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Abstract
Both over expression of cyclic AMP response element binding protein (CREB) in the nucleus
accumbens (NAc), and intra-accumbal injection of cocaine- and amphetamine-regulated transcript
(CART) peptides, have been shown to decrease cocaine reward. Also, over expression of CREB in
the rat NAc increased CART mRNA and peptide levels, but it is not known if this was due to a
direct action of P-CREB on the CART gene promoter. The goal of this study was to test if CREB
and P-CREB bound directly to the CRE site in the CART promoter, using chromatin
immunoprecipitation (ChIP) assays. ChIP assay with anti-CREB antibodies showed an enrichment
of the CART promoter fragment containing the CRE region over IgG precipitated material, a non-
specific control. Forskolin, which was known to increase CART mRNA levels in GH3 cells, was
utilized to show that the drug increased levels of P-CREB protein and P-CREB binding to the
CART promoter CRE-containing region. A region of the c-Fos promoter containing a CRE cis-
regulatory element was previously shown to bind P-CREB, and it was used here as a positive
control. These data suggest that the effects of CREB over expression on blunting cocaine reward
could be, at least in part, attributed to the increased expression of the CART gene by direct
interaction of P-CREB with the CART promoter CRE site, rather than by some indirect action.
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1. Introduction
Cocaine- and amphetamine-regulated transcript (CART) was discovered as an mRNA that
was increased in the ventral striatum of rats after an acute injection of psychostimulants
[1,2]. While the increase was not always found [3–6], recent studies demonstrated that acute
cocaine injections dose- and time-dependently increased c-Fos immunoreactivity in CART-
containing cells of the rat nucleus accumbens (NAc), a key brain nucleus in the reward
pathway [7]. c-Fos expression in neurons is regulated by extracellular stimuli and considered
to represent neuronal activation [7,8]; thus cocaine activated CART-containing neurons in
the rat NAc. Additional studies have shown interactions between cocaine and CART. After a
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binge regimen of cocaine administration in rats [3,9,10], and after self-administration in
Rhesus monkeys [11], cocaine increased CART mRNA levels in the amygdala (rat and
monkey) and NAc (rat). Human cocaine overdose victims also had up regulated CART
mRNA levels in the NAc [12].

CART peptides appeared to function in the NAc to counteract the behavioral effects of
cocaine, amphetamine and dopamine [13–16]. For example, rat self-administration studies
showed that intra-NAc injections of CART peptides reduced the breakpoint, or the amount
of work rats would do in order to receive an injection of cocaine [15]. In reducing the
breakpoint for cocaine self-administration, but not for food or sucrose, CART peptides
blunted the reinforcing properties of cocaine. Thus it has been hypothesized that CART
peptides in the NAc are homeostatic regulators of dopamine-induced activities [17].

Experiments have also found an association between cocaine and CREB. CREB activity was
up-regulated in the NAc by cocaine, and its over expression resulted in increases in serine
133 phospho-CREB (P-CREB) levels that were associated with a reduction in cocaine
reward [18]. Thus, a leading hypothesis is that CREB activity in the NAc regulates
motivational aspects of drug addiction via homeostatic, negative feedback adaptations
modulated by CREB target gene proteins which decrease reward [19]. Interestingly, the
CART gene contains a CRE cis-regulatory site in its proximal promoter that was shown to
bind CREB in nuclear extracts from the rat NAc in vitro [20], and, as noted above, intra-
accumbal CART peptides were shown to decrease cocaine reward [14,15] just as CREB
does. In addition, over expression of CREB in the rat NAc increased CART mRNA and
peptide levels [20]; thus CART is a CREB-regulated gene in the NAc and other tissues. We
hypothesized that CREB blunts the rewarding properties of cocaine, at least in part, by
increasing the expression of CART peptides, which also blunt behavioral responses to
psychostimulants [15,20].

