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Abstract
Mounting evidence suggests a potential link between cocaine abuse, disruptions in hypothalamic-
pituitary-thyroid axis signaling, and neuroplasticity, but molecular mechanisms remain unknown.
Neurogranin (Ng) is a gene containing a thyroid hormone-responsive element within its first intron
that is involved in synaptic plasticity. Transcriptional activation requires heterodimerization of
thyroid hormone receptor (TR) and retinoid X receptor (RXR) bound by their respective ligands,
tri-iodothryonine and 9-cis-retinoic acid (9-cis-RA), and subsequent binding of this complex to the
thyroid hormone-responsive element of the Ng gene. In this study, the effects of chronic cocaine
abuse on Ng expression in euthyroid and hypothyroid mice were assessed. In cocaine-treated
mice, decreased Ng expression was observed in the absence of changes in levels of thyroid
hormones or other hypothalamic-pituitary-thyroid signaling factors. Therefore, we hypothesized
that cocaine decreases Ng expression via alterations in 9-cis-RA availability and TR/RXR
signaling. In support of this hypothesis, RXR-γ was significantly decreased in brains of cocaine-
treated mice while CYP26A1, the main enzyme responsible for neuronal RA degradation, was
significantly increased. Results from this study provide the first evidence for a direct effect of
cocaine abuse on TR/RXR signaling, RA metabolism, and transcriptional regulation of Ng, a gene
essential for adult neuroplasticity.
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The hypothalamic-pituitary-thyroid (HPT) axis is comprised of a tightly regulated signaling
cascade that ultimately controls the release of the thyroid hormones tri-iodothryonine (T3)
and thyroxine (T4) from the thyroid gland and subsequent regulation of thyroid hormone
(TH)-responsive genes in the brain. Processing of these hormones in the CNS occurs via
crosstalk between astrocytes and neurons, as deiodinase-2 (D2), the enzyme responsible for
conversion of T4 into its more potent T3 form, is expressed in astrocytes (Alkemade et al.
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2005; Lechan and Fekete 2007). T3 is then transported to neurons where it can activate T3-
responsive target genes or be inactivated by the deiodinase-3 (D3) enzyme (Alkemade et al.
2005; Zoeller et al. 2007). Both D2 and D3 are sensitive to circulating levels of TH, and
serve as important regulatory elements.

Hypothyroidism, characterized by insufficient levels of circulating T3 and T4, contributes to
cognitive impairments, decreased hippocampal neurogenesis, and even dementia (Bauer and
Whybrow 2001; Desouza et al. 2005; Dong et al. 2005; Gong et al. 2010). Additionally,
both overt and subclinical hypothyroidism (SCH) are implicated as leading risk factors for
major depressive disorder (Fornaro et al. 2010; Mowla et al. 2011); in itself a risk factor for
the development of a substance abuse disorder (Deykin et al. 1987; Christie et al. 1988). In
fact, results from a large study of the association between the use of cocaine and depression
indicated that the odds ratio of cocaine use for those with depression was 1.28 in 1981 (n =
3,006) and 3.53 in 1993–1994 (n = 1,679; Bohnert and Miech 2010). In this context, the
association between cocaine abuse and HPT dysfunction represents a valid and under-
represented field of research, as a number of cocaine abusers may suffer from underlying
TH abnormalities. Additionally, TH deficits may be exacerbated with continued cocaine use/
abuse, further contributing to cognitive dysfunction and hindering effective treatment.

A small number of studies have been conducted to examine the effects of cocaine abuse on
TH levels and HPT functioning, both in clinical settings and in experimental animal models.
However, few conclusions have been reached and numerous discrepancies exist among the
findings. For instance, Dhopesh et al. (1991) reported that heavy cocaine abuse does not
affect thyroid functioning in humans, and Budziszewska et al. (1996) substantiated this
evidence in rats. However, other studies reported that cocaine abusers exhibit an impaired
thyrotropin (TSH) response to thyroid-releasing hormone (Teoh et al. 1993; Vescovi and
Pezzarossa 1999). Furthermore, dopamine, the neurotransmitter through which cocaine
exerts a majority of its CNS effects by inhibition of its reuptake, is a known inhibitor of
TSH secretion from the pituitary, and dopamine agonists induce hypothyroidism in humans
(Shupnik et al. 1986; Haugen 2009). Importantly, none of these studies examined the
expression of TH-responsive genes following cocaine abuse. Additional research is needed
to increase understanding of the molecular interactions between cocaine abuse and HPT
disruption.

Although conflicting evidence exists regarding the degree to which cocaine is directly
neurotoxic, numerous studies have shown that chronic abuse can lead to cognitive
dysfunction, mood disturbances, and vulnerability to the development of co-morbid
psychiatric disorders (Ardila et al. 1991; Bolla et al. 1998; Ford et al. 2009). Microarray
studies from post-mortem human brain tissue from cocaine abusers have provided valuable
insight into some of the transcriptional changes occurring in response to cocaine. Changes in
genes related to the maintenance of the extracellular matrix, myelination, signal
transduction, and synaptic plasticity have been consistently observed (Albertson et al. 2004;
Lehrmann et al. 2006; Lull et al. 2008). Similarly, microarray studies involving hypothyroid
human patients and animals also show changes in neural plasticity (Dong et al. 2005;
Royland et al. 2008).

