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Abstract

Recent studies demonstrate a differential trajectory for cannabinoid receptor expression in cortical
and sub-cortical brain areas across postnatal development. In the present study, we sought to
investigate whether chronic systemic exposure to a synthetic cannabinoid receptor agonist causes
morphological changes in the structure of dendrites and dendritic spines in adolescent and adult
pyramidal neurons in the medial prefrontal cortex (mPFC) and medium spiny neurons (MSN) in
the nucleus accumbens (Acb). Following systemic administration of WIN 55,212-2 in adolescent
(PN 37-40) and adult (P55-60) male rats, the neuronal architecture of pyramidal neurons and
MSN was assessed using Golgi—Cox staining. While no structural changes were observed in WIN
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55,212-2-treated adolescent subjects compared to control, exposure to WIN 55,212-2 significantly
increased dendritic length, spine density and the number of dendritic branches in pyramidal
neurons in the mPFC of adult subjects when compared to control and adolescent subjects. In the
Ach, WIN 55,212-2 exposure significantly decreased dendritic length and number of branches in
adult rat subjects while no changes were observed in the adolescent groups. In contrast, spine
density was significantly decreased in both the adult and adolescent groups in the Acb. To
determine whether regional developmental morphological changes translated into behavioral
differences, WIN 55,212-2-induced aversion was evaluated in both groups using a conditioned
place preference paradigm. In adult rats, WIN 55,212-2 administration readily induced
conditioned place aversion as previously described. In contrast, adolescent rats did not exhibit
aversion following WIN 55,212-2 exposure in the behavioral paradigm. The present results show
that synthetic cannabinoid administration differentially impacts cortical and sub-cortical neuronal
morphology in adult compared to adolescent subjects. Such differences may underlie the disparate
development effects of cannabinoids on behavior.
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Introduction

Cannabis is the most widely used drug of abuse and its onset of use often begins during
adolescence (Crowley et al. 1998; Schneider 2008). Adolescence is a critical phase of
development where dynamic cellular and anatomical modifications occur in the brain (De
Bellis et al. 2001; de Fonseca and Schneider 2008). Emerging evidence in humans and
animal models has shown particular vulnerability in the adolescent brain to drugs of abuse
and long-lasting behavioral disruption (Chambers et al. 2003; Schneider 2008). Based on
studies of the general population using diagnostic criteria, adolescents and young adults
generally exhibit higher rate of experimental use and substance use disorders compared to
adults (Wagner and Anthony 2002; Anthony and Petronis 1991; Warner et al. 1995; Grant
and Dawson 1997). Moreover, addictive disorders identified in adults most commonly
commenced during adolescence or young adulthood (Kandel et al. 1992; Wagner and
Anthony 2002). Using animal models, a chronic treatment of a synthetic cannabinoid
receptor agonist WIN 55,212-2, during puberty causes persistent behavioral disturbances in
adulthood (Schneider and Koch 2003). Acute and chronic WIN 55,212-2 treatment
differentially affect recognition and behavior in adolescent versus adult rats (Schneider et al.
2008). Behavioral deficits following acute WIN 55,212-2 treatment were more pronounced
during the pubertal period as compared to adult and chronic WIN 55,212-2 treatment-
induced persistent recognition and behavioral deficits during the pubertal period compared
to adult rats. While synthetic cannabinoid agonist WIN 55,212-2 was utilized in those
studies (Schneider and Koch 2003; Schneider et al. 2008), other synthetic cannabinoids have
also been shown to impair cognition and memory in humans and animal models during
adolescence period (Castellanos et al. 2011; McGuinness and Newell 2012; Renard et al.
2013). These results may suggest that adolescence is a critical period of high vulnerability
for anatomical modifications that may potentially translate to adverse neurobehavioral
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sequelae of exogenous cannabinoid exposure (Schneider 2008; Schneider et al. 2008).
However, it is possible that since synthetic receptor agonists are man-made and are changed
rapidly, they may not affect neuronal morphology in a similar manner. In the mammalian
central nervous system, cannabinoid receptors are abundant, ubiquitously distributed and
highly expressed in the forebrain (Herkenham et al. 1991; Mailleux and VVanderhaeghen
1992a; Matsuda et al. 1993). As the main cannabinoid receptor type in the brain (Piomelli
2003), type 1 cannabinoid receptors (CB1rs) are abundant in pyramidal and non-pyramidal
neurons of layers I1-111 and V=V in cortical circuits (Bodor et al. 2005; Fortin and Levine
2007; Mailleux and Vanderhaeghen 1992b, and Matsuda et al. 1993) as well as subcortical
circuits, including the nucleus accumbens (Acb) (Yuan et al. 2013; Winters et al. 2012).
Recent molecular, biochemical and electrophysiological studies (Ellgren et al. 2008 and
Heng et al. 2011) have demonstrated an age-dependent downregulation of cortical CB1r
expression, an effect that is most particularly pronounced in the medial prefrontal cortex
(mPFC; Heng et al. 2011). Specifically, CB1r expression and resultant inhibition of synaptic
activity have been reported to be highest in adolescents and lowest in adults (Heng et al.
2011). Whether developmental changes in the endocannabinoid system may lead to
subsequent subcellular adaptations in the morphology of neurons remains largely unknown
(Spiga et al. 2011; Rubino et al. 20093, b).

