.6=1.9*
HYP 485+ 11 342+*34 333+*29 26.2 * 0.6% 22.3 =22 763 + 6.4 35.3 + 3.3% 24.8 + 0.8  17.0 + 2.7*
TU 33.8+20 262x29 271=15 23.9 * 2.3 18.0 = 2.4 461+ 16 287+ 23 20.8 + 2.2 151 + 22*
THAL 388 +22 31.1+33 340=*26 27.3 * 2.0 26.0 + 2.8 471 +31 37421 31.7 0.8 23.1+21°%
CA1 679 =34 51.9+*40 499 +56 33.6 + 1.6 294 +47" 819+41 434 +23* 286=* 28 215=x24*
DG 689 +31 51.6=*37 514+55 349 + 25" 305 +34" 89.8+48 49.3 + 25" 345 + 26" 269 + 28"
See Figure 1 for abbreviations.

‘P < 0.05,

Sp <001,

#P < 0.001 treatment versus control (repeated measures two way ANOVA (treatment x brain region) followed by Bonferroni’s post hoc tests, n = 6 per group).

Bonferroni’s post hoc tests were performed to compare
binding in the different dosage groups (25, 50, and
100 pg/’kg HU210) with controls, within the various
brain regions examined. Data from animals injected
with the acute dose of 100 ug/kg HU210 was com-
pared to controls in a separate two-way ANOVA fol-
lowed by Bonferroni’s post hoc tests.

Body weight over time was analyzed using a two
way ANOVA (body weight X time) with repeated
measures and Bonferroni’s post hoc tests. Animals
injected with the acute dose of 100 pg/kg HU210 on
Day 4 were not included in the body weight analysis.
Pearson correlations were used to investigate the
relationship between body weight and radioligand
binding in different brain regions in animals treated
for 4 and 14 days. Data was analyzed using the SPSS
15.0 for Windows (IL, USA) and GraphPad Prism
(CA, USA) statistical packages.

RESULTS
[®H] CP55,940 binding in adolescent rats
following acute, subchronic and chronic
administration of HU210

Region specific differences in [*H] CP55,940 binding
densities were seen in control animals (Fig. 1, Table I).
In animals that received vehicle for 14 days for exam-
ple, the globus pallidus, lateral caudate putamen and
substantia nigra showed a high number of CB1 recep-
tors with binding densities of 108.9 = 8, 113.0 = 3, and
239.9 *+ 11 fmol/mg TE respectively. Lower CB1 recep-
tor densities of 45.8 + 3,46.1 = 2 and 47.1 = 3 fmol/mg
TE were seen in other brain regions such as the retro-
splenial cortex, olfactory tubercle and thalamus,
respectively (Table I).

After a single, acute dose of HU210 (vehicle for
three days and 100 pg/kg HU210 on Day 4), two way
ANOVA revealed a statistically significant variation
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in [*H] CP55,940 binding with HU210 treatment (F(1,
140) = 11.26, P = 0.0073) and brain region (F(14,
140) = 406.5, P < 0.0001). A significant interaction
between these two variables was not found. Bonfer-
roni post hoc tests revealed statistically significant
decreases in binding in the lateral caudate putamen
(20.2%, P < 0.05) and dentate gyrus (25.1%, P < 0.05;
Figs. 1 and 2, Table I).

In animals treated for four days with HU210, a
dose-dependent and brain region-specific downregula-
tion in [*H] CP55,940 binding was observed (Fig. 2;
Table I). Statistical analysis showed that there was
significant variation in [*H] CP55,940 binding with
HU210 treatment (F(3, 280) = 25.31, P < 0.0001) and
brain region (F(14, 280) = 409.9, P < 0.0001), with a
significant interaction between these two variables
(F(42, 280) = 4.255, P < 0.0001). The greatest reduc-
tions in [*H] CP55,940 binding were seen in animals
treated with the highest dose of HU210, 100 pg/kg.
Within the 100 pg/kg group, the smallest, statistically
significant reductions compared to controls were seen
in the globus pallidus (38.9%, P < 0.001) and substan-
tia nigra (39.2%, P < 0.001). The greatest reductions
in binding were seen in the dentate gyrus (55.7%,
P < 0.001) and CA1 (56.7%, P < 0.001) regions of the
hippocampus (Fig. 2; Table I). In animals treated
with 50 pg/kg HU210, statistically significant reduc-
tions in [*H] CP55,940 binding compared to controls
ranged from 24.5 to 50.6% (0.05 < P < 0.001). As in
the 100 pg/kg treatment group, the smallest and
largest decreases in binding were observed in the
substantia nigra (24.5%, P < 0.001) and CA1 (50.6%,
P < 0.001), respectively. In the 50 pg/kg group, statis-
tically significant reductions in binding were not
observed in any of the cortical regions examined or
in the nucleus accumbens, basolateral amygdala,
olfactory tubercle and thalamus (Fig. 2; Table I).
In animals treated with the lowest dose of HU210,
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Fig. 2. Percentage decrease in [*H] CP55,940 binding density
from control levels in adolescent rats treated with HU210 in cortical
(A and B), basal ganglia (C and D) and other brain (E and F)
regions. A, C, E: Animals received a single dose of 100 ng/kg HU210
(acute) or were treated with 25, 50, or 100 pg/kg doses of HU210 for