One gene that is directly regulated by TH levels and that is implicated in synaptic plasticity
is neurogranin (Ng), also called RC3, which contains a thyroid hormone receptor (TR)/
retinoid X receptor (RXR) response element within its first intron (Fig. 1) (Martinez de
Arrieta et al. 1999). It is well documented that hypothyroidism results in decreased Ng
transcription and expression, particularly in the cerebral cortex and hippocampus (Iniguez et
al. 1992; Enderlin et al. 2004). Transcriptional activation of the Ng gene requires both TH
and 9-cis-retinoic acid (9-cis RA), an isomer of all-trans retinoic acid, which is present in the
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brain (McCaffery and Drager 1994; Kastner et al. 1995; Connor and Sidell 1997; Krezel et
al. 1999; Zetterstrom et al. 1999; Husson et al. 2003; Enderlin et al. 2004). Retinoic acid
(RA) binds to cellular retinol-binding protein (CRBP) in the cytoplasm, during which time it
can either be degraded by the enzyme CYP26A1, a member of the cytochrome p450 family,
or transferred to RXR for transport into the nucleus. Retinoic acid is required for
transcriptional activation of Ng, as decreased levels of Ng comparable to those observed in
hypothyroidism are also evident during vitamin A deficiency (Husson et al. 2003).

In the present study, we assessed the effects of cocaine on HPT signaling in the CNS with
particular focus on the expression of Ng in a murine model of chronic abuse. Cocaine was
administered to both euthyroid and propylthiouracil (PTU)-induced hypothyroid mice to
determine if cocaine abuse may exacerbate deficits observed in hypothyroidism. Consistent
with previous studies, PTU treatment resulted in the depletion of serum T4 and decreased
expression of Ng (Enderlin et al. 2004; Vallortigara et al. 2008). While chronic cocaine
treatment did not alter serum TH levels, it significantly decreased Ng mRNA and protein
levels in euthyroid mice, leading to the hypothesis that regulation may be occurring at the
level of the TR/RXR nuclear receptors. In support of this hypothesis, mRNA and protein
levels of RXR-γ, an RXR isoform predominantly expressed in adult hypothalamus,
pituitary, and hippocampus, were significantly decreased in the brains of cocaine-treated
animals. Increased protein levels of CYP26A1 were also observed in the brains of mice
exposed to cocaine, suggesting that induction of RA metabolizing enzymes following
cocaine exposure could lead to a down-regulation in RA signaling. Overall, our data
demonstrate that cocaine increases CYP26A1 levels leading to dysregulation of RA
signaling and RXR expression and function, potentially contributing to altered transcription
of a number of RXR-responsive genes, including Ng.

Materials and methods
Animals

Ten-week old C57BL/6 male mice (Charles River) were utilized for the study. All
procedures were approved and conducted in accordance with Temple University IACUC
guidelines. Mice were singly housed in an animal facility with constant airflow, controlled
temperature (21–23°C) on a 12-h light/dark cycle and supplied with food and water ad
libitum. Food and water intake was measured every 2 days. Mice were divided into seven
groups with 6–10 mice per group: (i) euthyroid control, (ii) cocaine without withdrawal, (iii)
cocaine with 48 h withdrawal + challenge, (iv) hypothyroid, (v) subclinical hypothyroid, (vi)
hypothyroid + cocaine with 48 h withdrawal + challenge and (vii) subclinical hypothyroid +
cocaine with 48 h withdrawal + challenge (Table 1). Mice in groups 1, 2, and 3 received
normal chow (Harlan Teklan, Madison, WI, USA). Mice in the hypothyroid groups 4 and 6
were fed a low iodine diet supplemented with 0.15% PTU (6-n-propyl-2-thiouracyl-P)
(Harlan Teklan). Mice in groups 5 and 7 received a low iodine diet with 0.075% PTU to
induce a SCH state. Mice in cocaine groups 2, 3, 6, and 7 were injected intraperitoneally
(i.p.) with 15 mg/kg cocaine (Sigma, St Louis, MO, USA) dissolved in sterile saline once
per day for 14 days. Mice from group 2 were euthanized immediately following the final
cocaine injection, while the rest of the groups underwent 48 h of withdrawal as described
above. Mice in groups 1, 4, and 5 were given equivalent volumes of saline injections on the
same schedule as those receiving cocaine. Ocular blood draws were conducted from each
mouse from alternating eyes once per week for the duration of the study for plasma thyroid
hormone measurements (Chiang et al. 1998; Hoff 2000).
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Stereotypic behavior testing
Stereotypic behavioral testing was conducted on each mouse. Mice in groups 1 and 3–7
were injected for 14 days with either cocaine or saline and allowed a 48-h withdrawal period
prior to final challenge injections of either cocaine (groups 3, 6, and 7) or saline (groups 1,
4, and 5). During the 48 h period of cocaine withdrawal, all mice were singly housed for 24
h in the testing room for acclimation. On the test day, mice were observed for 1 min at 15,
30, 45, and 60 min after cocaine challenge or saline injections. A ‘0’ time reading served as
the baseline measure taken 1 min before cocaine or saline injection. Stereotypical behavior
was scored based on a modified rating scale as previously described (Creese and Iversen
1974; Daunais and McGinty 1995; Schlussman et al. 1998). The scoring scale consisted of
the following rating system: (i) sleeping, inactive (ii) alert, actively grooming, (iii) increased
sniffing, (iv) intermittent rearing and sniffing, (v) increased locomotion, (vi) intense sniffing
in one location, (vii) continuous sniffing and pivoting, (viii) continuous rearing and sniffing,
(ix) maintained rearing and sniffing, and (x) splayed hind limbs. The scores for all time
points were plotted and stereotypic behavior was assessed by taking the area under the curve
and by the average total activity at each time point.