It has been proposed that excessive stimulation of CB1 receptors during sensitive periods of
development (e.g., adolescence) can produce enduring dysfunction in limbic/associative
cortical circuits and pre-dispose to future psychiatric disorders (D’Souza et al. 2004, 2005;
Caspi et al. 2005; Henquet et al. 2005; Realini et al. 2009; Rubino et al. 2009a, b). Exposure
to other addictive drugs, including nicotine, cocaine, or morphine, produces persistent
changes in the structure of dendrites and dendritic spines of neurons, particularly in the
mPFC and Acb, brain regions involved in cognitive and reward functions, respectively
(Kolb et al. 2003; Li et al. 2003). In the present study, using Golgi—Cox staining, we
investigated changes in structural morphology of dendrites in mPFC and Acb following
acute or chronic WIN 55,212-2 in adolescent and adult male rats. We selected the synthetic
CBL1r agonist WIN 55,212-2 as synthetic cannabinoid receptor agonists are becoming
increasingly popular with adolescents as an abused substance (Crowley et al. 1998;
Schneider 2008; Schneider et al. 2008). The emergence of new designer cannabinoid-based
drugs, such as K2, Spice, and “bath salts”, has created an entirely new class of drugs that are
not regulated by current laws and whose purity and toxicity profiles are largely unknown.
Emerging evidence shows a wide range of responses to these compounds, including
paranoia, aggressive behavior, anxiety, and short-term memory deficits (Seely et al. 2013;
Kelly et al. 2013; Rosenbaum et al. 2012). Using the conditioned place paradigm, we have
previously shown that WIN 55,212-2 induces aversion in adult rats and involves
noradrenergic transmission in the Acb (Carvalho et al. 2010). It has been suggested that
adult subjects may exhibit aversive-like responses to WIN 55,212-2 compared to adolescent
rats because of decreased dendritic complexity in adult rats that is paralleled by decreased
inhibition of synaptic activity by lower expression of CB1rs (Heng et al. 2011). Taken
together, we hypothesized that differential effects on structural morphology of dendrites
exist between adult and adolescent rat brains following WIN 55,212-2 exposure and we also
hypothesized that WIN 55,212-2 induces aversion in adult rats while adolescent rat may not,
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using the conditioned place paradigm. Therefore, to investigate whether potential
differences in neuronal morphology induced by WIN 55,212-2 are correlated with
behavioral differences, WIN 55,212-2-induced conditioned place aversion was compared
between adolescent and adult groups.

Materials and methods

Subjects

Thirty-six male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN, USA) with
ages between 27-30 days (adolescent group) and 55-60 days (adult group) were housed two
or three per cage in a controlled environment (12-h light schedule, temperature at 20 °C).
Given the difficulty of characterizing absolute boundaries during which the first transition to
adolescence begins in non-human animals including the rat (Spear 2000), we based the
determination of age groups, adolescent versus adult on our previous report (Fox et al. 2009)
as well as that of other laboratories (Varlinskaya and Spear 2008; Broadwater et al. 2013).
Food and water were provided ad libitum. The care and use of animals were approved by the
Institutional Animal Care and Use Committee and were conducted in accordance with the
NIH Guide for the care and use of laboratory animals and to the guidelines of the European
Communities Council Directive 2010/63/EU. All efforts were made to minimize animal
suffering and reduce the number of animals used.

