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Abstract
Repeated Δ9-tetrahydrocannabinol (THC) administration produces desensitization and
downregulation of cannabinoid type 1 receptors (CB1Rs) in the brain, but the magnitude of these
adaptations varies among regions. CB1Rs in the striatum and its output regions exhibit the least
magnitude and slowest development of desensitization and downregulation. The molecular
mechanisms that confer these region-dependent differences are not known. The stable
transcription factor, ΔFosB, is induced in the striatum following repeated THC administration and
could regulate CB1Rs. To directly compare the regional profile of ΔFosB induction and CB1R
desensitization and downregulation, mice were treated with THC (10 mg/kg) or vehicle for 13.5
days. CP55,940-stimulated [35S]GTPγS autoradiography and immunohistochemistry were
performed to measure CB1R desensitization and downregulation, respectively, and ΔFosB
expression was measured by immunoblot. Significant CB1R desensitization and downregulation
occurred in the prefrontal cortex, lateral amygdala and hippocampus; desensitization was found in
the basomedial amygdala and no changes were seen in remaining regions. ΔFosB was induced in
the prefrontal cortex, caudate-putamen, nucleus accumbens and lateral amygdala. An inverse
regional relationship between ΔFosB expression and CB1R desensitization was found, such that
regions with the greatest ΔFosB induction did not exhibit CB1R desensitization and areas without
ΔFosB induction had the greatest desensitization, with remaining regions exhibiting intermediate
levels of both. Dual immunohistochemistry in the striatum showed both CB1R co-localization with
ΔFosB in cells and CB1R puncta surrounding ΔFosB-positive cells. THC-induced expression of
ΔFosB was absent in the striatum of CB1R knockout mice. These data suggest that transcriptional
targets of ΔFosB might inhibit CB1R desensitization and/or that ΔFosB induction could be limited
by CB1R desensitization.

Keywords
G-protein; cannabinoid; nucleus accumbens; caudate-putamen; hippocampus

© 2013 Elsevier Ltd. All rights reserved.
*Corresponding Author: Dept. of Pharmacology and Toxicology, Box 980524, 1112 East Clay St., Virginia Commonwealth University
School of Medicine, Richmond, Virginia 23298, Phone: 804-827-0464, FAX: 804-828-1532, ljsimsel@vcu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuropharmacology. Author manuscript; available in PMC 2015 February 01.

Published in final edited form as:
Neuropharmacology. 2014 February ; 77: 224–233. doi:10.1016/j.neuropharm.2013.09.019.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Marijuana is the most widely used illicit drug in the United States and its repeated use leads
to the development of both tolerance and withdrawal symptoms, which are included in the
DSM-IV criteria for cannabis use disorder (American Psychiatric Association, 2000;
SAMHSA, 2010). Δ9-Tetrahydrocannabinol (THC) is the main psychoactive constituent of
marijuana and produces its behavioral effects via cannabinoid type 1 receptors (CB1Rs),
which are G-protein-coupled receptors that are widely distributed in the brain (Howlett et
al., 2002). Cannabinoid-mediated effects in rodents include antinociception, hypothermia,
catalepsy, hypolocomotion and memory impairment (Howlett et al., 2002; Varvel and
Lichtman, 2002). Repeated THC administration produces tolerance to these effects and
withdrawal occurs upon cessation of treatment or antagonist administration (Lichtman and
Martin, 2005). Studies have revealed alterations in CB1R signaling following repeated
cannabinoid treatment, but the relationship between these molecular adaptations and
tolerance and dependence are not well understood. Repeated THC administration decreases
both CB1R levels (downregulation) and CB1R-mediated G-protein and effector activity
(desensitization) in rodent brain (Sim-Selley, 2003). Several studies have demonstrated that
there are differences among brain regions in the magnitude and temporal properties of CB1R
desensitization and downregulation. Specifically, CB1R desensitization and downregulation
occur at lower agonist doses and develop more rapidly in the hippocampus than in the
striatum (caudate-putamen and nucleus accumbens) (Breivogel et al., 1999; McKinney et al.,
2008). These findings appear to translate to human cannabis users. CB1R levels were lower
in the brains of marijuana users compared to non-users, and the magnitude of apparent
downregulation exhibited a similar regional pattern as seen in rodents (Villares, 2007).
Region-specific reductions in CB1R binding have also been reported using in vivo imaging
in subjects that were marijuana users (Hirvonen et al., 2012). The recovery of CB1R levels
and activity after cessation of cannabinoid treatment was slower in the hippocampus than
striatum in rodents (Sim-Selley et al., 2006). Similarly, reduced CB1R binding in human
brain persisted in the hippocampus after ~4 weeks of abstinence from marijuana, whereas
binding in other regions appeared similar to pre-drug levels at this time point (Hirvonen et
al., 2012). These observations are important because the hippocampus is associated with
cognitive and memory impairing effects of cannabinoids, whereas the striatum mediates
motivational and motor effects of these drugs (Breivogel and Sim-Selley, 2009). In fact,
studies in human marijuana users suggest that greater tolerance develops to memory
impairment compared to motor or subjective measures such as “high” (D’Souza et al., 2008;
Haney et al., 2004; Ramaekers et al., 2009).

The mechanisms underlying regional differences in CB1R adaptations are not known, but
differences in the expression of signaling and regulatory proteins among brain regions, and
changes in their expression following repeated THC administration, could contribute to
these findings. ΔFosB, a truncated splice variant of the transcription factor FosB, is modestly
induced following a single drug injection, but accumulates upon repeated drug
administration and is stable for weeks after cessation of treatment (Chen et al., 1997).
Treatment with several drugs of abuse, including opiates and cocaine, induces ΔFosB in the
striatum (Nestler et al., 2001). We showed that THC significantly increased the number of
FosB/ΔFosB-immunoreactive (-ir) cells in the nucleus accumbens core (Perrotti et al., 2008).
Semi-quantitative analysis also showed that THC-induced FosB/ΔFosB-ir cells in other
forebrain regions, but protein levels could not be quantified with this technique.