Tissue harvest
Animals were heavily anesthetized with isoflurane and decapitated. Brains were removed
and placed into ice-cold phosphate-buffered saline (PBS). Brains from four to seven mice
per group were sectioned longitudinally and half of each brain was used for protein analysis
and the other half for RNA analysis. Each half of the brain was further sectioned into the
following regions: anterior frontal cortex (1.32 mm anterior of Bregma), temporal lobe (~30
mg of tissue taken from ventral-lateral posterior frontal cortex section), posterior frontal
cortex (post-FC) (1.32 mm anterior of Bregma to 2.92 mm posterior of Bregma), and
hindbrain/cerebellum (2.92 mm posterior of Bregma). Tissues for protein analysis were
stored at −80°C, and those for RNA analysis were placed in RNAlater® stabilization
solution (Qiagen, Valencia, CA, USA) and stored at −20°C. For immunohistochemical
analysis, whole brains from 1–3 mice per group were fixed in 10% buffered formalin for 24
h and processed for immunolabeling by standard paraffin embedding and sectioning.

ELISA – serum thyroid hormone levels
Triiodothyronine (T3) and thyroxine (T4) levels were measured by enzyme-linked
immunosorbent assay (ELISA) according to manufacturers’ instructions (Calbiotech, Spring
Valley, CA, USA; and Alpha Diagnostic International, San Antonio, TX, USA;
respectively). Twenty-five microliters of each serum sample was measured in duplicate from
each mouse and T3 and T4 levels were assessed by absorbance at 450 nm.

Homogenization of brain tissue and protein extraction
Each brain region was homogenized by mechanical dounce disruption on ice in TNN buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 1 : 200 protease inhibitor cocktail;
Calbiochem, San Diego, CA, USA). Once completely homogenized, samples were
centrifuged at 13 000 × g at 4°C for 5 min. Supernatant containing the protein was collected
and protein concentrations were determined via the Bradford assay.

Western blot
Equal amounts of protein were loaded (20 μg per lane unless otherwise indicated) onto pre-
cast midi-gels (4–12% Bis–Tris; Invitrogen, Carlsbad, CA, USA) and separated by
electrophoresis for approximately 1 h at 160 V and transferred onto nitrocellulose.
Membranes were blocked in 5% non-fat milk in Tris-buffered saline, 1% Tween-20 for 30
min before incubation with primary antibodies. Primary antibodies included: D2 (1 : 500;
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Santa Cruz Biotechnology, Santa Cruz, CA, USA), D3 (1 : 1000; Novus, Littleton, CO,
USA), Neurogranin (1 : 10000; Upstate Biotechnology, Lake Placid, NY, USA), RXR-γ (1 :
1000; Abcam, Cambridge, MA, USA), TR1β (1 : 1000; Santa Cruz), CYP26A1 (1 : 1000;
Abcam) or loading control GAPDH (1 : 2000; Santa Cruz). Membranes were incubated for
either 2 h at 23°C or overnight at 4°C, washed in 1× TBST, incubated with appropriate
secondary anti-mouse or -rabbit antibodies (1 : 5000; Thermo Scientific, Waltham, MA,
USA) for 1 h, and developed with ECL or ECL PLUS (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Band intensities were calculated using ImageJ software and
normalized to a loading control (Rasband 1997–2009).

RNA extraction and quantitative RT-PCR
Approximately 10 mg of tissue was removed from each sample section for RNA extraction.
Total RNA was extracted using the Qiagen RNeasy® kit according to manufacturer’s
instructions (Qiagen). cDNA was generated using the iScript™ cDNA synthesis kit
following the manufacturer’s protocol (Bio-Rad Laboratories, Hercules, CA, USA).
Generation of cDNA product was verified using primers for the housekeeping gene
riboprotein. The PCR reaction was performed using a 96-well thermocycler and a standard
amplification program. PCR products were separated through 1% agarose gel and visualized
under UV light. Once a quality PCR product was confirmed for all samples, quantitative
RT-PCR (qRT-PCR) analyses of TRα, TRβ, Ng, and RXR-γ were performed. Table 2 lists
primer sequences utilized. Reaction mixtures for qRT-PCR consisted of LightCycler® 480
SYBR Green I Master Mix (Bio-Rad), forward and reverse primers for TRα, TRβ, Ng,
RXR-γ, or riboprotein (housekeeping) (Table 2), 2 μL of cDNA (diluted 1 : 20) and H2O to
bring the reaction volume up to 20 μL. Samples were placed in a 96-well plate and the qRT-
PCR was performed on a Roche LightCycler® 480. All reactions were performed in
triplicate and amplification curves and Cp values were obtained for analysis. Results were
normalized against riboprotein using the ΔΔCt quantification method and expressed as
mean ± SEM.