Drug preparation and administration

The synthetic cannabinoid receptor agonist, WIN 55,212-2 (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in 5 % dimethyl sulfoxide (DMSO) (Fisher Scientific, Fair Lawn, NJ,
USA) (Carvalho and Van Bockstaele 2011; Carvalho et al. 2010; Reyes et al. 2009) in saline
and injected intraperitoneally (i.p.) (3.0 mg/kg, Carvalho and VVan Bockstaele 2011;
Carvalho et al. 2010) in a volume of 1 ml/kg body weight. In our previous investigation, we
examined different doses of WIN 55,212-2, and we showed that 3.0 mg/kg body weight
caused a significant elevation of norepinephrine efflux in the FC (Oropeza et al. 2005).
Vehicle injections consisted of 5 % DMSO in saline (Carvalho and Van Bockstaele 2011;
Carvalho et al. 2010); Reyes et al. 2009).

Histological processing and morphological analysis

To evaluate the effect of chronic WIN 55,212-2 administration on dendritic and spine
morphology, six adolescent and six adult rats received a single daily i.p. injection of WIN
55,212-2 or vehicle between the hours of 9-11 a.m. for 14 days. One day after the last
injection, rats were anesthetized with isoflurane and transcardially perfused. Brains were
dissected and processed for Golgi—Cox staining using FD Rapid GolgiStain Kit (FD Neuro
Technologies Consulting and Services, Ellicott City, MD, USA) following the procedures
we previously described (Falowski et al. 2011). Briefly, the brains were prepared using the
FD Rapid Golgi Stain kit (FD Technologies (FD Neurotechnologies). Brains were placed in
20 ml Golgi—Cox solution (potassium dichromate, mercuric chloride and potassium
chromate), where they were stored in the dark for 14 days. Following this incubation, brains
were then transferred to a 30 % sucrose solution for at least 3 days and coronal sections (100
um) containing PFC and Acb were obtained using a freezing microtome (Microm HM550
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cryostat, Richard-Allan Scientific, Kalamazoo, MI, USA). Sections were collected onto
gelatin-coated slides and dehydrated through a graded series of ethanol, cleared in xylene
and coverslipped. Individual neurons and their processes were visualized at 100x using
camera lucida.

Dendritic arborization and numbers of spines were analyzed for pyramidal neurons in the
mPFC (layer I1-111) and medium spiny neurons (MSNs) in the Acbh. The criteria used to
select neurons for reconstruction were adapted from a previous report (Cerqueira et al.
2007). Briefly, criteria for selection included: (a) the location of the soma to the area of
interest (i.e., mPFC and Acb); (b) full impregnation of the neurons along the entire length of
the dendritic tree; (c) dendrites without significant truncation of branches and (d) relative
isolation from neighboring impregnated neurons, astrocytes or blood vessels. Six to ten
neurons were reconstructed per animal (maximum of four neurons per section), resulting in
the analysis of twenty to twenty-five neurons per experimental group. Three rats per group
were used for the analysis.

For each neuron selected for analysis, all branches of the dendritic tree were reconstructed at
600x magnification using a motorized microscope (Axioplan 2, Carl Zeiss, Germany), with
oil objectives, and attached to a camera (DXC-390, Sony Corporation, Tokyo, Japan) and
Neurolucida software (Microbrightfield®, Williston, VT, USA). A 3D analysis of the
reconstructed neurons was performed using NeuroExplorer software (Microbrightfield®).
Several characteristics of dendritic morphology were examined: total dendritic length;
number of dendritic branches; and arrangement of dendritic material by a 3D version of
Sholl analysis of intersections (see Cerqueira et al. 2007 for details). Dendritic spine density
was determined in randomly selected distal dendritic branches for MSNs and in basal
(proximal—<50 um from soma, and distal) and apical dendrites in pyramidal neurons. Distal
dendritic branches were included in our analysis along with the basal and proximal dendrites
because previous reports (Li et al. 2003, 2004) using amphetamine have focused on distal
dendrites demonstrating that long-term psychostimulant-induced spine changes occur in
distal but not in proximal dendrites. However, using cocaine, the group of Dumitriu et al.
(2012) focused on proximal dendrites. Li’s group used female rats while Dumitriu used male
mice, and because we used male adolescent and adult rats we included distal, basal and
proximal dendrites to determine the effect of WIN 55,212-2 on cortical and accumbal
neuronal morphology