The question addressed here is: are the effects of P-CREB on CART mRNA and peptide
levels due to a direct action of P-CREB at the CART promoter CRE site, or to indirect
actions through neuronal and subcellular mechanisms. While a direct interaction between P-
CREB and the CART gene promoter has been hypothesized [6,20–26] but not yet
demonstrated, and because most CART gene regulation studies were carried out with
linearized luciferase plasmid constructs driven by 1 kilobase or less of the CART promoter
in vitro [21,24,26], we tested the hypothesis that CREB and its transcriptionally active form,
P-CREB, were able to bind directly to the rat CART promoter CRE cis-regulatory site in the
native chromatin of live cells. The technology used to test the hypothesis was chromatin
immunoprecipitation (ChIP), a technique that identifies protein-DNA interactions within the
chromatin of genomic DNA in live cells. Unfortunately, ChIP assays for brain tissue have
not yet been fully optimized [27]; thus this research was performed with cultured GH3 cells
previously shown to express CART mRNA and to exhibit CART promoter-driven luciferase
after stimulation of the PKA-CREB pathway by forskolin [21,24].

2. Results
Chromatin immunoprecipitation (ChIP) assays identified appropriate chromatin fragments
from the CART and c-Fos genes

Several experiments were carried out to validate the feasibility of using the ChIP assay in
GH3 cells. Table 1 shows the forward and reverse primers used in quantitative, real-time
PCR reactions to amplify DNA enriched during ChIP assays. The table specifies the
nucleotide sequences and the predicted amplicon lengths of the PCR products in ChIP
assays. The c-Fos promoter was included because it was previously shown to bind P-CREB
in ChIP assays [27], and the c-Fos gene was also up-regulated by forskolin treatment in GH3

Rogge et al. Page 2

Brain Res. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells [28]. Therefore, it was used in this study as a positive control. Figure 1 illustrates how
the CART gene promoter consensus CRE DNA cis-regulatory element is located between
the flanking primers. The CRE site, the TATA box, and +1 site of transcription initiation are
identified in bold.

To verify that amplicons generated in PCR reactions were of the predicted sizes (334 base
pairs for CART and 104 for c-Fos), PCR reaction products were loaded into 2% agarose gels
supplemented with ethidium bromide and separated by electrophoresis. Figure 2 shows a
composite figure of several groups of separate assays showing gels of PCR amplicons. New/
separate groups of assays are partitioned in figure 2 by 2 kb DNA standards. CART
promoter fragments of the predicted size of 334 base pairs (bp) were found after: forskolin
treatment of GH3 cells and anti-P-CREB immunoprecipitation (IP) (lane 3); anti-CREB IP
(lane 5); and utilization of GH3 genomic DNA (gDNA) isolated with a genomic DNA
isolation kit from Qiagen (Valencia, CA; lane 8). The 334bp amplicons correlated with
melting temperatures (Tm's) around 87.5°C (Figures 3C and 4C). Lane 6 of figure 2 did not
contain a CART promoter fragment at 334bp after PCR with CART primers because anti-
rabbit IgG IP was a non-specific precipitator that did not selectively target the CART
promoter. c-Fos promoter fragments were of the predicted size of 104 base pairs (lanes 10
and 11), with melting temperatures around 80.5°C (Figure 5C). Thus, these data indicated
that the CART and c-Fos promoter primers produced the appropriate and expected PCR
amplicons.

Verification that GH3 cells contained CREB, P-CREB, and the CART gene promoter region
containing the CRE site

To verify that GH3 cells contained CREB transcription factors, Western blot analyses were
performed and CREB was identified (Figure 3A). Also, Western blots identified the
presence of P-CREB using an antibody for the phosphorylated serine 133 site on the P-
CREB protein (Figure 6A). To verify that GH3 cells contained the CART gene and that our
assay would amplify the promoter region containing the CRE cis-regulatory site, GH3 cell
gDNA was amplified in real time PCR reactions using CART primers (Figure 3B, a). The
amplicons were the predicted size of 334 base pairs (Figure 2) and consistently amplified
with Tm's around 87.5° C (Figures 3C and 4C), which confirmed that the Tm of 87.5°C
correlated with an amplicon size of 334 base pairs and that the rat CART gene promoter was
present in GH3 cells. These results justified the use of GH3 cells in the following
experiments as they expressed CREB, P-CREB and the rat CART gene.