Immunofluorescence labeling
Four μm coronal sections of formalin-fixed, paraffin-embedded tissues were placed on
electromagnetically charged glass slides. Slides were deparaffinized in xylene and
rehydrated through descending grades of ethanol up to water. After non-enzymatic antigen
retrieval in 0.01 M sodium citrate buffer (pH 6.0) for 30 min at 97°C in a vacuum oven,
slides were washed with 1× PBS and placed in blocking solution (5% normal goat or horse
serum; Vector Laboratories, Burlingame, CA, USA) for 2 h. Primary antibodies consisted of
Ng (1 : 200; Upstate), RXR-γ (1 : 100; Abcam), or CRBPI (1 : 200; Santa Cruz). Sections
were incubated with primary antibody overnight in a dark, humidified chamber at 23°C,
rinsed 3× with PBS, and incubated with fluorescein isothiocyanate (FITC) (1 : 500; Vector
Laboratories) or Texas Red (1 : 500; Vector Laboratories)-conjugated secondary antibodies
for 1 h at 23°C in the dark. Sections were again washed 3× with PBS, cover-slipped with an
aqueous based mounting medium containing DAPI for nuclear labeling (Vectashield; Vector
Laboratories), visualized with a Nikon ultraviolet inverted microscope, and processed with
deconvolution software (Slidebook 4.0; Intelligent Imaging, Denver, CO, USA).
Deconvolution was performed using SlideBook4 software, allowing acquisition of multiple
0.25 μm thick digital sections and 3-D reconstruction of the image.

Statistical analysis
All data were analyzed using one-way analysis of variance (ANOVA) with post hoc testing
where appropriate using GraphPad Prizm® (GraphPad Software Inc., San Diego, CA, USA)
and results were expressed as mean ± SEM, n ≥ 3. Values of p ≤ 0.05 were considered
statistically significant.
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Results
Cocaine does not alter serum levels of thyroid hormones

Hypothyroidism and subclinical hypothyroidism were confirmed by measuring serum levels
of T4 from weekly blood draws in all groups of mice (Calikoglu et al. 1996; Elder et al.
2000; Tong et al. 2007; Vallortigara et al. 2008). T4 levels in euthyroid control mice ranged
from 3.3 to 4.98 μg/dL (mean = 4.05 μg/dL); whereas, levels of T4 in mice fed 0.15% PTU
for 15 days ranged from 0 (undetectable) – 0.22 μg/dL (mean = 0.03 μg/dL) (Fig. 2). Mice
fed 0.075% PTU-containing chow for 15 days had T4 levels ranging from 0.37 to 2.4 μg/dL
(mean = 1.87 μg/dL). Mice given cocaine for 14 days had normal T4 levels ranging from
2.8 to 4.1 μg/dL (mean = 3.62). Cocaine administration in combination with half or full dose
PTU had no significant effects on T4 levels compared with PTU alone (Fig. 2). These results
suggest that during PTU-induced overt or SCH in mice, as measured by free T4 levels,
concurrent cocaine administration does not alter free T4 levels. As expected and as
previously reported, levels of T3 were not affected by PTU. (data not shown) (Zoeller et al.
2007). Additionally, cocaine had no effect on T3 levels (data not shown).

Cocaine-induced stereotypic behavior is diminished in hypothyroid mice
The effects of cocaine and hypothyroidism on stereotypic behavior were assessed in all
groups of mice. As expected, cocaine-treated mice displayed significantly increased
stereotypic behavior after receiving a challenge dose of cocaine following 48 h of
withdrawal, indicative of sensitization (*p < 0.01) (Fig. 3). Stereotypic behavior in
hypothyroid cocaine-treated mice was significantly decreased compared with euthyroid
cocaine-treated mice (**p < 0.05) (Fig. 3). Stereotypic behavior in vehicle-treated
hypothyroid (Fig. 3) and SCH (data not shown) mice was similar to behavior observed in
euthyroid mice that did not receive cocaine. Likewise, behavior observed in SCH mice that
received cocaine (data not shown) was similar to that of euthyroid mice that received
cocaine injections. These results suggest that in the mouse model of chronic cocaine abuse,
overt hypothyroidism diminishes typical stereotypic behavior associated with cocaine
withdrawal and challenge. As cocaine alone did not alter T4 levels, but cocaine-induced
stereotypic behavior was diminished in hypothyroid mice, we next addressed changes in the
signaling that may be responsible, at least in part, for these observations.

Neurogranin is differentially expressed in the adult mouse brain and is regulated by TH in
discrete brain regions