Place conditioning paradigm

Twenty-four rats were used for place conditioning paradigm. An unbiased place
conditioning procedure was used so that the side of the apparatus used to conditioned
animals was counterbalanced in all the groups. Automated CPP apparatuses (Place
Preference System, San Diego Instruments Inc., San Diego, CA, USA) that recorded their
movement/location in each chamber using a computer-controlled 4 x 16 array of
photobeams were used. The paradigm consisted of three phases: pre-test, conditioning, and
test. On pre-test day (day 1), animals were placed in the apparatus and allowed to freely
explore both sides of the apparatus for 15 min. The time spent in each side was
automatically recorded by the apparatus and animals with preference for one side higher
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than 200 s were removed from the study. During the conditioning phase (days 2—6), rats
were injected twice daily. In the morning, animals were injected with vehicle and confined
to one side of the apparatus for 45 min. In the afternoon, animals were injected with WIN
55,212-2 (3.0 mg/kg) and confined to the opposite side for 45 min. Control groups of
animals received vehicle in both sessions. On the test day (day 14), animals were placed in
the apparatus and allowed to explore both sides for 15 min. The time spent in each side was
automatically recorded by the apparatus. No injection was given to the animals on pre-test
and test days. On the test day, the last day of experiment, the animals were not exposed to
WIN 55,212-2 for 24 h.

Statistical analysis

Results

Statistical analysis was performed using SPSS 16.0 software. Each neuron was treated as an
independent measure. Results are presented as mean + SEM. Data were compared using
two-way ANOVA (age x treatment), followed by unpaired t test analysis. Sholl analysis data
were compared across groups using repeated measures ANOVA (“age x treatment™ as the
between-subject factors and “distance from soma” as the within-subject factor) followed by t
test analysis. Significance was set at p < 0.05.

Effects of WIN 55,212-2 on prefrontal cortical neuronal morphology

To investigate the effect of WIN 55,212-2 on the neuronal morphology of mPFC, the
pyramidal neurons in layers Il and 111 of the cingulate cortex regions 1-3 (Cg1-3) of the
mPFC were analyzed. Within the mPFC, layers Il and 111 are readily identifiable in Golgi-
stained tissues section based on its characteristic cytoarchitecture (Cerqueira et al. 2007). It
is located ventrally from layer | that also contains the distal tufts of layers Il and 111
pyramidal cells; and it serves as the dorsal boundary to layer V. Indeed, this boundary is
pronounced because of the greater cell-packing density and smaller somata of pyramidal
cells in layers I1-111 relative to layer V in this region (Cajal 1995; Zilles and Wree 1995).
Prefrontal cortical neurons exhibit both basal and apical dendrites. Dendritic length, number
of dendritic branches and spine density of both basal and apical dendrites were analyzed. In
addition, spine density in basal dendrites was quantified proximally (<50 um) and distally to
the soma. Figure 1 shows representative camera lucida drawings from layers 11 and 111
pyramidal cells of mPFC following chronic WIN 55,212-2 administration. These drawings
clearly demonstrate that chronic WIN 55,212-2 administration increased basal and apical
dendritic length and branching in layers Il and 111 pyramidal cells of mPFC in adult rats.
WIN 55,212-2 administration leads to an increase in apical (t(19) = —2.389, p = 0.027)
dendritic and basal (t(18) = —2.223, p = 0.039) lengths in adult animals only (Fig. 2a, b)
using unpaired t test. Two-way ANOVA revealed an effect of age on spine density in the
proximal portion of basal dendrites (F(1, 27) = 6.794, p = 0.015, Fig. 2c), suggesting that
adult animals showed higher spine density proximally to the soma. Figure 2d shows
cumulative distribution plots for spine density in the mPFC. No significant effects were seen
in the number of dendritic branches (data not shown).
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Regarding the Sholl analysis of basal dendrites of the pyramidal neurons (number of
intersections as a function of their distance to the soma), two-way repeated measures
ANOVA revealed an effect of age in between subjects (F(1, 20) = 5.139, p = 0.035). Further
analysis revealed that adult WIN-treated animals showed an increase in the number of
intersections from 80 to 140 pm from soma (p < 0.05, Fig. 3), suggesting an increase in
dendritic content in a radius distally to the soma, showing no differences at distances to
soma smaller than 80 pm or bigger than 140 pm (Fig. 3).

Effect of repeated cannabinoid administration on neuronal morphology in Acb

The analysis of the MSNs in Acb included the core and shell subregions of Acb. Core
subregion surrounds the anterior commissure, while the shell subregion is located medial
and ventral to the lateral ventricle.