Bitransgenic mice that overexpress ΔFosB in dopamine D1 receptor/dynorphin containing
striatal medium spiny neurons exhibit increased rewarding effects of several drugs of abuse
and natural rewards (Nestler, 2008). These same mice also had increased G-protein
signaling and adenylyl cyclase inhibition for mu- and kappa-opioid receptors, respectively,
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in the nucleus accumbens, suggesting that ΔFosB modulates signaling at the receptor/
effector level (Sim-Selley et al., 2011). The striatum and its projection regions appear
resistant to CB1R desensitization and downregulation (Sim-Selley, 2003) and the striatum is
involved in the rewarding effects of drugs of abuse (Koob, 1999; Koob and Volkow, 2010).
Taken together, these findings suggest that ΔFosB might modulate CB1Rs after repeated
drug administration, but the regional expression pattern of ΔFosB and CB1R desensitization
and downregulation has not been directly compared in brains from animals that received the
same THC administration paradigm. Therefore, this study investigated the brain regional
relationship between ΔFosB induction and CB1R desensitization and downregulation after
repeated THC treatment. Studies were also conducted to determine the neuroanatomical
relationship between CB1Rs and ΔFosB positive cells in the striatum. Finally, the role of
CB1Rs in THC-mediated ΔFosB induction was assessed in CB1R knockout mice. Results
showed an inverse regional relationship between CB1R desensitization and ΔFosB induction
and neuroanatomical results support the possibility of both cell-autonomous and trans-
synaptic interactions.

2. Materials and Methods
2.1. Materials

THC and [(−)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol] (CP55,940) were provided by the Drug Supply Program of the
National Institute on Drug Abuse (Rockville, MD). [35S]GTPγS (1250 Ci/mmol) was
purchased from PerkinElmer Life Sciences (Boston, MA). Bovine serum albumin (BSA)
and guanosine diphosphate (GDP) were purchased from Sigma-Aldrich (St. Louis, MO).
Goat anti-rabbit anti-FosB antibodies (sc-7203 and sc-48) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Goat anti-CB1R and guinea-pig anti-CB1R antibodies
(against residues 401–473 of the CB1R) (Pickel et al., 2006) were generously provided by
Dr. Ken Mackie (Indiana University, Bloomington, IN). Secondary antibodies were
purchased from either LI-COR (Lincoln, NE) or Invitrogen (Grand Island, NY). ProLong®
Gold anti-fade reagent with 4′,6-diamidino-2-phenylindole (DAPI) was purchased from
Invitrogen. All other reagent grade chemicals were obtained from Sigma Chemical Co. or
Fisher Scientific.

2.2. Subjects
Male ICR mice (Harlan Laboratories, Indianapolis, IN) weighing 25–30 grams (n=8 per
group) were used to assess CB1R adaptations and ΔFosB induction. THC (10 mg/kg) was
dissolved in a 1:1:18 solution of ethanol, emulphor and saline (vehicle). Mice were injected
subcutaneously with either vehicle or THC at 07:00 and 16:00 h for 13 days. On day 14,
mice received a morning injection only, and 24 hours later mice were sacrificed by
decapitation and brains were extracted. Brains were then hemisected, with one half dissected
for immunoblot analysis and the other half frozen in isopentane at −30°C for
autoradiography and immunohistochemistry to measure [35S]GTPγS binding and CB1R
levels, respectively. Based on initial results, a second group of ICR mice was treated as
described above, and the lateral and basomedial nuclei of the amygdala were dissected to
determine ΔFosB expression.

For immunohistochemical studies to determine whether CB1Rs and ΔFosB are co-localized
in striatal neurons, male ICR mice (n=4) were treated with vehicle or a ramping dose of
THC (10–20–30 mg/kg) twice daily for 6.5 days. We have previously determined that this
treatment paradigm induces a high level of ΔFosB in the striatum (unpublished data). Brains
were collected 24 hours after final drug administration to maximize the detection of ΔFosB,
which is more stable than FosB.
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The role of CB1Rs in ΔFosB induction was determined using CB1R knockout mice on a
C57Bl/6J background and littermate controls (Zimmer et al., 1999) (n = 7–8 per group).
CB1R knockout and wild type (WT) mice were treated with THC (10mg/kg) or vehicle for
13.5 days as described above, and the caudate-putamen and nucleus accumbens were
dissected 24 hours after final treatment. A separate group of C57Bl/6J mice (Jackson
Laboratories, Bar Harbor, Maine) were treated with increasing doses of THC to determine
whether results in CB1R knockout mice were due to an inability of this dose of THC (10
mg/kg) to further induce ΔFosB above levels in vehicle-treated mice. Mice received vehicle,
10 mg/kg THC or 30 mg/kg THC for 13.5 days as described above and the caudate-putamen
was dissected 24 hours after the final injection.

Mice were housed four to six per cage and maintained on a 12-hr light/dark cycle in a
temperature controlled environment (20–22°C) with food and water available ad libitum. All
experiments were performed with the approval of the Institutional Animal Care and Use
Committee at Virginia Commonwealth University in accordance with the National Institutes
of Health guide for the care and use of Laboratory animals 7th edition.

2.3. Dissections
Brain regions of interest were dissected from hemisected or whole fresh brains. The
prefrontal cortex was dissected by making a cut at the posterior extent of the anterior
olfactory nucleus after which the olfactory nuclei were removed. This sample included
frontal association, primary and secondary motor, anterior cingulate, prelimbic and orbital
frontal cortices. The next cut was made anterior to the optic chiasm to produce a thick
coronal section. The nucleus accumbens was dissected by removing the cortex ventrally and
the septum and nucleus of the horizontal limb of the diagonal band medially and then
collecting the tissue surrounding the anterior commissure. The caudate-putamen was
dissected by removing the cortex and then collecting the caudate-putamen that remained
after removal of the nucleus accumbens. The hippocampus was exposed by removing the
cortex from the remaining brain, then dissecting the whole hippocampus from the surface of
the brain. In a separate experiment, the lateral amygdala (including the ventrolateral,
dorsolateral, and anterior and posterior basolateral nuclei) and basomedial amygdala were
dissected. These dissections were made by first cutting caudal to the optic chiasm, and then
making a second cut directly caudal to the median eminence. The basomedial amygdala was
isolated by removing the surrounding ventral amygdaloid regions and separating dorsally at
the ventral extent of the bifurcated corpus callosum. The lateral amygdala was isolated by
removing the tissue found within the bifurcated corpus callosum.