To assess baseline levels of D2, D3, Ng, and RXR in the four brain regions considered,
levels were assessed by western analyses in euthyroid control tissues. While D2, D3 and
RXR-γ were expressed in all brain regions assessed, Ng was not observed in the hindbrain/
cerebellum (Fig. 4) in agreement with previous studies (Krezel et al. 1999; Zoeller et al.
2007; Royland et al. 2008). Following cocaine and/or PTU administration, differences in Ng
expression were not observed in the anterior frontal cortex or ventral–lateral posterior
frontal cortex (data not shown). However, analysis of posterior frontal cortex (Post-FC)
sections, which include the hypothalamus and hippocampus, revealed significant changes in
Ng expression in cocaine and PTU treatment groups. Given the importance of the structures
in this brain region in HPT signaling, it is not surprising that the greatest effects on TH-
responsive genes were observed within this region. Furthermore, these results are consistent
with previous studies demonstrating that Ng is regulated by TH in discrete brain areas that
include the hypothalamus and hippocampus (Martinez de Arrieta et al. 1999; Zoeller et al.
2007; Vallortigara et al. 2008). Thus, Post-FC tissues were assessed in the remainder of the
experiments.
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Cocaine decreases neurogranin levels but has no effect on levels of deiodinases 2 and 3
While the thyroid gland produces both T3 and T4, the vast majority of TH produced is in the
form of T4 that is subsequently converted to the more bioactive T3 form by deiodinase 2
(D2) (Tong et al. 2007). Our data from PTU-fed mice showed that less circulating T4 was
available for conversion to T3 while serum levels of T3 were not changed (Fig. 2). A second
enzyme, deiodinase 3 (D3), present in neurons processes T3 to inactive forms to prevent
over-stimulation of TH-responsive signaling pathways. Changes in levels of either D2 or D3
may result in alterations in T3 levels, thereby affecting expression of TH-regulated genes.
Consistent with our previous findings that TH levels were not affected by cocaine, western
analyses revealed no significant changes in either D2 or D3 protein levels among groups
(Fig. 5a and b). Therefore, changes in levels of TH-responsive genes are not likely due to
altered D2 and/or D3 levels in this model.

Changes in levels of the TH-responsive gene Ng were assessed in Post-FC brain sections of
euthyroid, hypothyroid and cocaine-treated mice. Decreased Ng mRNA and protein
expression were observed in both hypothyroid (mRNA 35% and protein 50% of euthyroid
controls) and cocaine-treated animals (mRNA 28% and protein 67% of euthyroid, controls)
(Fig. 5c and d). Neither additive nor synergistic effects on Ng protein levels were observed
in mice receiving both PTU and cocaine (59% of euthyroid controls) (Fig. 5c and d). In SCH
mice and SCH mice receiving cocaine, levels of Ng were not significantly different from
control values (82% and 84% of controls, respectively) (data not shown). Interestingly,
cocaine had less of an effect on Ng levels in the SCH group than in euthyroid controls.
Immunofluorescence labeling of representative hippocampal sections from control
(euthyroid) and cocaine-treated mice (Fig. 5e) reveals that Ng levels (green) were
significantly decreased by cocaine within this brain region. To rule out the possibility that
the decreased expression of Ng was due to withdrawal from cocaine and not to the 14 day
cocaine administration, one group of mice (n = 6) was killed immediately following the final
cocaine injection of the 14-day paradigm and not subjected to the 48 h cocaine withdrawal
and challenge. Messenger RNA and protein levels of Ng in brain sections from not
withdrawn mice did not significantly differ from those of the cocaine 48 h withdrawal group
(data not shown), confirming that the observed alterations in Ng levels were the result of
chronic cocaine administration.

RXR-γ is decreased in cocaine-treated mice
In addition to T3 availability, thyroid hormone receptor (TR) is dependent upon
heterodimerization with RXR for displacement of transcriptional co-repressors, recruitment
of co-activators, and subsequent transcriptional activation of TH-responsive genes. Because
no changes were observed in T4 levels in response to cocaine, yet significantly decreased
expression of the TH-responsive gene Ng was observed, we hypothesized that dysregulation
may be occurring at the level of the nuclear receptor complex. Two types of TH nuclear
receptors exist: TR-α and -β, however, TR-β is the main regulator of the HPT axis and
levels of this receptor type have been shown to fluctuate in direct response to thyroid status
(Esaki et al. 2003; Vallortigara et al. 2008). Analyses of both mRNA and protein levels of
TR-α and -β in euthyroid control versus cocaine-treated mice showed that cocaine had no
significant effects on the levels of TH nuclear receptors (data not shown).

Transcriptional activation of Ng is controlled by the thyroid responsive element (TRE) in its
promoter region. To induce transcription, RXR-γ must bind to 9-cis-RA and dimerize with
the T3-TR-β complex and together these factors interact with the TRE (Fig. 1). Therefore,
even though levels of TR are not changed in response to cocaine, alterations in RXR-γ
levels could affect Ng transcription and expression. Analyses of RXR-γ in cocaine treated
mice indicated that both the message and protein levels were significantly decreased (*p <

Kovalevich et al. Page 7

J Neurochem. Author manuscript; available in PMC 2013 January 20.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



0.001) (Fig. 6a and b). Message levels were decreased by 40%, and protein levels by 26% in
cocaine-treated euthyroid mice compared with euthyroid control and to hypothyroid mice. In
euthyroid mice, abundant RXR-γ is observed in the neuronal nuclei (arrowheads) (Fig. 6c).
Likewise, co-localization of RXR-γ and CRBP is observed in the cytoplasm of euthyroid
control mouse nuclei (arrowheads) with no nuclear labeling (Fig. 6d and e). In contrast, very
low immunoreactivity of RXR-γ could be detected in the cocaine treated mice (not shown).
These results indicate that cocaine may be acting on the RA-RXR-γ signaling pathway,
rather than on the thyroid hormone pathway.

CYP26A1 is increased in cocaine-treated mice
CYP26A1 is a member of the cytochrome p450 enzyme family and represents a key RA
metabolizing enzyme in the brain. Previous studies have demonstrated that cocaine increases
cytochrome p450 expression in liver and cardiac tissues, but its effects on this family of
enzymes in the brain has not been previously explored in depth (Wang et al. 2002; Lane and
Bailey 2005). Here, we show that chronic cocaine administration results in a significant
increase in CYP26A1 protein levels in brain tissue (*p < 0.001, Fig. 7). Taken together, our
data suggest that cocaine contributes to increased metabolism of RA by induction of
CYP26A1 and, subsequently, a reduction in the level of 9-cis-RA available to potentiate
RXR signaling. This finding may account for the observed decrease in RXR-γ levels, as
receptor levels are regulated by RA levels in a positive feedback system, as well as for the
decreased transcription of Ng, which requires 9-cis-RA for activation.