Enrichment of the CART promoter CRE-containing region in GH3 cells by Chromatin
immunoprecipitation (ChIP) with a CREB-specific antibody

ChIP assays were carried out as described in Experimental Procedures. Precipitation with
CREB antibodies isolated more of the CART promoter region containing the CRE cis-
regulatory element than did precipitation with anti-rabbit IgG antibodies (IgG), which was a
non-specific precipitator used as a control (Figure 3). The data in figure 3B show
representative PCR amplification plots. The lower cycle threshold (Ct) value of sample (b)
compared to sample (c) in figure 3B meant that more CART DNA was enriched by anti-
CREB IP compared to IgG IP.

Melt curves in figure 3C showed that the DNA isolated by anti-CREB IP and IgG IP and
amplified by CART promoter primers had Tm's of approximately 87.5°C, which were
similar to the Tm of gDNA subjected to PCR using CART primers. Slight variations in Tm
values ± 1°C were normal due to small differences in the general conditions of the final PCR
products such as salt and DNA amplicon concentrations at the end of the PCR run (AB
technical services, Carlsbad, CA, personal communication). Data in figure 2 confirmed that
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those Tm values around 87.5°C corresponded to the predicted CART promoter amplicon
size of 334 bp. In contrast, the Tm's for some amplicons of IgG IP DNA and H2O were
approximately 75°C, which meant that IgG IP did not significantly enrich CART promoter
DNA and that the CART promoter primers did not amplify the CART gene from H2O, an
important control for primer specificity.

Real-time PCR data were quantified by the StepOne Plus real-time PCR system software
(Applied Biosciences, Carlsbad, CA) using the ΔΔCt method. In three independent ChIP
assays with each antibody, the mean fold-enrichment ratio of the CART promoter CRE
region after anti-CREB IP was 3.383 ± 0.735 (mean ± SEM) compared to IgG control IP (p
< 0.05 one sample t-test, n = 3 ratios; Figure 3D). The fold-enrichment ratio greater than 1.0
signified that a greater amount of the CART promoter was isolated by anti-CREB IP
compared to IgG IP. Those results indicated that CREB transcription factors were bound to
the CART promoter region containing the CRE cis-regulatory element.

Western blot analyses verified that forskolin time-dependently increased P-CREB levels in
GH3 cells

Because it was previously shown that forskolin increased CART mRNA levels in GH3 cells
by a PKA-mediated pathway [24], and we hypothesized that PKA activation increased
CART levels via increases in P-CREB protein levels that bound to the CART promoter,
Western blot analyses were performed with antibodies specific to P-CREB on pairs of
cultured cells that were treated with either 20µM forskolin or DMSO (vehicle) for various
time periods (Figure 6A). The raw optical densities of P-CREB immunoreactive bands in
blots from different time points were different due to different exposure times, but the ratios
of pairs of samples, one treated the other untreated, were consistent and thus used to
calculate the fold-stimulation of P-CREB in forskolin treated cells compared to DMSO
treated cells.

After 30 minutes of treatment, the ratio of forskolin-stimulated P-CREB levels to the levels
of P-CREB in DMSO-treated cells was increased compared to zero hours of treatment
(F[3,31] = 3.60, p < 0.05, one-way ANOVA, Dunnette's post-hoc test). The ratios of P-
CREB levels in forskolin treated cells compared to DMSO treated cells at each time point
were (mean ± SEM,): 0 h = 1.03 ± 0.045 (n = 3); 0.5 h = 2.07* ± 0.416 (*p < 0.05,
Dunnette's post-hoc test, n = 5); 2.0 h = 1.55 ± 0.131 (n = 4); and 4.0 h = 1.09 ± 0.140 (n =
4; Figure 6B). Thus, P-CREB levels were significantly higher after 30 minutes of forskolin
treatment, but not after 2 or 4 hours. These data showed that forskolin increased the amount
of P-CREB protein in GH3 cells and we hypothesized that the previously demonstrated
forskolin-regulation of CART mRNA in GH3 cells [22,24] occurred because of increased P-
CREB binding directly to the CART promoter CRE site. That hypothesis was tested in the
next set of experiments.