2.4. Agonist stimulated [35S]GTPγS autoradiography
Assays were conducted as previously published from our laboratory (Nguyen et al., 2012;
Sim et al., 1995). Briefly, coronal sections (20 μm) were cut on a cryostat maintained at
−20°C, thaw-mounted onto gelatin-coated slides and stored desiccated at 4°C overnight.
Sections were collected at 3 levels to include 1) prefrontal cortex, 2) nucleus accumbens and
caudate-putamen, and 3) hippocampus, lateral amygdala and basomedial amygdala. Slides
were stored desiccated at −80°C until use. For assays, slides were brought to room
temperature, and then rinsed in 50 mM Tris-HCl buffer (pH 7.4) with 3 mM MgCl2, 0.2 mM
ethylene glycol tetraacetic acid (EGTA) and 100 mM NaCl (Assay Buffer) for 10 min at
25°C. Next, slides were transferred to Assay Buffer + 0.5% BSA, with 2 mM GDP and 10
mU/ml adenosine deaminase for 15 min at 25°C. Slides were then incubated in Assay Buffer
+ 0.5% BSA containing 0.04 nM [35S]GTPγS with 3 μM CP55,940 or vehicle (basal) for 2
hours at 25°C. CP55,940 was used because we have previously shown that it does not
stimulate [35S]GTPγS binding in autoradiography of CB1R knockout mouse brains (Nguyen
et al., 2011). The maximally effective concentration of CP55,940 was previously determined
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in cerebellar sections and homogenates (Nguyen et al., 2011). After final incubation, slides
were rinsed twice in 50 mM Tris buffer (pH 7.4) at 4°C, and then in deionized water. Slides
were then dried and exposed to Kodak Biomax MR film with [14C] microscales for 18 hrs.
Films were digitized at 8-bits per pixel with a Sony XC-77 video camera. Brain regions of
interest (ROIs) were determined using The Mouse Brain Atlas (Franklin and Paxinos, 2008).
Images were analyzed using NIH Image J software as described previously and resulting
values are expressed as nanocuries of [35S] per gram of tissue (nCi/g). Net agonist-
stimulated [35S]GTPγS binding was calculated by subtracting basal (without agonist)
binding from agonist-stimulated binding. Values were obtained in quadruplicate sections
collected from eight hemisected brains per group and averaged for statistical analysis.

2.5. Immunohistochemistry
CB1R immunofluorescence was used to assess receptor levels in hemisected brains. Slide-
mounted sections were washed in 0.1 M phosphate buffer (pH 7.4) with 0.9% NaCl (PBS)
for 5 minutes and fixed with 4% paraformaldehyde dissolved in 0.05 M phosphate buffer
(pH 7.4), 0.9% NaCl, 1% Triton-X100 (PBST) for 30 minutes. Slides were rinsed 3 × 5
minutes in 0.1 M Tris buffer (pH 7.4), with 0.9% NaCl and 0.1% Triton-X100 (TBST), and
then blocked in TBST containing 5% normal donkey serum. Slides were incubated
overnight at 4°C in TBST containing 2.5% normal donkey serum and goat-anti CB1R
(1:2000). Slides were then washed 3 × 10 minutes in TBS containing 0.05% Tween-20 and
incubated in Alexa 800 donkey anti-goat IgG (1:5000) for 2 hours. After incubation, slides
were washed 2 × 10 minutes in TBS containing 0.05% Tween-20 and 1 × 5 minutes in TBS.
Fluorescent immunoreactivity was detected with the LI-COR Odyssey scanner (42 μm
resolution, 1 mm offset with highest quality, channel sensitivity set at 4.0) and LI-COR
software v 2.1 was used to measure the average intensity of ROIs (Franklin and Paxinos,
2008) with the free form shape tool. Average intensity values were used to account for
differences in the size of ROIs between slices because this is not corrected using integrated
intensity.

CB1R and ΔFosB/FosB dual staining was assessed in coronal sections of the striatum to
determine the anatomical relationship between these two proteins. Slide-mounted sections
(20 μm) were washed in 0.1 M phosphate buffer (pH 7.4) with 0.9% NaCl (PBS) for 5
minutes and fixed with 4% paraformaldehyde (30 minutes) dissolved in 0.05 M PBS. Slides
were washed 3 × 5 minutes in PBS and incubated in PBS containing 1% Triton-X100 for 15
minutes. Slides were then washed 3 × 5 minutes in PBS and incubated in PBS containing
5% normal goat serum for 1 hour. Slides were incubated overnight at 4°C in PBS containing
2.5% normal donkey serum and antibodies against CB1R (1:1000; guinea-pig) and FosB
(1:500; sc-48/rabbit). Slides were then washed 3 × 5 minutes in PBS containing Alexa
Fluor® 488 goat anti-guinea pig IgG (1:500) and Alexa Fluor® 594 goat anti-rabbit IgG for
2 hours. After incubation, slides were washed 3 × 10 minutes in PBS and once for 5 minutes
in double-distilled water. Slides were coverslipped using ProLong® Gold anti-fade reagent
with DAPI. Images were captured on a Zeiss 700 laser scanning confocal microscope
utilizing the ZEN 2011 software. Pinhole diameter was set to 1 Airy unit for the 488
wavelength, to which the optical slice thicknesses were matched for the 405 and 594
detectors. Scan resolution was optimized to meet Nyquist sampling criteria in the X and Y
dimensions. Signal crosstalk was eliminated by separating each wavelength into individual
tracks and scanning sequentially. Scanning line-by-line, averaging four passes in a single
direction, then yielded an image at a 16 bit depth. All images were taken under a Zeiss Plan-
Apochromat 40x/1.3 Oil objective.
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2.6. Immunoblots
Immunoblotting was performed as previously described (Sim-Selley et al., 2006; Zachariou
et al., 2003). Tissue was homogenized in 20 mM HEPES buffer (pH 7.8) with 0.4 M NaCl,
20.0% glycerol, 5.0 mM MgCl2, 0.5 mM ethylenediaminetetraacetic acid, 0.1 mM EGTA
and 1% NP-40 (EMSA buffer) containing 0.5 mM phenylmethanesulfonylfluoride, 10 μg/ml
leupepsin, 100 μg/ml benazamide, 2 μg/ml aprotinin, 500 μM dithiothreitol and Halt™