Discussion
In the present study, we evaluated the effects of chronic cocaine abuse on HPT signaling in
euthyroid and PTU-induced hypothyroid and subclinical hypothyroid mice. Previous studies
have suggested cocaine may contribute to thyroid dysfunction but molecular mechanisms
remain unknown. Furthermore, literature regarding the specific effects of cocaine on thyroid
hormone responsive genes is lacking. Both chronic cocaine abuse and hypothyroidism have
been associated with similar co-morbidities, including major depressive disorder and
cognitive dysfunction; specifically, in areas related to memory and that are reliant on
neuroplasticity (Gold et al. 1981; Regier et al. 1990; Haggerty et al. 1993; Baldini et al.
1997; Ferris et al. 2008). Ng is one of the only brain-specific genes involved in synaptic
plasticity and its expression is TH-dependent in many brain regions (Vallortigara et al.
2008). Because of its sensitivity to T3 levels, Ng is decreased in hypothyroidism,
particularly in the hippocampus (Dong et al. 2005; Vallortigara et al. 2008; Gong et al.
2010). Given that cocaine abuse can also result in deficiencies in hippocampal-related
functions, we investigated the effects of chronic cocaine treatment on Ng levels and on
several aspects of HPT signaling that could explain alterations in Ng expression. All male
mice were used in this study to avoid confounding variables involving the effects of the
female estrous cycle on TH processing. Furthermore, hypothyroidism has previously been
shown to exert a greater effect on gene expression in male mice pups than in females (Dong
et al. 2005; Royland et al. 2008). Gender-specific differences in the effects of cocaine on RA
and Ng signaling are unknown and represent an area for future investigations.

Results from this study demonstrate that PTU-induced hypothyroidism and chronic cocaine
abuse similarly reduce Ng protein levels (to 52% and 67% of control, respectively) as well
as mRNA levels (to 35% and 28% of control, respectively) in posterior forebrain sections
(Fig. 5). We also chose to examine a subclinical hypothyroid state, induced by administering
½ dose of PTU, because this condition is relatively common in the human population and
produces a number of cognitive and mood disturbances, yet few studies have used methods
of manipulating thyroid status to mimic this state (Wang et al. 2002). Although we observed
a downward trend in Ng levels in SCH groups compared with control levels, results did not
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achieve statistical significance. These findings do not rule out the possibility that SCH could
disrupt neuroplasticity in human patients, and may be the subject of future studies.
Previously, it has been demonstrated that Ng is decreased in the hippocampus of
hypothyroid animals (Vallortigara et al. 2008). Upon immunohistochemical analysis in this
study, the greatest differences in Ng expression between control and cocaine treatment
groups were observed within the hippocampus, as well (Fig. 5e). Surprisingly, cocaine
treatment did not alter serum T3 or T4 levels, or the expression levels of D2 or D3,
indicating that the observed decrease in Ng was not a result of insufficient T3 levels, as is
the case in hypothyroidism. However, it is possible that cocaine may alter the actual amount
of T3 that reaches neurons via the disruption of normal astrocyte-neuron intercellular
communication. Additionally, because SCH in humans is characterized by normal T3 and
T4 levels but an abnormal TSH response, the results observed in cocaine-treated mice do not
rule out the possibility that cocaine may have an effect on TSH that may ultimately lead to
HPT alterations without directly impacting TH levels (Wang et al. 2002). However, the lack
of significant findings in TH levels and other components of the HPT signaling pathway in
cocaine-treated animals prompted us to evaluate the effects of cocaine at the level of nuclear
receptor signaling.

Transcriptional activation of Ng requires the heterodimerization of ligand-activated TR and
RXR-γ and binding of this complex to the TRE of the Ng gene. RXR belongs to a
superfamily of nuclear receptors that bind the vitamin A derivative 9-cis-retinoic acid, as
well as certain long-chain fatty acids such as docosahexaenoic acid (Wang et al. 2002).
Because vitamin A deficiency has previously been shown to decrease Ng expression at the
level of the RXR, we evaluated whether cocaine abuse influences RXR signaling to
similarly reduce Ng levels. Three RXRs exist – RXR-α, RXR-β, and RXR-γ – which are
encoded by separate genes and differentially expressed. RXR-γ is primarily expressed in the
hypothalamus, pituitary, hippocampus, and striatum and therefore serves as a likely target
for involvement in Ng regulation (Hoopes et al. 1992; Kliewer et al. 1992; Sugawara et al.
1995; Kumar et al. 2005; van Neerven et al. 2008). Furthermore, RXR-γ is known to be
involved in dopaminergic signaling, as it is highly expressed in dopaminergic neurons in the
striatum and RXR-γ mutant mice exhibit impaired locomotion and a blunted locomotor
response to cocaine (Krezel et al. 1998; Zetterstrom et al. 1999). Additionally, mice
subjected to vitamin A deficiency or targeted disruptions of RXR exhibit impaired long-
term-potentiation and long-term-depression, reduced dopaminergic function, and depressive-
like symptoms (Chiang et al. 1998; Husson et al. 2003; Krezel et al. 1998). Results from this
study reveal for the first time that chronic exposure to cocaine decreases RXR-γ mRNA and
protein levels in mouse posterior forebrain sections.