Enrichment of the CART promoter CRE-containing region in GH3 cells by ChIP with a P-
CREB-specific antibody; effects of forskolin

P-CREB protein values were increased most by forskolin after 30 minutes (Figure 6). Thus,
to determine if forskolin likewise stimulated P-CREB binding directly to the CART
promoter region containing the CRE element, ChIP assays were performed with P-CREB-
specific antibodies after 15 and 30 minutes of forskolin treatment. After 15 minutes of
forskolin treatment, a mean fold-enrichment ratio (P-CREB/IgG) of 2.964 ± 0.265 (mean ±
SEM, p < 0.001, one-sample t-test, n = 9 ratios; Figure 4A) was found. In addition, anti-P-
CREB IP of cells treated with forskolin for 15 minutes enriched more of the CART
promoter than did anti-P-CREB IP of cells treated with 15 minutes of DMSO, where the
mean fold-enrichment ratio (Fsk/DMSO) was 2.899 ± 0.316 (mean ± SEM, p < 0.001. one-
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sample t-test, n = 9 ratios; Figure 4A). These data indicated that P-CREB was bound to the
CART promoter after 15 minutes of forskolin treatment and that forskolin stimulated that
binding compared to DMSO treatment alone.

The CART promoter fragment containing the CRE cis-regulatory element was also enriched
by anti-P-CREB IP after 30 minutes of forskolin treatment compared to IgG IP, where the
mean fold-enrichment was 5.590 ± 1.712 (mean ± SEM, p < 0.05, one-sample t-test, n = 12
ratios; Figure 4A). When CART promoter enrichment by anti-P-CREB IP from forskolin
treated cells was compared to enrichment from DMSO treated cells, the mean fold-
enrichment ratio was approximately the same: 5.934 ± 1.234 (mean ± SEM, p < 0.05, one-
sample t-test, n = 12 ratios; Figure 4A). The data indicated that after 15 minutes and 30
minutes of forskolin treatment, forskolin stimulated P-CREB binding to the CART promoter
relative to DMSO treatment.

The data in figure 4A also revealed that enrichment of the CART promoter region was time
dependent. More P-CREB was bound to the CART promoter after 30 minutes of forskolin
treatment than after 15 minutes of forskolin treatment, where the difference in fold-
enrichment ratios was 3.3036 ± 1.400 (mean ± SEM, p < 0.05, two-sample t-test). No
significant increases were observed after 2, 4 or 6 hours of treatment (data not shown).

The data in figure 4B showed representative PCR amplification plots of CART promoter
fragments. The lower Ct value of sample (a) compared to sample (c) in figure 4B meant
more CART DNA was enriched by anti-P-CREB IP compared to IgG IP. Furthermore, the
lower Ct value of sample (a) compared to sample (b) indicated that forskolin stimulated
more P-CREB binding to the CART promoter compared to DMSO-alone treatment.

Data previously shown in figure 2, lane 3 confirmed that the PCR amplicons were the
predicted size of approximately 334 base pairs, corresponding to the CART promoter CRE-
containing region. Data in figure 4C showed that the DNA isolated by anti-P-CREB had
Tm's of approximately 87.5°C which were similar to the Tm for gDNA amplified with the
same CART primers and they corresponded to the correct amplicon size. The Tm's for some
IgG immunoprecipitated DNA amplicons were around 87.5°C, indicating a small amount of
non-specific immunoprecipitation of the CART promoter with IgG antibodies. The data in
figure 4D showed that Tm values were also 87.5°C for CART promoter fragments amplified
from the starting material, which were aliquots of the total DNA present in each sample
before immunoprecipitation and used to normalize the amount of DNA enriched after
antibody immunoprecipitations of a–c (Figure 4B). See Experimental Procedure for details
on starting material.

Enrichment of the c-Fos promoter CRE-containing region by ChIP with a P-CREB-specific
antibody; effects of forskolin

c-Fos, a CREB regulated gene previously found in ChIP assays to bind P-CREB at a CRE-
containing region of its promoter [27], was used as a positive control in this study. It bound
P-CREB, as expected (Figure 5). After fifteen minutes of forskolin stimulation, the mean
fold-enrichment ratio (P-CREB/IgG) of the c-Fos promoter by anti-P-CREB IP was 18.01 ±
6.806 (mean ± SEM) compared to IgG IP (p < 0.05, one-sample t-test, n = 8 ratios; Figure
5A). When forskolin treated cells were compared to DMSO treated cells after anti-P-CREB
IP, the mean fold-enrichment ratio of c-Fos promoter isolated above DMSO was 2.957 ±
0.354 (mean ± SEM, p < 0.001, one-sample t-test, n = 8 ratios; Figure 5A).