protease inhibitor cocktail. Samples (50 μg protein) were loaded in 10% Tris-HCl gels and
separated by electrophoresis. Gels were transferred onto nitrocellulose paper, blocked in 0.1
M TBS with 5% Carnation™ instant nonfat dry milk for 1 hour, incubated in antibodies
against α-tubulin (1:1000) and FosB (1:500) in 0.1 M TBS containing 0.1% Tween-20
(TBST) with 5% nonfat dry milk. Blots were washed 3 × 10 minutes in TBST and incubated
with Alexa 680 goat anti-rabbit IgG (1:12000) and Alexa 800 goat anti-mouse IgG
(1:12000) in TBST for 45 minutes. Fluorescent intensity was visualized using the Odyssey
LI-COR infrared scanner. LI-COR software v 2.1 was used to measure integrated intensity
between treatments for the band of interest, with subtraction of the background (average of
intensities 3 border widths above and below the band). In order to verify that bands for the
α-tubulin loading control were not saturated and ensure the accuracy of results, an
experiment was conducted in which varying concentrations of protein (25–100 μg) were
loaded onto the gel and intensity was measured using the LI-COR system. Linear regression
analysis showed that these data fitted at r2 = 0.9978, thereby confirming that the signal was
not saturated at 50 μg, the amount of protein used in these studies.

2.7. Data Analysis
For all experiments, data were analyzed with Prism® version X (GraphPad Software, San
Diego, CA). For desensitization and downregulation studies and immunoblots comparing
only vehicle and 10 mg/kg THC, student t-tests were used to compare means of repeated
THC and vehicle groups based on planned comparisons by region. For studies in CB1R
knockout and wild type mice, data were analyzed by two-way ANOVA and Bonferroni
post-hoc tests and one-way ANOVA with Dunnett’s post-hoc tests in instances where an
interaction was found. For all other studies, one-way ANOVAs were performed with
Bonferroni post-hoc tests. To determine whether ΔFosB induction correlated with CB1R
desensitization, linear regression analysis was performed and the significance of correlations
was determined with F-tests to determine whether the slope of the line was significantly
non-zero. Significance was determined with p < 0.05.

3. Results
3.1. Repeated THC administration reduces CP55,940-stimulated [35S]GTPγS binding in a
region-specific manner

CP55,940-stimulated [35S]GTPγS binding was conducted to determine whether 13.5 day
treatment with 10 mg/kg THC (b.i.d.) produced CB1R desensitization in the forebrain. No
differences in basal [35S]GTPγS binding were found between THC- and vehicle-treated
mice in any region examined (Supplemental Table 1). Densitometric analysis revealed a
region-dependent reduction in CP55,940-stimulated [35S]GTPγS binding in brains from
THC- compared to vehicle-treated mice. THC treatment produced a significant reduction in
CP55,940-stimulated [35S]GTPγS binding in the prefrontal cortex (29% decrease, df=14, p
< 0.05) and hippocampus (50% decrease, df=14, p < 0.01) compared to vehicle-treated mice
(Figure 1, Table 1). THC treatment significantly reduced CP55,940-stimulated [35S]GTPγS
binding by 27% (df=14, p < 0.05) in both the lateral amygdala (including the lateral and
basolateral nuclei) and basomedial amygdala of THC-compared to vehicle-treated mice. In
contrast, there was no significant difference in CP55,940-stimulated [35S]GTPγS binding in
the caudate-putamen or nucleus accumbens of THC- versus vehicle-treated mice (Figure 1,
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Table 1). Therefore, the regional profile of relative CB1R desensitization was hippocampus
≫ prefrontal cortex ≥ basomedial amygdala = lateral amygdala ≫ caudate-putamen =
nucleus accumbens.

3.2. CB1R immunoreactivity is reduced by repeated THC treatment in a subset of brain
regions

CB1R immunoreactivity (-ir) was measured using immunohistochemistry in brain sections
that were near-adjacent to those used for [35S]GTPγS autoradiography. CB1R-ir in brain
sections was analyzed using the Odyssey LI-COR system, which can scan images with a
resolution up to 24 μm, allowing accurate measurements of differences in fluorescent
intensity (Brunet et al., 2009; Kearn, 2004). CB1R antibody specificity was confirmed for
analysis using the LI-COR system prior to experiments (Supplemental Data). CB1R-ir was
measured in the same regions as described above for agonist-stimulated [35S]GTPγS
binding. Decreased CB1R-ir, indicative of downregulation, was found in many of the same
regions as CB1R desensitization, although the magnitude of the decrease was generally
greater for desensitization. CB1R-ir was significantly reduced in the prefrontal cortex (19%
decrease, df=14, p < 0.01), lateral amygdala (15% decrease, p < 0.05) and hippocampus
(22% decrease, df=14, p < 0.05) of THC- compared to vehicle-treated mice (Figure 2, Table
1). CB1R-ir did not significantly differ between THC- and vehicle-treated mice in the
nucleus accumbens, caudate-putamen or basomedial amygdala. These results demonstrate a
similar regional pattern for CB1R desensitization and downregulation.

3.3. ΔFosB is induced by THC treatment in specific forebrain regions
Immunblots were performed to determine the relative expression levels of ΔFosB between
vehicle- and THC-treated mice. Immunoblot results showed region-specific induction of
ΔFosB expression by THC. Repeated THC treatment produced significant increases in
ΔFosB-ir in the prefrontal cortex (43% increase, df=14, p < 0.05), caudate-putamen (62%
increase, df=14, p < 0.001), nucleus accumbens (87% increase, df=14, p < 0.001) and lateral
amygdala (38% increase, df=14, p < 0.05) of THC- compared to vehicle-treated mice
(Figure 3, Table 2). In contrast, ΔFosB-ir in the basomedial amygdala and hippocampus did
not significantly differ between treatment groups. Therefore, the regional profile of THC-
mediated ΔFosB induction was nucleus accumbens > caudate-putamen > prefrontal cortex >
lateral amygdala ≫ basomedial amygdala = hippocampus.