Figure 4 shows representative camera lucida drawings from the Acb neurons following
chronic WIN 55,212-2 administration in adolescent and adult male rats. Included in the
analysis are the core and shell subregions of Ach. Dendritic length, number of dendritic
branches and spine density of MSNs of the Acb were evaluated in adolescent and adult
animals chronically treated with WIN 55,212-2 or vehicle. Two-way ANOVA revealed an
effect of age in dendritic length (F(1, 85) = 7.885, p = 0.006), number of dendritic branches
(F(1, 85) = 10.554, p = 0.002) and spine density (F(1, 85) = 16.616, p < 0.0001). Statistical
analysis revealed an effect of drug treatment in number of dendritic branches (F(1, 85) =
6.904, p = 0.01) and spine density (F(1, 85) = 16.453, p < 0.0001) but not in dendritic length
(Fig. 5a). No interaction was seen between age and drug treatment for any of the parameters
analyzed. Further analysis showed that WIN 55,212-2 administration decreased dendritic
length (t(46) = 3.112, p = 0.003) and number of dendritic branches (t(46) = 3.121, p = 0.003)
only in adult rats (Fig. 5b). Data analysis showed that control (vehicle-treated) adolescent
animals show a higher spine density than control (vehicle-treated) adult animals (t(43) =
2.51, p=0.016) (Fig. 5¢). Moreover, WIN 55,212-2 administration reduced spine density in
both adolescent (t(40) = 2.652, p = 0.011) and adult (t(45) = 3.131, p = 0.003) animals (Fig.
5c¢). Figure 5d shows cumulative distribution plots for spine density in the Acb.

Regarding the Sholl analysis (number of intersections as a function of their distance to the
soma), two-way repeated measures ANOVA revealed an effect of age (F(1, 86) =5.976, p =
0.017) but no interaction between age and drug treatment. In between-subjects analysis
showed an effect of age (F(1, 86) = 6.661, p = 0.012) and drug treatment (F(1, 86) = 5.64, p
=0.02), showing that in all groups there was a decrease in the number of intersections as
dendritic distance from soma decreases (Fig. 6). As age impacted Sholl analysis, further
analysis revealed that drug impacts Sholl analysis in adult animals (F(1, 46) = 5.972, p =
0.018) but not in adolescent animals (F(1, 40) = 0.001, p = 0.979). Moreover, adult WIN-
treated animals showed a lower number of intersections until 60 um from soma (t(46) =
4,119, p < 0.001, Fig. 6), suggesting a decrease in dendritic content in a radius of 60 pm
from soma, showing no differences at distances to soma bigger than 80 um (t(46) = 1,144, p
=0.259, Fig. 6).
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WIN 55,212-2 induces aversion only in adult rats

The place conditioning paradigm was used to test whether the aversive properties of WIN
55,212-2 were similar in adolescent versus adult subjects. Repeated measures analysis
revealed that the there was an overall effect of time of testing (F(1, 19) = 5.294, p = 0.033),
indicating that the conditioning phase affected the performance of the animals on the test
day (Fig. 7). The analysis also showed an interaction between the phase of testing and drug
(F(1, 19) = 4.831, p = 0.041). Further analysis showed that adult animals that received WIN
55,212-2 spent less time in the drug-paired chamber than the respective vehicle group (t(9) =
3.098, p = 0.027), indicating that WIN 55,212-2 induced aversive-like behaviors (Fig. 7). In
contrast, adolescent animals exposed to WIN 55,212-2 did not show aversion when
compared to the respective vehicle group (t(10) = —0.093, p = 0.695) (Fig. 7) suggesting that
adult and adolescent animals exhibit different sensitivities to WIN 55,212-2.