25 ug/kg, the substantia nigra was the only region in
which a statistically significant decrease of 19.4% (P
< 0.001) compared with controls in [*H] CP55,940
binding was found.

Following 14 days of HU210 administration, a dose-
dependent and brain region-specific downregulation
in [®H] CP55,940 binding was also observed (Figs. 1
and 2; Table I) which was reflected by statistically
significant variation in [*H] CP55,940 binding with
HU210 treatment (F(3, 280) = 96.57, P < 0.0001) and
brain region (F(14, 280) = 282.7, P < 0.0001), with a
significant interaction between these two variables
(F(42, 280) = 22.36, P < 0.0001). As in animals
treated for four days, the greatest reduction in [*H]
CP55,940 binding was observed in animals that
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four days. B, D, F: Animals were treated with 25, 50, or 100 pg/kg
doses of HU210 for 14 days. *P < 0.05; §P < 0.01, #P < 0.001 treat-
ment vs. control (repeated measures two way ANOVA (treatment X
brain region) followed by Bonferroni’s post hoc tests, n = 6 per
group). See Figure 1 for abbreviations.

received 100 ng/kg HU210 for 14 days (Figs. 1 and 2;
Table I). Compared with controls, the smallest reduc-
tion in binding in the 100 ng/kg group was observed
in the thalamus (51.1%, P < 0.01) and the retrosple-
nial cortex (62.4%, P < 0.001). The largest decrease
in binding was observed in the substantia nigra
(74.9%, P < 0.001) and hypothalamus (77.7%, P <
0.001). Statistically significant reductions in binding
were found in all brain regions in animals treated
with 50 pg/kg for 14 days except in the thalamus
(Figs. 1 and 2; Table I). Within this group, the small-
est decreases in binding compared to controls were
observed in the forelimb field of the primary somato-
sensory cortex (43.1%, P < 0.001) and medial caudate
putamen (47.2%, P < 0.001), and the largest reduc-
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Fig. 3. Average body weight in grams (g) =SEM of adolescent rats
receiving an intraperitoneal (i.p.) injection of 25, 50, or 100 pg/kg
HU210 or vehicle (control) for 14 days. *P < 0.05, §P < 0.01, #P < 0.001
(two way repeated measure ANOVA across time and Bonferroni’s post
hoc tests to compare the weight of treated animals with controls, n = 6

per group).

tions were seen in the CAl region of the hippocampus
(65.0%, P < 0.001) and hypothalamus (67.5%, P <
0.001). In animals treated with 25 png/kg HU210 for
14 days, statistically significant reductions in binding
were observed in all brain regions except the thala-
mus and olfactory tubercle (Figs. 1 and 2; Table I).
The lowest reductions in binding compared to con-
trols, were found in the substantia nigra (21.4%, P <
0.001) and globus pallidus (22.6%, P < 0.01). The
greatest decreases within this group were observed in
the CA1l region of the hippocampus (47.0%, P <
0.001) and the hypothalamus (53.7%, P < 0.001).

Body weight

Control rats gained weight at an average rate of
5% per day over the course of 14 days treatment (Fig.
3). HU210 treatment was found to have a significant
effect on body weight over time after 4 (F(12, 80) =
3.06, P = 0.0001) and 14 days (F(42, 280) = 1.25, P =
0.0001). In animals treated with HU210 for 14 days,
an average increase in body weight in every group
was recorded daily over the course of treatment. Body
weight gain was slowest in the 100 ug/kg treatment
group and improved in the dose-dependent manner,
with the control group showing the greatest weight
gain over the treatment period (Fig. 3). On Day 15,
the average body weights of animals in the 25, 50,
and 100 pg/kg HU210 groups remained lower than
controls by 9.4% (P < 0.01), 12.7% (P < 0.001), and
17.4% (P < 0.001), respectively (Fig. 3). A similar
trend in body weight gain was observed in animals
that received HU210 for four days only (data not
shown). Animals in the acute group gained weight
over the course of the study but showed a slight (4%)
decrease in body weight 24 h after the acute dose of
100 pg/kg HU210 (data not shown).