Data in figure 5B show representative PCR amplification plots of c-Fos DNA. The lower Ct
value of (b) compared to (c) and (d) indicated that anti-P-CREB IP isolated more of the c-
Fos promoter after forskolin stimulation than did exposure to DMSO or IgG IP after
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forskolin stimulation. Thus, P-CREB was bound to the c-Fos promoter CRE-containing
region.

Melt curves in figure 5C showed that the DNA isolated by anti-P-CREB IP and IgG IP had
Tm's corresponding to the Tm for gDNA amplified with c-Fos primers of approximately
80.6°C and data in figure 2 previously showed example c-Fos promoter amplicons that had
the same Tm that were the predicted size of 104 base pairs. Furthermore, starting material,
which was a measure of the total amount of c-Fos promoter present in ChIP samples before
antibody IP, had the same Tm around 80.6°C (Figure 5D).

CREB and P-CREB from the rat pituitary gland bound the rat CART promoter CRE cis-
element in electrophoretic mobility shift assays and super shift assays in vitro

Having shown that CREB and P-CREB could bind to a region of the CART promoter
containing a consensus CRE site in native, chromatin DNA in the nuclei of live pituitary-
derived GH3 cells, we tested the hypothesis that CREB and P-CREB made in the rat
pituitary itself could specifically bind to the CART CRE site from rat. The rationale was that
GH3 cells were pituitary-derived and in order to extend the ChIP findings presented herein
to mammalian tissues in vivo, it was important to show that CREB and P-CREB from the
pituitary itself could bind to the CART gene promoter CRE site. Thus, electrophoretic
mobility shift assays (EMSAs) and antibody super shifts (SS) were performed with rat
pituitary nuclear extracts and a radioactively labeled oligonucleotide identical in sequence to
the rat CART gene CRE cis-regulatory sequence (Figure 7).

Nuclear proteins were extracted from the pituitaries of rats and CREB and P-CREB binding
to the CART promoter CRE site were observed. The data in figure 7 show: mobility shifts of
radiolabeled CRE oligonucleotides (lanes 2 and 3), competition with 50× non-radiolabeled
CRE oligonucleotides (lanes 4 and 5), no competition with 50× non-radiolabeled, SP1
oligonucleotides with a sequence unrelated to the CRE oligonucleotide (lanes 6, 7), and
antibody super shifts with CREB and P-CREB antibodies (lanes 8–11). The data presented
in figure 7 confirmed that the CRE site in the CART promoter was able to bind CREB and
P-CREB from the pituitary, and the ChIP data presented in figures 3 and 4 bolstered the
hypothesis that CREB and P-CREB may bind to the CART promoter in its histone-bound,
chromatin state in the cell nucleus, in vivo.

3. Discussion
A major hypothesis for the role of CREB in drug addiction has been that CREB regulates a
specific subset of genes in the brain reward pathway after drug intake, that results in the
production of or down regulation of key neuropeptides and neurotransmitters, that modulate
DA signaling such that the behavioral responses to those drugs are reduced [29]. CART
peptides blunt the effects of psychostimulants in the NAc, and it has been suggested that the
CART gene is a CREB target gene and that one mechanism by which CREB produced its
anti-cocaine effects was by increasing expression of the CART gene in vivo. We previously
showed that CREB can bind to the CRE site in the CART proximal promoter in vitro
(Rogge et al 2009). This study, using ChIP assays, demonstrated that CREB and P-CREB
interacted directly with the CART promoter in the nuclei of intact cells.

Direct CREB regulation of the CART gene in the nucleus, at the level of the chromatin, was
not a given. GC-rich regions directly adjacent to core CRE regulatory sequences, global
DNA topology, the presence or absence of enhancer elements and other nearby cis-elements,
variations in core CRE site sequences themselves, the position of the CRE site relative to the
TATA box and accessibility of the CRE site to TFs such as CREB in the midst of the
nuclear chromatin, all affect the affinity of CRE cis-regulatory elements for CREB family
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TFs [30–32]. As one example, the CRE element is less active in locations more than 100
base pairs upstream of the TATA box and when flanked by GC-rich sequences [32]. In the
rat CART gene, the consensus CRE cis-regulatory element was near a GC-rich SP1 cis-
regulatory element at nucleotide position −146 from the site of transcriptional initiation
[21]. Due to the complexity of CREB-mediated transcription at the level of chromatin, the
observations presented in this study that CREB and P-CREB directly interacted with the
CART promoter bolstered the hypothesis that CREB may be able to directly regulate CART
in vivo.