Discussion

The present study builds on previous work from our group as well as results from others
showing that the effect of cannabinoids on brain function varies by age. Here, results are
provided showing that administration of the synthetic cannabinoid receptor agonist WIN
55,212-2 differentially impacts neuronal morphology in the mPFC versus Acb in adolescent
compared to adult male rats. Deficits in working memory and decision making are adverse
consequences of long-term use of cannabis (Solowij et al. 2002) which implicate functioning
of prefrontal cortex (Casey et al. 2000; Luna et al. 2004; Segalowitz and Davies 2004;
Bunge and Wright 2007). Dysfunction of prefrontal cortex is a hallmark of psychiatric
disorders (Cullen et al. 2006; Nugent et al. 2006). Adaptations in neuronal architecture of
MSN in the Acb following WIN 55,212-2 exposure may contribute to differences in
behavior in adolescent versus adult rats in the conditioned place paradigm. As previously
reported, conditioned place paradigm is a simple method that offers several advantages
including observation of both rewarding and aversive effects (Bardo and Bevins 2000;
Cunningham and Gremel 2006; Cunningham et al. 2006; Tzschentke 2007). Specifically,
conditioned place paradigm offers a choice between the drug-associated cue and a neutral
cue (Cunningham et al. 2006). However, the conditioned place paradigm also presents
several limitations. One of the major limitations is the potential influence of a novelty
seeking effect that could potentially thwart results since rats would prefer novelty over a
familiar context (Hughes 1968; Cain et al. 2006; Bardo et al. 2006). To circumvent the issue
of novelty in our present experiment, we followed the previous approach that allows the rats
to show a preference for the drug-paired context relative to the novel context (Mucha and
Iversen 1984; Mucha and Herz 1985; Parker 1992) thus nullifying any consequence related
to novelty. Another limitation in conditioned place paradigm is the difficulty in determining
the type of dose—effect information that is normally expected in behavioral pharmacology
(Bardo and Bevins 2000). As described in the “Materials and methods” section, we selected
a dose that caused a significant elevation of nor-epinephrine efflux in the FC that is
accompanied by a significant increase in neuronal activity in the locus coeruleus and
significant behavioral changes (Oropeza et al. 2005; Page et al. 2007, 2008).
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We have previously shown that WIN 55,212-2 induces aversion in adult rats and that
noradrenergic transmission in the Acb is responsible for this behavior (Carvalho et al. 2010).
Adult subjects may exhibit aversive-like responses to WIN 55,212-2 compared to adolescent
rats because of decreased dendritic complexity in adult rats that is paralleled by decreased
inhibition of synaptic activity by lower expression of CB1rs (Heng et al. 2011). These data
suggest that differences in the structural adaptations to WIN 55,212-2 and a lack of
cannabinoid-induced aversion may render adolescents more vulnerable to the negative
sequelae of synthetic cannabinoids. As dendrites are the main site of information input into
neurons (Urbanska et al. 2008) and dendritic spines are seen as the main site for excitatory
synaptic transmission (Fernandez-Espejo 2013), we hypothesize that altered input to Acb
neurons may contribute to the behavioral expression of aversion.

The mPFC plays a role in the integration of emotional stimuli (Kohn et al. 2014; Davidson
2002) as well as in complex cognitive tasks, including temporal organization of behavior,
decision making, rule learning, and behavioral flexibility (Baird et al. 2013; Clark et al.
2004), while the Acb is a key region involved in eliciting cannabinoid-induced aversion
(Carvalho and Van Bockstaele 2011; Carvalho et al. 2010). The present study reveals
important differences in the effects of cannabinoids on the dendritic structure of neurons in
the mPFC and Ach across development. As the main site of information processing in
neurons (Urbanska et al. 2008), dendrites and dendritic spines are seen as the main site for
excitatory synaptic transmission (Ferndndez-Espejo 2013). Maturation of dendrites and
spines requires intact intrinsic mechanisms as well as sustained afferent input (Libersat and
Duch 2004; Libersat 2005). Dendrite development involves dendrite and spine growth
followed by higher order branching and spine maturation (Koss et al. 2014; Lu et al. 2013,;
Maynard et al. 2012; Verslegers et al. 2014). Slight decreases in spine density have been
reported with age in areas such as the mPFC, Acb and hippocampus (Sanchez et al. 2011),
and are supported by the present study. In situ hybridization histochemical studies
demonstrated that CB1r expression in prefrontal cortex follows distinct trajectories (Heng et
al. 2011). For instance, CB1r expression in rats is highest in juvenile (postnatal 25) and
declines with age, the lowest level is shown at (postnatal day 70). The developmental down-
regulation in CB1r expression follows similar trajectory as observed in CB1-dependent
inhibition of synaptic transmission (Heng et al. 2011). Morphological analysis of pyramidal
neurons in the mPFC showed changes in adult but not in adolescent rats. Considering that
cannabinoids are abused substances, increases in dendritic length, number of branches and
spine density might not be unexpected since adult rats given or self-administering cocaine,
nicotine and amphetamine show similar morphological changes (Robinson and Kolb 2004).
The reported effects of WIN 55,212-2 on dendritic architecture in adults but not in
adolescents may relate to differences in CB1r expression. Using fluorescent immunosorbent
assay, CB1r expression in PFC decreases with age following delta-9-tetrahydrocannabinol
(A9-THC) exposure (Ellgren et al. 2008). Interestingly, while CB1r expression in mPFC
declines with age, expression of endocannabinoids, anandamide and 2-AG, increases
following A9-THC exposure (Ellgren et al. 2008). As the mPFC is also important for the
corticolimbic pathway (Ellgren et al. 2008), we suspect that the changes observed herein
may reflect interactions between the PFC and the Acb. It has been shown that analogous
developmental effects in mPFC following A9-THC exposure parallel CB1r downregulation
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and endocannabinoid markers up-regulation in Acb following A9-THC exposure (Ellgren et
al. 2008). Indeed, similar pattern of norepinephrine increases was also evident in mPFC and
Acb when WIN 55,212-2 or A9-THC was administered systemically (Jentsch et al. 1997;
Oropeza et al. 2005; Page et al. 2007).