In animals treated for four days with HU210,
significant positive correlations (0.459 < r < 0.412,
0.045 < P < 0.024) were found between body weight

Synapse

V.S. DALTON AND K. ZAVITSANOU

on the day of sacrifice and [*H] CP55,940 binding in
the retrosplenial cortex, globus pallidus, and CA1l and
dentate gyrus of the hippocampus in groups treated
with 25, 50, and 100 pg/kg HU210 and controls. Sig-
nificant positive correlations between body weight on
the day of sacrifice and [H] CP55,940 binding in all
brain regions (0.854 < r < 0.690, P < 0.0001) were
also found in animals treated for 14 days (Fig. 4).

DISCUSSION

The main outcomes of this study are as follows: (a)
Adolescent animals continue to put on weight during
treatment with HU210 over a period of 14 days.
Weight gain was slowest however in the 100 pg/kg
group and improved dose dependently with controls
gaining the most weight. (b) Adolescent animals dose-
dependently decrease their cannabinoid CB1 receptor
following acute, subchronic, and chronic treatment
with the synthetic cannabinoid HU210. The dose-de-
pendent nature of the decrease is supported by the
positive correlation observed between body weight
and [®*H] CP55,940 binding in all brain regions after
14 days. (c) The magnitude of CB1 receptor downreg-
ulation was smaller in adolescent animals compared
with adults treated under the same paradigm in our
laboratory (Dalton et al., 2009) and tolerance to the
weight loss inducing effects of HU210 developed more
rapidly in adolescent animals (present study) com-
pared with adults (Dalton et al., 2009).

Following the acute dose of HU210, statistically sig-
nificant decreases in [°H] CP55,940 binding in the ad-
olescent brain were observed in the dentate gyrus of
the hippocampus and lateral caudate putamen. In the
adult rodent brain, following acute and short term
cannabinoid treatment, significant decreases are seen
in the hippocampus, lateral caudate putamen but also
in the deep cortical layers (Dalton et al.,, 2009;
Romero et al., 1997, 1998).

After subchronic and chronic HU210 treatment, we
observed a dose-dependent decrease in [*H] CP55,940
binding across brain regions. In addition, two-way
ANOVA identified a significant interaction between
treatment and brain region indicating that regional-
specific differences occur in CB1 receptor downregula-
tion in the adolescent brain. The greatest decreases
took place in the hypothalamus and hippocampus
with the least reduction in the globus pallidus and
substantia nigra. Downregulation of the CB1 receptor
continues progressively over time since [*H] CP55,940
binding in the 14 day treatment groups was lower
than in the acute and 4 day groups in the majority of
brain regions examined. Our findings are inline with
the two other studies investigating CB1 receptor ad-
aptation in adolescents after a high dose of the canna-
binoid, THC (Craig et al., 2007; Rubino et al., 2008).
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Fig. 4. Positive associations between [*H] CP55,940 binding
density [fmoles/mg tissue equivalent (TE)] and body weight in
grams (g) in adolescent animals treated for 14 days with 25, 50, or
100 pg/kg doses of HU210 or vehicle control. A: Pearson correlation
between binding in the cingulate cortex (CING) and body weight,
r = 0.854, P < 0.0001. B: Pearson correlation between binding in
the medial caudate putamen (CPUM) and body weight, » = 0.802,
P < 0.0001. C: Correlation between binding in the CAl region
of the hippocampus (CAl), r = 0.774, P < 0.0001. A: control; x:
25 ng/kg HU210; [: 50 ng/kg HU210; O: 100 ng/kg HU210.

851

On the basis of our results and those of Rubino
et al. (2008), it appears that the largest and smallest
reductions in CB1 receptor density occur in the same
brain regions in the adolescent and adult male rodent
brain (Dalton et al., 2009; Romero et al., 1997, 1998;
Rubino et al., 2008; Sim-Selley, 2003). In general,
however, it seems that the magnitude of CB1 receptor
downregulation is smaller in the adolescent rodent
brain compared to the adult (Dalton et al., 2009;
Ellgren et al., 2007; Oviedo et al., 1993; Romero et al.,
1997; Rubino et al., 2008). For example, the magnitude
of the reduction in CB1 receptor downregulation was
smaller in adolescents than in adults treated under the
same paradigm in our laboratory (Dalton et al., 2009)
by 3-33% in the acute group and by an average across
doses of 10-16% in rats treated for 4 days and 6-28%
in rats treated for 14 days. Furthermore, in contrast to
adult rats treated with HU210 (Dalton et al., 2009),
the acute and the lower doses of HU210 (25 and
50 pg/kg) administered for four days elicited few statis-
tically significant decreases in [*H] CP55,940 binding
in the male adolescent rat brain.