The data presented in this paper examining P-CREB-DNA promoter interactions in two
different CRE-containing genes, c-Fos and CART, revealed a difference in basal P-CREB
binding between the two genes. In the CART gene, P-CREB binding to the CRE-containing
region was stimulated by forskolin, but in the absence of forskolin, P-CREB was not
significantly bound to the CART promoter CRE site. In contrast, the c-Fos gene was
previously shown by ChIP to bind P-CREB at the CRE site examined after vehicle-alone
treatment [27] and that result was confirmed here. The reason for these differences was not
clear, and it would require additional experiments to explain them. Nevertheless, the c-Fos
gene was included as a positive control and indeed it was found that P-CREB bound to the
c-Fos gene under our assay conditions as expected.

This study utilized GH3 cells because working with brain tissue is much more difficult [27].
But, it was also shown for the first time in this study that CREB and P-CREB extracted from
the nuclei of rat pituitary neurons were able to specifically bind to the CRE site on the
CART promoter in EMSA/SS analyses, in vitro (Figure 7). Previous studies showed that
CREB and P-CREB from the rat NAc could bind to that CRE site [20] and the data
presented in this study indicated that in the pituitary, CREB and P-CREB also existed in
conformations and dimerization combinations with the ability to bind to the CART promoter
CRE site. In conjunction with the ChIP data which showed that CREB and P-CREB were
able to bind to the histone-bound CRE site in the GH3 cell nucleus, the fact that pituitary
proteins also bound to that site makes it highly likely that CREB can directly bind to the
CART gene promoter CRE site in brain in vivo, and regulate the CART gene in the nuclei of
neurons while coiled around histones in the nuclear chromatin. Thus, these findings help
extend the significance of our results in cell culture to mammalian tissues in vivo.

4. Experimental Procedure
Primer design and quantitative, real-time PCR

Quantitative, real-time PCR reactions were performed according to the manufacturer's
directions with the Applied Biosystems Step-One Plus Real-time PCR system (Applied
Biosystems, Carlsbad, CA). Primer Express Software v3.0 (Applied Biosystems) selected
the PCR primer sequences (Table 1) used in real-time PCR amplifications of the rat CART
gene promoter. Primers that amplified a CRE-containing region of the c-Fos promoter were
adapted from a previous publication that performed chromatin immunoprecipitation (ChIP)
with P-CREB antibodies [27]. In the case of CART primers, the sequences were BLASTED
and compared to genome databases for potential non-specific interactions and found to have
none. In each experiment, the relative quantities of DNA amplified by real-time PCR were
determined by the StepOne Plus software and the ΔΔCt method [33].

DNA electrophoresis
The specificity of DNA enriched by antibody immunoprecipitations in ChIP assays and
amplified by PCR were verified by their melting temperatures and amplicon sizes in 2%
agarose gels, that were supplemented with ethidium bromide (Fisher Scientific, Pittsburgh,

Rogge et al. Page 7

Brain Res. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PA) electrophoresed at 100 volts at room temperature for 1 hour, and photographed using
ImageOne software (Biorad, Hercules, CA). The two kilobase ladder (Fermentas,
Burlington, Ontario, Canada), which was a conglomeration of different-sized DNA
fragments ranging from 100 base pairs (bp) to 2,000 bp that were separated by gel
electrophoresis, were used to determine the sizes of DNA amplicons.