3.4. CB1R desensitization and ΔFosB expression are inversely correlated
Reductions in CB1R-ir and CB1R-mediated G-protein activity exhibited a similar regional
pattern, whereas THC-mediated ΔFosB induction was most robust in regions with less CB1R
desensitization. In order to determine whether these observations represented significant
correlations, the mean percent changes in [35S]GTPγS binding, CB1R-ir and ΔFosB-ir of
vehicle- versus THC-treated mice were plotted for each region. Desensitization
([35S]GTPγS autoradiography, y-axis) and downregulation (CB1R-ir, y-axis) were each
compared to ΔFosB expression (immunoblots, x-axis). For the comparison between ΔFosB-
ir and downregulation, the slope of the linear regression line was not determined to be
significantly non-zero r (4) = 0.20, p = 0.67. For the comparison between ΔFosB-ir and
desensitization, the slope of the linear regression line was determined to be significantly
non-zero r (4) = 0.94, (p < 0.01) (Figure 4). These analyses confirmed initial observations
and showed a significant inverse regional correlation between CB1R desensitization and
ΔFosB expression.
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3.5 CB1Rs co-localize with and contact ΔFos/FosB-ir neurons
Immunohistochemistry was performed in order to determine whether the interaction
between CB1Rs and ΔFosB occurs within the same cell or is a trans-synaptic effect. Mice
were treated with a ramping dose of THC (10–20–30mg/kg) that strongly induces ΔFosB
expression in the striatum. The antibody used to assess ΔFosB recognizes FosB/ΔFosB, but
the 24-hour post-treatment survival time used in this experiment favors detection of ΔFosB
(Perrotti et al., 2004). CB1R-ir was visualized in green and FosB/ΔFosB-ir was visualized in
red (Figure 5). DAPI (blue) was used to identify cell nuclei. The distribution of CB1R-ir in
the caudate-putamen and nucleus accumbens of both vehicle- and THC-treated mice was
similar to that previously described by Tsou et al., 1998 (Figure 5A, D). CB1R-ir in both the
caudate-putamen and nucleus accumbens appeared as bright puncta that were distributed in
the neuropil and surrounding cell bodies, as indicated by nuclear markers (Figure 5C, F, G–
I). More diffuse staining was also observed in the caudate-putamen that appeared to
represent fiber bundles. Although most of the CB1R-ir appeared to be on fibers, green
fluorescent CB1R-ir cell bodies were also observed (Figure 5A, C, G and H). FosB/ΔFosB-ir
nuclei were seen in the caudate-putamen and nucleus accumbens of both vehicle- and THC-
treated mice (Figure 5B, E), but fewer FosB/ΔFosB-ir nuclei were observed in brain sections
from vehicle- compared to THC-treated mice (not shown). Dual staining for DAPI showed
that FosB/ΔFosB-ir was localized in cell nuclei (Figure 5C, F, G–I), as previously reported
(Perrotti et al., 2008). DAPI stained nuclei that were immunonegative for FosB/ΔFosB were
also observed in brains from both groups of mice (Figure 5C, F, G–I). Examination of dual
staining in brains from THC-treated mice revealed that in many cases CB1R-ir puncta
appeared to be surrounding cells that contained FosB/ΔFosB-ir nuclei (Figure 5G–I). Cells
were also observed in the caudate-putamen with green fluorescence that surrounded DAPI/
ΔFosB positive nuclei (Figure 5G and H). There were no instances where CB1R-ir and
FosB/ΔFosB-ir were dual stained in the nucleus (Figure 5C, F, G–I). Therefore, it appeared
that CB1R-ir was both co-localized with FosB/ΔFosB-ir in cells and also in puncta that
contacted cells with FosB/ΔFosB-ir nuclei.

3.6. THC-mediated ΔFosB induction is abolished in CB1R knockout mice
The role of CB1Rs in THC-mediated ΔFosB induction was determined in the nucleus
accumbens and caudate-putamen, regions that showed the highest magnitude of ΔFosB
induction. CB1R knockout and littermate wild type mice were treated with 10 mg/kg THC
or vehicle for 13.5 days (b.i.d.) as described above. ΔFosB expression was significantly
increased in THC- versus vehicle-treated wild-type mice in both the caudate-putamen (39%
increase, F1,25, p < 0.05) and nucleus accumbens (45% increase, F1,25, p < 0.05) (Figure 6).
There was no significant difference in ΔFosB-ir between vehicle- and THC-treated CB1R
knockout mice in either the caudate-putamen or nucleus accumbens. In the caudate-
putamen, two-way ANOVA determined a significant interaction between the factors of
genotype × treatment F1, 25 = 4.86, p< 0.05. One-way ANOVA, followed by Dunnett’s post-
hoc test, determined that both vehicle- and THC-treated CB1R-knockout mice exhibited
significantly greater ΔFosB expression (F3,25, p < 0.01) compared to wild type vehicle-
treated mice (Figure 6). Because ΔFosB-ir was elevated in the caudate-putamen of vehicle-
treated CB1R knockout compared to wild type mice, it is possible that further increases in
ΔFosB-ir might not be detected in this region after this THC treatment paradigm, essentially
producing a ceiling effect. Therefore, C57Bl/6J mice were repeatedly administered vehicle,
10 mg/kg and a higher dose (30 mg/kg) of THC twice daily for 13.5 days. Results showed
that this 30 mg/kg THC administration paradigm produced a significantly greater increase in
Delta;FosB-ir than the 10 mg/kg THC administration paradigm (F2,21, p < 0.05,
Supplemental Figure 3), indicating that the 10 mg/kg paradigm did not induce maximal
ΔFosB expression in this brain region. This result shows that THC-mediated ΔFosB
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induction is dose-dependent and that ΔFosB induction does not occur in CB1R knockout
mice.