The underlying reasons are yet to be investigated
for the smaller decrease in CB1 receptor density seen
in the adolescent brain when compared to adults. It is
unlikely though that this finding can be contributed
solely to ontogenic variation in CB1 receptor levels
since few significant differences were detected when
[®*H] CP55,940 binding was compared in adolescent
(PND 49; current study) and adult (PND 75; Dalton
et al., 2009) control animals. Furthermore, the results
of a study by Rodriguez de Fonseca et al. (1993) sug-
gest that CB1 receptor density in the rat brain peaks
at PND 40 and then declines slightly to reach stable
levels in adulthood (PND 70).

It is also unlikely that the variation in [®H]
CP55,940 binding in adults and adolescents is due
exclusively to pharmacokinetic factors such as differ-
ences in drug absorption, distribution, biotransforma-
tion and excretion (Fox et al., 2009; Gonzalez et al.,
2005; Pandolfo et al., 2007). The results of studies
comparing the acute behavioral effects of cannabinoid
administration in adolescent and adult animals sug-
gest an effective impact of the drug during the testing
period in both adolescent and adult cohorts (Fox
et al., 2009; Pandolfo et al., 2007).

Instead, emerging studies suggest that variations
in receptor signaling cascade activation and pathways
in the adolescent and adult rodent brain may, in part,
account for the differential effects of cannabinoids on
CB1 receptor downregulation observed in this study
(Quinn et al., 2008; Rubino et al., 2009; Wegener and
Koch, 2009). It has been shown for example that the
protein expression profiles differ in the adolescent
and adult brain after THC exposure (Quinn et al.,
2008; Rubino et al., 2009). In addition, the expression
of c-fos differs from controls in the brain of adult rats
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exposed the cannabinoid, WIN 55,212-2, during ado-
lescence (Wegener and Koch, 2009).

Previous studies in adult rodents have indicated
that tolerance to the behavioral effects of HU210
develops after repeated exposure to the drug (Ottani
and Giuliani, 2001). In the present study, we used
body weight as an indicator of the development of tol-
erance to HU210 in the adolescent rats. In adult ani-
mals, the development of tolerance to cannabinoid
induced effects has been linked, in part, to a downreg-
ulation in CB1 receptor density (Dalton et al., 2009;
Sim-Selley, 2003). Following acute exposure to HU210
in adolescents, we observed a smaller decrease in
CB1 receptor density compared to adults (Dalton
et al., 2009). In the hypothalamus for example, a
region that is important in the endocannabinoid-
related control of body weight, metabolism, and stress
responses (Romero et al., 2002b; Viveros et al., 2008),
the magnitude of CB1 receptor downregulation was
18% lower in adolescents than in adults treated under
the same regime (Dalton et al., 2009). In this study,
however, tolerance to the weight loss inducing effects
of HU210 developed more rapidly in adolescent ani-
mals compared with adults (Dalton et al., 2009;
Giuliani et al., 2000). Throughout the treatment peri-
ods of 4 and 14 days, adolescents gained weight on
every treatment day. In contrast, in adult rats, even
taking into account a 4% slower growth rate than in
adolescents (Dalton et al., 2009; Giuliani et al., 2000;
Lamota et al., 2008; current study), HU210 causes
weight loss for the first three to four treatment days
(Dalton et al., 2009; Giuliani et al., 2000). Similarly,
high doses of THC are associated with weight loss
in adult animals for the first four treatment days
(Verberne et al., 1980) but adolescents continue to
gain weight daily over the course of THC treatment
(Rubino et al., 2008).

In contrast to our findings in the hypothalamus,
levels of CB1 receptor downregulation were similar in
the basal ganglia (involved in locomotion; Monory
et al., 2007; van der Stelt and Di Marzo, 2003) in ado-
lescents and adults after the acute dose of HU210 but
others have shown that adolescents are less sensitive
to the acute locomotor reducing effects of cannabi-
noids (Schramm-Sapyta et al., 2007; Wiley et al.,
2007). Tolerance to other responses to cannabinoids
(antinociception, hypothermia, anxiety) also develops
at different rates in adolescent and adult rats (Wiley
et al., 2007).