The mechanism(s) by which cocaine regulates RXR levels and function will continue to be
examined in future studies. A number of possibilities exist for these observations. For
instance, as RXR is biologically regulated by RA levels in a positive feedback system,
cocaine exposure could result in increased metabolism of vitamin A or its derivatives,
resulting in reduced bio-availability for retinoic acid receptor and RXR-dependent signaling.
In support of this view, previous studies have shown that cocaine treatment in mice induces
elevated levels of cytochrome p450 family members (Wang et al. 2002; Lane and Bailey
2005). We have expanded upon these studies by demonstrating that chronic cocaine
administration significantly increases levels of CYP26A1, the main enzyme responsible for
metabolism of cellular retinoic acid, in brain tissue (Figs. 1 and 7). Additionally, cocaine
may alter the levels or function of CRBP1 or cellular retinoic acid binding protein I/II so
that less retinol is taken up into cells, converted to RA, isomerized to 9-cis-RA, bound to
RXR, and transported successfully to the nucleus to initiate transcription of responsive
genes. As RXR has been demonstrated to shuttle between the cytosol and nucleus,
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subcellular localization studies following cocaine treatment could yield valuable insight into
the intra-cellular response to cocaine.

Another point of potential regulation exists at the level of formation of the nuclear receptor
complex. The TR/RXR complex unbound to its ligands is normally bound to the TRE of
regulated genes where it associates with transcriptional repressors, such as SMRT and N-
CoR, to promote histone deacetylase activity and inhibition of active transcription (Ferris et
al. 2008). Binding of T3 to the TR results in displacement of these repressors and results in
recruitment of co-activators that possess histone acetylase activity to initiate and promote
transcription of target genes (Ferris et al. 2008). Thus, TH-responsive genes may also be
sensitive to levels of these co-factors, and down-regulation of these genes could result from
increased repression or decreased activation factors. Cocaine abuse has previously been
associated with chromatin remodeling and changes in specific histone modifications in the
striatum, resulting in the regulation of gene transcription, and therefore may alter Ng
transcription in a similar manner (Kumar et al. 2005).

While RA signaling has recently been implicated in a number of physiological processes and
its dysfunction may contribute to several neurodegenerative diseases, the effects of cocaine
abuse on RA signaling have not been previously investigated. Our findings may shed light
on a number of effects cocaine exerts for which no mechanisms have yet been elucidated.
For instance, it has been well-documented that chronic cocaine abuse decreases dopamine-2-
receptor (D2R) expression in a number of brain regions contributing to impaired
dopaminergic signaling and a number of locomotor and psychological impairments
attributed to cocaine abuse (Krezel et al. 1998; Lull et al. 2008). Importantly, the D2R gene
contains an RXR-response element within its promoter region (Samad et al. 1997).
Therefore, a cocaine-induced reduction in RXR signaling may account for altered D2R
levels and function.

In conclusion, data presented in this study highlight an effect of cocaine abuse that has not
been previously reported, as well as a novel mechanism for the regulation of TH-responsive
genes following cocaine exposure. In light of these findings, we demonstrate how separate
conditions, chronic cocaine abuse and HPT dysfunction, converge on a single signaling
pathway. These results contribute to the understanding of the underlying complexity of
nuclear receptor signaling, and suggest that a delicate balance between signaling pathways
in the heterodimeric nuclear receptor complex must be struck in order to transduce proper
signaling and maintain a healthy neural environment.
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Abbreviations used

9-cis-RA 9-cis-retinoic acid

CRBP cellular retinol-binding protein

D2 deiodinase-2

D2R dopamine-2-receptor

D3 deiodinase-3

HPT hypothalamic-pituitary-thyroid
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PBS phosphate-buffered saline