3.5. Discussion
This study demonstrated an inverse regional correlation between THC-mediated induction
of ΔFosB and CB1R desensitization in the forebrain. Repeated THC treatment induced
ΔFosB in the caudate-putamen and nucleus accumbens, regions that did not exhibit THC-
induced CB1R desensitization and downregulation. In contrast, THC treatment did not
induce ΔFosB in the hippocampus, which exhibited the highest magnitude of CB1R
desensitization and downregulation. Areas with intermediate levels of CB1R desensitization
and downregulation, such as prefrontal cortex, lateral amygdala and basomedial amygdala,
demonstrated either no change or an intermediate level of ΔFosB induction.
Immunohistochemical results showed that CB1R-ir puncta surrounded cells with FosB/
ΔFosB-ir nuclei and also that CB1R and FosB/ΔFosB were co-localized in some cells.
Previous studies have shown that CB1R are expressed primarily in GABAergic medium
spiny neurons of the striatum (Hohmann and Herkenham, 2000). Thus, these results support
the idea that ΔFosB could regulate CB1Rs and/or that CB1R signaling could modulate
ΔFosB expression via both direct and trans-synaptic mechanisms. The role of CB1Rs in
THC-mediated ΔFosB induction has not previously been assessed. Studies in CB1R
knockout and wild type mice revealed that ΔFosB induction was CB1R-dependent in the
caudate-putamen and nucleus accumbens, showing that CB1Rs are required for THC-
mediated ΔFosB induction.

Studies in rodents have established that there are brain region-dependent differences in the
magnitude, rate of development and rate of recovery of CB1R desensitization and
downregulation (McKinney et al., 2008; Sim-Selley, 2003; Sim-Selley et al., 2006). Similar
regional relationships have been found in brains from human marijuana users, where greater
apparent downregulation and slower recovery of ligand binding were found in the
hippocampus compared to other brain regions (Hirvonen et al., 2012; Villares, 2007). The
similar regional relationship in CB1R adaptations between rodents and humans suggests that
this is a fundamental property of adaptation of brain CB1Rs to repeated THC exposure. The
present study has extended our previous findings by showing that brain regional specificity
also exists for induction of the stable transcription factor ΔFosB in rodents.

We have previously assessed THC-mediated desensitization and downregulation and
induction of ΔFosB in separate studies using a 15-day ramping-dose THC paradigm (Perrotti
et al., 2008; Sim-Selley and Martin, 2002). This treatment paradigm produced significant
CB1R desensitization and downregulation in almost all regions examined, but the relative
magnitude varied across regions. The hippocampus exhibited a higher magnitude of
desensitization and the caudate-putamen and its projection regions of substantia nigra and
globus pallidus exhibited a lower magnitude of desensitization (Sim-Selley and Martin,
2002). FosB/ΔFosB induction was examined in a separate study by treating mice with this
THC ramping dose paradigm and counting the number of FosB/ΔFosB-ir cells (Perrotti et
al., 2008). Results showed significant THC-induced increases in FosB/ΔFosB-ir cells in the
nucleus accumbens core, with trends toward increases in the nucleus accumbens shell and
caudate-putamen. Semi-quantitative analysis showed greater numbers of FosB/ΔFosB-ir
neurons throughout the forebrains of THC- compared to vehicle-treated mice (Perrotti et al.,
2008). The current study extends those findings by using immunoblot analysis, which
provides a quantitative measure that distinguishes between ΔFosB and full length FosB and
measures total protein expression. Results showed significant THC-mediated ΔFosB
induction in the nucleus accumbens, as well as prefrontal cortex, caudate-putamen and
lateral amygdala. The finding that THC-mediated ΔFosB induction occurs in these forebrain
regions could have important implications for understanding the mechanisms that contribute
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to the motivational effects of THC. The distribution of THC-induced ΔFosB expression in
the prefrontal cortex, caudate-putamen, nucleus accumbens and lateral amygdala
corresponds to previous findings reported after treatment with other drugs of abuse or
exposure to chronic stress (Perrotti et al., 2004; Perrotti et al., 2008). Neuroplasticity of
these brain regions is critical in the transition from acute to compulsive drug use and has
been suggested to be a neural substrate of addiction (Koob and Volkow, 2010). ΔFosB-
mediated regulation of target genes in these regions could therefore affect behaviors that
contribute to the motivational effects of THC as well as other drugs of abuse. In fact,
overexpression of ΔFosB in D1/dynorphin-containing striatal medium spiny neurons
enhanced the rewarding effects of morphine and cocaine (Colby et al., 2003; Zachariou et
al., 2006). Moreover, if ΔFosB or its target genes regulate CB1R desensitization and/or
downregulation in these regions, these molecular changes could also modulate the
motivational effects of THC. For example, if ΔFosB or its targets could inhibit CB1R
desensitization, then less tolerance might develop to behaviors mediated by the striatum
versus hippocampus, in which ΔFosB is not induced by THC. In fact, studies in humans
suggest that tolerance develops to the memory-impairing effects of THC, whereas subjective
criterion, such as THC-induced “high”, are less susceptible to development of tolerance
(D’Souza et al., 2008; Haney et al., 1997; Haney et al., 2004).

A significant inverse correlation was found between desensitization and ΔFosB induction,
whereas ΔFosB induction did not correlate with CB1R downregulation. One explanation for
this difference is that this THC paradigm did not produce sufficient downregulation to allow
a direct comparison with ΔFosB induction. It is also possible that ΔFosB might directly or
indirectly regulate genes involved in CB1R desensitization, but not downregulation. For
example, desensitization involves phosphorylation of G-protein coupled receptors (GPCRs)
by G-protein receptor kinases (GRKs), and subsequent recruitment of β-arrestins to the
receptor that can produce desensitization by interfering with receptor-G-protein coupling
and initiating endocytosis (Claing et al., 2002; Jin et al., 1999). β-arrestin-mediated GPCR
endocytosis promotes trafficking to endosomes, which leads to either recycling of the
receptor to the plasma membrane (resensitization) or degradation (downregulation).
Trafficking of CB1Rs to lysosomes for degradation is regulated by G protein-coupled
receptor associated sorting protein 1 (GASP1) (Martini et al., 2007). Thus, a number of
regulatory proteins could contribute to the molecular changes shown in the present study.
ΔFosB has not yet been linked to pathways involved in GPCR trafficking, but this
possibility has not been addressed directly.