Tissue culture and drug treatments
Rat pituitary-derived, GH3 cells (ATCC, Manassas, VA) were cultured on 100 cm2 dishes in
Ham's F-12 media supplemented with 10% fetal bovine serum (FBS) and 5% penicillin/
streptomycin (P/S) (Life technologies, Carlsbad, California). Dishes of cells to be
immunoprecipitated with anti-CREB were harvested and paired with cells to be
immunoprecipitated with IgG. Cells were grown to 80–85% confluency before a 20–24 hour
period of serum-starvation. After serum-starvation, the media was replaced with 10ml of
fresh Ham's F-12 media supplemented with 10% FBS and 5% P/S and either 10µl of 20mM
7β-Acetoxy-8,13-epoxy-1α,6β,9α-trihydroxylabd-14-en-11-one (forskolin, Sigma-Aldrich)
dissolved in DMSO or 10µl of DMSO alone. Forskolin-treated cells were cross-linked in
media supplemented with both 1% formaldehyde and 30nM okadaic acid (Sigma-Aldrich, St
Louis, MO).

Chromatin Immunoprecipitation (ChIP) assays
ChIP assays were performed with a kit from Millipore (Billerica, MA) according to the
manufacturer's instructions with the following modifications. Approximately 108 GH3 cells
in 100 cm2 culture dishes were cross-linked in 1% formaldehyde solution (Fisher Scientific,
Pittsburgh, PA) for 20 minutes at 37°C, washed with 1M glycine (Fisher Scientific), 1×
phosphate-buffered saline solution (PBS) (Life Technologies) and harvested in 1-ml of 1×
PBS + protease inhibitor cocktail + phenylmethylsulfonylfluoride (PMSF) (Sigma-Aldrich,
St. Louis, MO). They were then pelleted by centrifugation at 125 × g for 8 minutes, 4°C and
the pellet was resuspended in 200µl of fresh ChIP kit SDS lysis buffer + protease inhibitor
cocktail + PMSF, rotated at 4°C for 30 minutes, and sonicated using the Sonic
Dismembrator model 100 (Fisher Scientific) to shear the DNA to an average length of 300
to 500 base pairs (six, 8-s bursts at 50% maximum output power on ice). Samples were
centrifuged at 14,000 × rpm for 20 minutes at 4°C and the supernatant diluted in a fresh 2.0
ml tube with ChIP kit dilution buffer supplemented with 75µl of 1:1 salmon sperm:protein A
slurry and rocked at 4°C for 30 minutes. Afterwards, the samples were centrifuged at 1,000
× g for 1 minute, 4°C and the supernatant was transferred to a fresh 2.0 ml tube.

As recommended by Cell Signaling Technology (Boston, MA), CREB
immunoprecipitations were carried out with 6 µg of CREB antibodies and P-CREB
immunoprecipitations with 0.32µg of anti-P-CREB (all antibodies were from Cell Signaling
Technolgy). Purified anti-rabbit IgG was used as a non-specific precipitator and control.
After overnight immunoprecipitation on a rotator at 4°C, ChIP samples were then washed
and eluted and DNA was un-crosslinked with NaCl and subsequently treated with proteinase
K, Tris-Hcl and EDTA. DNA isolation occurred via phenol/chloroform/isoamyl alcohol
extraction (Fisher Scientific). The final DNA pellets were resuspended in ultra-pure H2O
(Life Technologies) and subjected to real-time PCR.

Animals
Male, Sprague-Dawley rats weighing 250–325g, aged 6–8 weeks were housed on a 7:00 to
19:00 light-dark cycle and fed and watered ad libitum. All animal care and experimentation
were performed in accordance with the National Institutes of Health guide for the care and
use of laboratory animals with IACUC approval. Rat pituitaries were collected after rats
were anesthetized with isofluorane (Abbot, Chicago, IL), decapitated by guillotine, and their
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brains removed from the skull. The pituitaries were dissected from the base of the skull with
pre-chilled forceps and immediately frozen at −80°C for use in EMSA/SS assays.

Electrophoretic mobility shift assay (EMSA)/antibody super shift (SS)
DNA–protein interactions were studied by EMSA/SS. Nuclear protein extracts were
separated from cytoplasmic proteins in preparations as described by Xu and Cooper [34].
Total nuclear protein (15 µg) was determined by Bradford assays (Biorad) and incubated for
45 min at room temperature with 2 ng of 32P-5′ end-labeled oligonucleotide which was from
the CART promoter containing the CRE cis-regulatory element (5'-CGG CGG GCA TTG
ACG TCA AAC GGC AGC-3’), in binding buffer composed of 10 mM Tris–HCl (pH 7.5),
50 mM NaCl, 1 mM EDTA, 5% glycerol, and 0.05 µg/µl Poly[d(I-C)] (Roche, Indianapolis,
IN). Oligonucleotides were synthesized and HPLC purified by the Emory Core facility
(Emory University, Atlanta, GA). After a 45 minute incubation with unlabeled
oligonucleotide at room temperature, the 32P-labeled CART CRE oligonucleotide was added
and incubation was continued for another 45 minutes.