Post-FC posterior frontal cortex

PTU propyl-thiouracil

RXR retinoid X receptor

SCH subclinical hypothyroidism

T3 tri-iodothryonine

T4 thyroxine

TH thyroid hormone

TR thyroid hormone receptor

TRE thyroid-responsive element

TSH thyrotropin
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Fig. 1.
Retinoic acid signaling pathway for neurogranin expression. Retinoic acid is transported into
the cell by CRBP and cellular levels are controlled by CYP26A1 enzyme that degrades RA.
RA is processed by a series of dehydrogenase enzymes (ADH, ROLDH, RALDH) into its 9-
cis RA form that can interact with RXR-γ. The RXR-γ/9-cis RA complex binds the TRE,
along with the T3/TR-β to activate neurogranin expression. Without both ligands (9-cis RA
and T3) binding to RXR-γ and TR-β, respectively, neurogranin expression is not initiated
(red ‘X’). Tri-iodothryonine, T3; cellular retinol-binding protein, CRBP; CYP26, CYP26A1
enzyme; aldehyde dehydrogenase, ADH; retinol dehydrogenase, ROLDH, retinaldehyde
dehydrogenase, RALDH; 9-cis-retinoic acid, 9-cis RA; retinoid-X-receptor-γ, RXR-γ;
thyroid hormone nuclear receptor-β, TR-β; Thyroid hormone responsive element, TRE;
Neurogranin, Ng.
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Fig. 2.
Chronic cocaine administration has no effect on serum levels of free thyroxine (T4) in mice.
Levels of T4 were significantly lower in PTU-fed mice with or without cocaine
administration (hypothyroid mice and subclinical hypothyroid mice) compared with
euthyroid control (*p ≤ 0.01). Cocaine had no effect on T4 levels. Hypo, hypothyroid; SCH,
subclinical hypothyroid; n.s., not statistically significant. Data were analyzed by one-way
ANOVA with Tukey’s multiple comparison post hoc test. n ≥ 6 mice per group.
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Fig. 3.
Hypothyroidism diminished stereotypic behavior in cocaine-administered mice. After 14
days of once per day cocaine injection (15 mg/kg), mice were withdrawn from cocaine for
48 h followed by a challenge injection (15 mg/kg). Stereotypic behavior was assessed and
cocaine-treated mice displayed significantly greater activity at 30 min post-challenge than
control mice (*p < 0.01). Stereotypic behavior in hypothyroid mice administered cocaine
was significantly diminished compared with euthyroid cocaine-treated mice (**p < 0.05).
Data were analyzed by one-way ANOVA with Newman–Keuls multiple comparison post
hoc test. n ≥ 6 mice per group.
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Fig. 4.
Differential expression of Ng in murine brains regions. Levels of D2, D3, Ng and RXR-γ
were assessed by western analyses from 20 μg of protein from each of the four brain regions
in euthyroid control mice (n = 6): anterior frontal cortex (Ant-FC), ventral-lateral posterior
frontal cortex (V-L-post-FC), posterior frontal cortex (post-FC), and hindbrain/cerebellum.
Deiodinase 2, D2; deiodinase 3, D3; neurogranin, Ng; retinoid X receptor-γ, RXR-γ;
GAPDH, loading control.
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Fig. 5.
Cocaine significantly decreases Neurogranin expression levels. Western analyses of protein
levels of (a) D2, (b) D3 and (c) Ng were assessed after 14 days cocaine administration. No
significant changes in D2 or D3 were observed among groups. (c, left panel) Ng mRNA and
(c, right panel and d) protein levels were significantly decreased in cocaine-treated mice
compared with control. (e) Neurogranin (green) immunofluorescent labeling of hippocampal
tissue from representative control and cocaine-treated mice. Nuclei are labeled with DAPI
(blue). (e) Magnification 400×. D2, deiodinase 2 enzyme; D3, deiodinase 3 enzyme; Ng,
neurogranin; Hypo, hypothyroid. Data were analyzed by one-way ANOVA with Tukey’s
multiple comparison post hoc test. n ≥ 6 mice per group. *p < 0.05.
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Fig. 6.
Cocaine significantly decreases RXR-γ. (a) qRT-PCR and (b) western analyses revealed
significantly decreased RXR-γ in posterior forebrain regions of mice treated with cocaine.
(c) RXR-γ immuno-fluorescence labeling (green) of a representative euthyroid control
mouse brain showing co-localization of RXR-γ with nuclei labeled with DAPI (blue)
(arrowheads). (d, e) CRBP-1 (red) and RXR-γ (green) double immunofluorescence labeling
of a representative euthyroid control mouse brain showing co-localization (arrowheads,
yellow). (c–e) Magnification 1000×. RXR-γ, retinoid-X receptor-γ; Hypo, hypothyroid. *p
≤ 0.001. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post
hoc test. n ≥ 6 mice per group.
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Fig. 7.
Cocaine significantly increases level of CYP26A1. (a) Western analyses of euthyroid
control mice (n = 5) and cocaine-treated mice (n = 4) indicated that cocaine significantly
increased levels of CYP26A1 in posterior frontal cortex. (b) densitometric quantification, *p
< 0.001 Data were analyzed by one-way ANOVA with Tukey’s multiple comparison post
hoc test.
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Table 1

Treatment groups

Group Treatment

1 Euthyroid

2 Cocaine no WD

3 Cocaine + WD + challenge

4 Hypo

5 SCH

6 Hypo + cocaine + WD + challenge

7 SCH + cocaine + WD + challenge

Euthyroid, control; Hypo, Hypothyroid, PTU-fed; Cocaine, 14 days, 15 mg/kg; WD, 48 h withdrawal; challenge, 15 mg/kg challenge dose cocaine;
SCH, subclinical hypothyroid (0.075% dose PTU).

N = 6–10 mice per group.
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Table 2

qRT-PCR primers utilized

Accession no. Gene name Forward primer Reverse primer

NM_009107 Retinoid X receptor γ 5-AGGCAGGTTTGCCAAGCTTCTG-3 5-GGAGTGTCTCCAATGAGCTTGA-3

NM_022029.2 Neurogranin 5-CACCCAGCATCGACAAA-3 5-CGCTCTTTATCTTCTTCCTC-3

NM_178060.3 TRα1 5-GACTGACCTCCGCATGATCG-3 5-CCTGATCCTCAAAGACCTCC-3

NM_001113417.1 TRβ 5-ATCAAGACAGTCACTGAGGC-3 5-GGGCATTCACAATGGGTGCTT-3

NM_009438 Riboprotein 5-CCTGCTGCTCTCAAGGTTGTT-3 5-CGATAGTGCATCTTGGCCTTT-3
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