A recent review (Hurd et al. 2014) points out the vulnerability of adolescent brain to
cannabis addiction given the differential developmental expression of CB1r from juvenile to
adulthood. However, it also highlighted that some inconsistencies regarding the ontogenic
pattern of CB1r expression may be attributed to regional versus global, development
differences in the receptor development, differences in mMRNA, receptor protein or receptor
binding being investigated (Hurd et al. 2014). There is no discrepancy with our present
study because we exposed adolescent and adult rats to WIN 55,212-2 and their brains were
harvested following a 14-day exposure, while the studies (Biscaia et al. 2008; Singh et al.
2006) cited in the recent review (Hurd et al. 2014) investigated the effect of periadolescent
or perinatal exposure to cannabinoid agonist (WIN 55,212-2 or A9-THC) in adult. In other
words, while we studied the direct effect of WIN 55,212-2 exposure during adolescence and
adulthood, the other studies determined the subsequent effect of periadolescent or perinatal
cannabinoid exposure in adult (Biscaia et al. 2008; Singh et al. 2006).

It has been reported that chronic treatment with the cannabinoid receptor agonist A9-THC
leads to an increase in dendritic length and dendritic branches in the Acb (Kolb et al. 2006),
a finding that is not consistent with the data presented here. In Kolb’s study, A9-THC was
injected at a dose (0.5 mg/kg) not known to produce aversion or anxiogenic- like responses.
Therefore, at the dose utilized A9-THC may be rewarding and thus the increase in dendritic
arborization might be expected. It would be interesting to see whether a A9-THC dose
known to be aversive and anxiogenic (e.g., 5 mg/kg (Quinn et al. 2008) would decrease
dendritic length, branches and spine density in adults, similar to the findings reported here.
In the Acb, the expression of CB1r in rats progressively increases postnatally until around
30 or 40 days and then decreases into adulthood (Rodriguez de Fonseca et al. 1993).
Furthermore, CB1r in adolescent rats (30-35 days old) is less functionally coupled to G
proteins and desensitize more slowly in response to A9-THC treatment than in adults (Moore
et al. 2010). Interestingly, another set of studies has shown that chronic treatment with the
cannabinoid agonist HU210, for 14 days, induced a decrease in CB1r binding (measured by
[3H] CP55,940 autoradiography), that was more evident in adult animals (Dalton et al. 2009,
2010), suggesting that CB1r in adult animals may be more responsive to cannabinoids than
CB1r in adolescents. Thus, changes in Acb neuronal morphology may be due to higher
sensitivity of CB1r in adulthood, which ultimately may translate into aversive-like
responses.

It is widely accepted that glutamatergic excitatory input to neurons is usually associated with
spines, while gamma-aminobutyric acid (GABA)ergic inhibitory input usually occurs onto
dendritic shafts (Robinson and Kolb 2004). The MSNs of the Acb possess proximal
dendrites with very few spines, while distal dendrites have higher density of spines. GABA
terminals in the Acb synapse onto the soma or proximal dendrites (Pickel et al. 1988) and
glutamatergic afferents form synapse mainly at distal dendrites (French and Totterdell
2002). The effect of WIN 55,212-2 on spine density in the Acb in both adolescent and adults
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animals suggests that WIN 55,21-2 may affect glutamatergic transmission in the Acb
(possibly decreasing it) in both adolescent and adult rats. The fact that WIN 55,212-2 also
induces a decrease in dendritic branching in adults, especially at proximal levels suggests a
decrease in GABAergic transmission only in adult rats, which could lead to an overall
activation of the Acb triggering aversion (Carlezon and Thomas 2009).