The relationship in adolescents between CB1 recep-
tor downregulation and body weight is evidenced by
the strong positive correlation we observed between
body weight and [*H] CP55,940 binding after 14 days.
Our findings in relation to acute CB1 receptor down-
regulation however suggest that other factors also
influence the early development of tolerance to the
weight loss inducing effects of HU210, and possibly
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other responses to cannabinoids, in adolescent ani-
mals. Along with receptor downregulation, cannabi-
noid tolerance in adult animals is also associated
with receptor desensitization (Sim-Selley, 2003).
Although sex-dependent differences following THC
exposure have been described in adolescent rats
(Craig et al., 2007; Rubino et al., 2008), a direct com-
parison examining CB1 receptor G-protein coupling
in the adolescent and adult brain following cannabi-
noid treatment is yet to be published. Variations in
the maturity of brain circuits modulated by the endo-
cannabinoid system and other cannabinoid sensitive
receptors (e.g., peroxisome proliferator activated
receptors; Kota et al., 2005; O’Sullivan, 2007; Sébert
et al.,, 2005) may also influence the short-term
response of adolescents to cannabinoid treatment
(Fox et al., 2009; Spear and Brake, 1983).

In humans, early cannabis use may increase the
risk of overuse and addiction to more harmful drugs
of abuse in later life (Realini et al., 2009). In adoles-
cent rodents, cannabinoids have been shown to
decrease the sensitivity to some illicit substances
(Biscaia et al., 2008; Ellgren et al., 2007; Pistis et al.,
2004). Adolescent exposure to THC and CP55,940 for
example increases opiate intake in adult male rats
and is associated with alterations in the endogenous
opioid system in brain regions known to modulate
reward behavior (Biscaia et al., 2008; Ellgren et al.,
2007). WIN 55,212-2 exposure during adolescence in
rats causes a long-lasting, decreased response of do-
paminergic neurons of the ventral tegmental area to
morphine, amphetamine and cocaine not seen in
adult animals treated in parallel (Pistis et al., 2004).
In the current study, we observed CB1 receptor down-
regulation in regions that constitute the primary
motivational circuits in the brain thought to be
involved in drug addiction including the nucleus
accumbens, caudate putamen, amygdala, hippocam-
pus, and thalamus (van der Stelt and Di Marzo, 2003;
Chambers et al., 2003). As mentioned above though,
the magnitude of CB1 downregulation was lower by
10-33% after acute and 6-28% after longer-term
treatment in these structures than in adults (Dalton
et al., 2009). Taking into account the neuromodula-
tory role of the endocannabinoid system, it is possible
that a smaller CB1 downregulation in the adolescent
brain compared with adults leads to age-specific alter-
ations to the drug response in the primary motiva-
tional circuits such as the blunted reaction of dopami-
nergic neurons to pharmacological stimuli observed
by Pistis et al. (2004) following adolescent cannabi-
noid exposure.

The smaller reduction in CB1 receptor density in
adolescents compared to adults may also have impli-
cations for the longer-term effects of cannabinoid ex-
posure such as deficits in memory and attention, and
the development of psychosis (Ehrenreich et al., 1999;
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Luzi et al., 2008; O’Shea et al., 2004; Quinn et al.,
2008; Schneider and Koch, 2003; Schneider et al.,
2008). The G-protein family of receptors, which
include the CB1 receptor, display downregulation af-
ter a repeated or long-lasting stimulus, the purpose of
which is to reduce the effect of the stimulus and
maintain biological equilibria (Lohse, 1993). The
reduced compensatory response in adolescent brain
regions such as the hippocampus and cortex may lead
to higher stimulation of the CB1 receptor during the
treatment period in comparison to adults. This in
turn could have adverse effects on the plastic changes
taking place in the adolescent brain given the interac-
tion between the endocannabinoid system and other
neurotransmitter signaling pathways during this im-
portant developmental phase (Rubino and Parolaro,
2008; Schneider, 2008). Indeed, following adolescent
THC treatment for example, changes in hippocampal
morphology, neuroplasticity, and protein expression
that are associated with cognitive impairment in
adulthood have been reported (Quinn et al., 2008;
Rubino et al., 2009).

In conclusion, tolerance to the body weight loss
inducing effects of the synthetic cannabinoid, HU210,
develops faster in adolescents than in adults. The
reduction of the CB1 receptor density following
HU210 treatment however is smaller in magnitude in
adolescent rats than in adults. The implications of
this difference in downregulation require further
investigation but may be a contributory factor in the
acute behavioral effects, pharmacological cross-toler-
ance, and long-lasting behavioral deficits observed fol-
lowing adolescent cannabinoid exposure.
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