The gene targets of ΔFosB that could regulate desensitization are not fully known, but
previous studies have identified candidate proteins that regulate CB1R adaptions. Our
laboratory showed that genetic deletion of β-arrestin-2 in mice attenuated CB1R
desensitization in the periaqueductal gray, cerebellum and spinal cord, and enhanced
desensitization in the projection areas of the caudate-putamen (substantia nigra and globus
pallidus) following repeated THC administration (Nguyen et al., 2012). Inhibition of the
extracellular signal-regulated kinase (ERK) pathway has also been shown to modulate CB1R
receptor desensitization and downregulation, suggesting that inhibition of proteins in this
pathway could reduce desensitization. Alternative interpretations are also suggested by the
current findings. It is possible that CB1R desensitization in regions such as the hippocampus
inhibits induction of ΔFosB, thus regions in which CB1R desensitization occurs would show
less ΔFosB induction. This mechanism could also explain the inverse regional relationship
identified between CB1R desensitization and ΔFosB induction.

Although the current results support the idea that CB1R desensitization and ΔFosB induction
after repeated THC exposure might be related, it also is possible that the two events could be
coincident and not linked. For example, signaling pathways upstream of CB1Rs and ΔFosB
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might regulate both processes. Studies using rat sarcoma(Ras)-specific guanine nucleotide
exchange factor 1 (GRF1) knockout mice, which blunts ERK activation through this
signaling pathway, showed that the Ras/ERK pathway was necessary for CB1R
desensitization and downregulation in the striatum (Rubino et al., 2005) and was also
involved in cocaine-mediated ΔFosB induction in the striatal neurons (Fasano et al., 2009).
These findings provide a mechanism upstream of ΔFosB induction that could also regulate
CB1R desensitization. However, if ERK was solely responsible for both events, one would
predict a positive correlation between desensitization and ΔFosB induction, whereas results
showed a negative correlation in this study. Thus, it will be important in future studies to
determine whether there is indeed a direct relationship between ΔFosB induction and CB1R
desensitization and identify the signaling processes that regulate these events.

The finding that ΔFosB expression was significantly higher in the caudate-putamen of CB1R
knockout compared to wild type mice suggests that CB1Rs modulate basal ΔFosB
expression in this region. A recent study showed that reduction of CB1R expression in
striatal cells using RNA interference-directed knockdown decreased the levels of D2R
mRNA and protein, as well as D2R-stimulated G-protein activity (Blume et al., 2013).
Moreover, administration of the D2R antagonist, haloperidol, is known to induce ΔFosB
expression (Atkins et al., 1999). Taken together, these findings suggest that loss of striatal
CB1Rs in knockout mice could reduce D2R signaling, which, like haloperidol, would
enhance dopamine release. A potential interaction between CB1Rs and dopamine receptors
in dopamine-mediated regulation of ΔFosB could have important implications in
understanding the cellular consequences of drugs of abuse.

THC has previously been reported to induce ΔFosB, a property common to drugs of abuse
(Perrotti et al., 2008), but we believe that this is the first study to directly assess the
relationship between THC-mediated ΔFosB induction and THC-mediated desensitization
and downregulation in CB1Rs. CB1Rs and ΔFosB were co-localized in a subset of striatal
neurons, demonstrating that adaptations in these pathways following THC exposure could
be cell autonomous. The anatomical proximity of CB1R-ir puncta with cells that express
ΔFosB indicates that CB1Rs might also trans-synaptically regulate ΔFosB. Results suggest
several possible functional interactions between CB1R signaling and ΔFosB in the striatum.
The inverse regional relationship between CB1R desensitization and ΔFosB induction
suggests that ΔFosB induction and subsequent changes in the expression of gene targets
might inhibit CB1R desensitization. A non-mutually-exclusive possibility is that CB1R
desensitization impairs a signaling pathway that normally induces ΔFosB expression, so that
CB1R desensitization would attenuate ΔFosB induction. These possibilities will need to be
directly assessed in future studies to determine the mechanism(s) underlying functional
interactions between CB1Rs and ΔFosB and potential consequences after repeated THC
administration.

Conclusions
These results suggest that THC-mediated ΔFosB induction could inhibit CB1R
desensitization or modulate resensitization, and/or that CB1R desensitization could attenuate
THC-mediated ΔFosB induction. Future studies will be required to distinguish among these
mechanisms. The demonstration that CB1Rs are both co-localized with ΔFosB and in puncta
that contact ΔFosB expressing cells indicates that both direct interactions and trans-synaptic
effects could occur. These studies also demonstrate the requirement for CB1Rs in THC-
mediated ΔFosB induction and that induction of ΔFosB is THC dose-dependent. The finding
that THC treatment induces ΔFosB in several regions important for functions related to
reward highlights the role this transcription factor might play in human marijuana use.
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AC anterior commissure

BMA basal medial amygdala

BSA bovine serum albumin

CB1R cannabinoid type 1 receptor

CBLM cerebellum

CP55,940 (−)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol

CPU caudate-putamen

DAPI 4′,6-diamidino-2-phenylindole

DOX doxycycline

EGTA ethylene glycol tetraacetic acid

ERK extracellular signal-regulated kinase

GDP guanosine diphosphate

GPCR G-protein coupled receptor

GTP guanosine triphosphate

HIP hippocampus

LA lateral amygdala

NAC nucleus accumbens

PFC prefrontal cortex

RAS rat sarcoma

THC Δ9-tetrahydrocannabinol

VEH vehicle (1:1:18; ethanol:emulphor:saline)

WT wild type
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Highlights

• CB1R desensitization and ΔFosB induction exhibit an inverse regional
correlation

• THC-mediated ΔFosB induction is abolished by CB1R deletion

• Results suggest that ΔFosB induction and CB1R desensitization are
mechanistically related