The present study reveals important differences in the behavioral effects of cannabinoids in
adolescent versus adult subjects. The aversive and anxiogenic effects of cannabinoid
receptor agonists are well described in adult rats (Cagni and Barros 2013; Quinn et al. 2008;
Schramm-Sapyta et al. 2007). However, there is greater heterogeneity reported for
behavioral responses in adolescent subjects following cannabinoid administration. For
instance, cognitive and behavioral studies have shown that WIN 55,212- 2 causes long-
lasting deficits in sensorimotor gating, object recognition memory and performance on an
instrumental task (Schneider and Koch 2003; Schneider et al. 2005; Quinn et al. 2008), as
well as deficits on residual working memory and social interaction (O’Shea et al. 2004,
2006) Several factors can account for these differences: (1) maturation of brain circuitry; (2)
differential sensitivities of specific circuits to cannabinoids; (3) differential patterns of CB1r
expression. The fact that cannabinoids exhibit a greater effect on affective-like behaviors
(e.g., aversion, anxiety) in adult animals suggests that the circuits involved in aversion and
anxiety may not be fully established in adolescence (Quinn et al. 2008; Schramm-Sapyta et
al. 2007). In fact, MSNs of the striatum do not possess adult-like activity until the end of the
first postnatal month (Tepper et al. 1998; Belleau and Warren 2000). The present results
showing that adolescent rats findWIN55,212-2 less aversive are similar to the
developmental aversive effects observed for other drugs of abuse including alcohol (Philpot
et al. 2003) and nicotine (Wilmouth and Spear 2004). This suggests that neural circuits in
adolescent brain may be more vulnerable to drugs of abuse because their structural neuronal
adaptations are such that they do not elicit behavioral effects (e.g., aversion) that may be
protective. This may increase vulnerability to continued use and addiction.

In summary, the present results show that synthetic cannabinoid exposure differentially
impacts the neuronal morphology of adult compared to adolescent subjects. Such differences
may underlie the disparate developmental effects of cannabinoids on behavior.
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Adolescent vehicle Adolescent-WIN Adult vehicle Adult-WIN

Fig. 1.
Representative spine micrographs and camera lucida drawings of cf 2-3 from the medial

prefrontal cortex following chronic WIN 55,212-2 administration in adolescent and adult
Sprague-Dawley male rats
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Effect of chronic administration of WIN 55,212-2 on medial prefrontal cortex (mPFC)
pyramidal neuronal morphology. Chronic administration of WIN 55,212-2 (3.0 mg/kg, 14

days) increased dendritic length of mPFC neurons in adult rats. Spine density was not

affected by WIN 55,212-2 treatment, but was affected by age where adult rats present higher
density of spines near the soma, *p < 0.05
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Fig. 3.

Regarrangement of dendrites in medial prefrontal cortex (mPFC) pyramidal neurons after
chronic administration of WIN 55,212-2. Sholl analysis-derived distribution of mPFC layer
I1-111 pyramidal cell dendrites between consecutive 20-pum-spaced concentric spheres of cg
1-3. Results revealed that chronic administration of WIN 55,212-2 increases the number of
dendritic branches (at 80-140 pm from soma), *p < 0.05. Means and standard error of mean
are plotted
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Adolescent vehicle Adolescent-WIN Adult vehicle Adult-WIN

Fig. 4.
Representative spine micrographs and camera lucida drawings of nucleus accumbens (Acb)

neuron following chronic WIN 55,212-2 administration in adolescent and adult Sprague—
Dawley male rats. Included in the analysis are the core and shell subregions of Acb. Core
subregion surrounds the anterior commissure, while the shell subregion is located medial
and ventral to the lateral ventricle
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Fig. 5.

Effect of chronic administration of WIN 55,212-2 on medium spiny neurons in the nucleus
accumbens. Chronic administration of WIN 55,212-2 (3.0 mg/kg, 14 days) resulted in a
decrease in dendritic length and dendritic branches in adult rats but not in adolescent rats.
Moreover, it is shown that adult animals have a lower spine density than adolescent rats and
that WIN 55,212,2 administration decreases spine density in both adult and adolescent rats,

*p<0.01

Brain Struct Funct. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Carvalho et al.

Number of Intersections

Number of Intersections

Page 23

Sholl Analysis

Adolescent veh

- « = Adolescent WIN

Adult veh
—— Adult WIN
20 40 60 80 100 120 140 160 180 >200
Distance from soma (um)
Sholl Analysis - Adults
Adult veh
——Adult WIN

20 40 60 80 100 120 140 160 180 =200

Distance from soma (um)

Fig. 6.

Rgarrangement of medium spiny neurons (MSNSs) after chronic administration of WIN
55,212-2. Sholl analysis-derived distribution of MSNs in nucleus accumbens between
consecutive 20-um-spaced concentric spheres. Chronic administration of WIN resulted in a
significant decrease in the amount of dendritic branches proximal to the soma only in adult
rats, *p < 0.05. Means and standard error of mean are plotted
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Fig. 7.
Cannabinoids induce aversion in adult rats. Chronic administration of WIN 55,212-2 (3.0

mg/kg) induced aversion only in adult animals as seen by decreased time spent in the drug-
paired chamber, *p < 0.05
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