Lazenka et al. Page 16

Neuropharmacology. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(A) Representative autoradiograms showing CP55,940-stimulated [35S]GTPγS binding in
brains from vehicle and THC-treated mice. Prefrontal cortex is shown in row 1, nucleus
accumbens and caudate-putamen in row 2 and hippocampus, lateral amygdala and
basomedial amygdala in row 3. (B) Graph representing differences in net-stimulated
[35S]GTPγS binding expressed as a percent of net-stimulated binding in vehicle-treated
mice. Data are means ± SEM with * p < 0.05 and ** p < 0.01 versus vehicle controls, un-
paired, two-tailed Student t-test, n = 8 mice per group.
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Figure 2.
(A) Representative images of LI-COR scans for CB1R-ir. Prefrontal cortex is shown in row
1, nucleus accumbens and caudate-putamen in row 2, and hippocampus, lateral amygdala
and basomedial amygdala in row 3. (B) Graph showing differences in average intensity for
CB1R-ir as a percent of vehicle. Data are means ± SEM with * p < 0.05 versus vehicle
controls, un-paired, two-tailed Student t-test, n = 8 mice per group.
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Figure 3.
Immunoblot results for ΔFosB expression in the prefrontal cortex, nucleus accumbens,
caudate-putamen, lateral amygdala, basomedial amygdala and hippocampus of mice that
received repeated vehicle or THC administration. Blots were probed with antibodies
directed against ΔFosB and α-tubulin (loading control). (A) Graph showing densitometric
analysis of brain regions from vehicle- and THC-treated mice expressed as percent vehicle
control. Data are means ± SEM with * p < 0.05 and *** p < 0.001 versus vehicle controls,
un-paired, two-tailed student t-test, n = 8 per group. (B) Representative blots showing
ΔFosB-ir and α-tubulin-ir in vehicle- and THC-treated brains for each region examined.
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Figure 4.
Correlation of percent change in measured parameters for THC-compared to vehicle-treated
mice for the brain regions examined between desensitization (y-axis) and ΔFosB expression
(x-axis). Correlation is presented as percent change from vehicle with corresponding r-
squared values. Data are means ± SEM with ** p < 0.01, F-test, n=8 per group.
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Figure 5.
Representative images showing CB1R-ir (green), FosB/ΔFosB-ir (red) and DAPI (blue) in
the caudate-putamen and nucleus accumbens of mice that received repeated THC treatment.
CB1R-ir fibers and puncta were seen in the caudate-putamen (A) and nucleus accumbens (B)
and CB1R-ir cells were occasionally found in the caudate-putamen (A). FosB/ΔFosB-ir was
localized to nuclei of cells in the caudate-putamen (B, C) and nucleus accumbens (E, F).
FosB/ΔFosB-ir and DAPI were seen in a subset of cell nuclei that were surrounded by
CB1R-ir puncta in the caudate-putamen (C, G, H) and nucleus accumbens (F, I). CB1R-ir
was also seen in cells that contained FosB/ΔFosB-ir nuclei in the caudate-putamen
(indicated by arrows in G, H). AC: anterior commissure
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Figure 6.
Immunoblot results for ΔFosB expression in the caudate-putamen and nucleus accumbens
following repeated vehicle or THC administration in wild type and CB1R knockout mice.
Blots were probed with antibodies directed against ΔFosB and α-tubulin (loading control).
(A and B) Graphs showing densitometric analysis of brain regions from vehicle- and THC-
treated mice expressed as percent vehicle control. For CPU, data are means ± SEM with ^ p
< 0.05 and ^^ p < 0.01 versus wild type vehicle controls, Dunnett’s post-hoc test following a
one-way ANOVA, n = 7–8 mice per group. For NAC, data are means ± SEM with * p <
0.05 versus wild type vehicle controls, Bonferroni post-hoc test following a two-way
ANOVA, n = 7–8 mice per group. (C and D) Representative blots showing ΔFosB-ir and α-
tubulin-ir in vehicle- and THC-treated brains of wild type and CB1R knockout mice for each
region examined.
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TABLE 1

Net CP55,940-stimulated [35S]GTPγS binding and CB1R-ir measured in brain sections from vehicle- and
THC- treated mice

Region

Net [35S]GTPγS binding CB1R-ir Average intensity

VEHICLE THC VEHICLE THC

Prefrontal cortex 541 ± 35 388 ± 42* 1173 ± 66 946 ± 20*

Nucleus accumbens 286 ± 25 290 ± 32 432 ± 12 417 ± 16

Caudate-putamen 319 ± 14 316 ± 29 1160 ± 34 1134 ± 33

Lateral amygdala 397 ± 21 290 ± 36* 461 ± 18 393 ± 2*

Basomedial amygdala 349 ± 35 253 ± 16* 351 ± 33 365 ± 14

Hippocampus 380 ± 25 188 ± 32** 498 ± 7 392 ± 12**

Brain sections were incubated in 0.04 nM [35S]GTPγS, 3 μM CP55,940 and 2 mM GDP for autoradiography and results are expressed as net

CP55,940-stimulated [35S]GTPγS binding (nCi/g) ± SEM. Near-adjacent sections were processed with an antibody to CB1R for

immunohistochemistry and results are expressed as CB1R-ir average intensity in units of counts/pixels ± SEM.

*
p < 0.05

**
p < 0.01 different from vehicle by Student’s t-test, n=8 mice per group.
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TABLE 2

Δ FosB expression measured by immunoblot in brains from vehicle- and THC-treated mice

Region

Δ FosB-ir Integrated intensity

VEHICLE THC

Prefrontal cortex 2.94 ± 0.33 4.20 ± 0.47*

Nucleus accumbens 1.81 ± 0.22 3.39 ± 0.25***

Caudate-putamen 1.56 ± 0.11 2.52 ± 0.12***

Lateral amygdala 2.94 ± 0.11 4.05 ± 0.08*

Basomedial amygdala 1.98 ± 0.11 2.13 ± 0.08

Hippocampus 1.40 ± 0.23 1.20 ± 0.14

ΔFosB-ir was measured in homogenates prepared from brain regions of interest using an antibody against FosB that recognizes all FosB isoforms,
as described in Methods. The 35–37 kDa band, defined as ΔFosB, was measured for analysis. Results are expressed as integrated intensity in units

of counts-mm2 ± SEM.

*
p < 0.05

***
p < 0.001 different from vehicle by Student’s t-test, n=8 mice per group.
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