In the case of antibody super shift assays, 2 µg of anti-CREB (Cell signaling technology,
Boston, MA) or anti-P-CREB antibody (Santa Cruz Biotechnology, CA) were pre-incubated
with the nuclear extract for 45 minutes at room temperature followed by incubation with
the 32P-labeled CART CRE oligonucleotide for 45 minutes at room temperature.

The 32P-labeled CART CRE oligonucleotide + protein complex was separated by
electrophoresis on a 6% non-denaturing (80:1) polyacrylamide gel (1× TBE, 2.5% glycerin).
Gels were run at 200 V in the presence of 0.5× TBE buffer for 45 minutes at 4°C. Dried gels
were exposed to Kodak BioMax MR Film (Eastman Kodak Company, Rochester, NY) and
images were developed and analyzed.

Western blots
GH3 cells were harvested in fresh 1× PBS with protease inhibitor cocktail solution (Sigma-
Aldrich), pelleted and resuspended in T-PER Tissue Protein Extraction Reagent (Thermo
Scientific, Waltham, MA). Protein content was determined by Bradford assays (Biorad), and
equal amounts of each sample were combined with 4× LDS sample buffer and 10× reducing
buffer (Life technologies), heated to 70°C for 10 minutes, briefly centrifuged and loaded
into 4–20% SDS-PAGE gels (Biorad, Hercules, CA). Electrophoresis occurred at 120 volts,
room temperature for about two hours before overnight transfer at 25 volts, 4°C. After
transfer, the membranes were blocked with 5% non-fat milk in 1× TBS-T (TBS + 0.1%
Tween-20 [pH 7.6]) for 3 hours, and incubated with the primary antibody overnight. The
immunoreactivities of CREB and P-CREB transcription factors (approximately 45 KDa)
were visualized with the same antibodies used in ChIP assays (Cell Signaling Technology).
Immunoreactive signals were detected by using horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibodies (Cell Signaling Technology) and an enhanced chemiluminescence
kit (Amersham, Arlington Heights, IL).

Quantification of data and statistical analyses
All statistical analyses were calculated with Graphpad Prizm software (Graphpad Software,
inc., La Jolla, CA). Fold-enrichment of DNA was determined by calculating the ratio of
experimental values divided by control values (e.g. DNA enriched after anti-P-CREB IP
divided by anti-rabbit IgG IP). All values were determined by the StepOne Plus Real-time
PCR system (Applied Biosystems). Fold-enrichment values were averaged together from at
least 3 ChIP assays/antibody/drug treatment and subjected to the student's one-sample t-test,
which tested the hypothesis that the mean fold-enrichment was greater than 1.0. A fold-
enrichment greater than 1.0 determined by p < 0.05 indicated that there was more DNA
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enriched in a ChIP assay (e.g. anti-P-CREB IP) compared to another ChIP assay (e.g. anti-
rabbit IgG IP).

To be sure differences between samples (i.e. anti-P-CREB IP Vs anti-rabbit IgG IP) were
not simply due to different amounts of DNA being subjected to the ChIP assay, the amount
of DNA immunoprecipitated from a sample was normalized to the total amount of DNA.
"Starting material" was defined as the amount of DNA in the same sample before the
immunoprecipitation reaction. By normalizing the amount of DNA immunoprecipitated to
the total amount of DNA, fold-enrichment values of ChIP products from different culture
dishes controlled for possible differences in the total amount of DNA subjected to the ChIP
protocol and comparisons of DNA enrichment could be made between samples. Depending
on the experiments, the student's two-sample t-test or ANOVAs were used to determine
significant differences.

Western blots for P-CREB were performed using pairs of treated vs. nontreated GH3 cells.
Working with individual pairs and utilizing the ratios of each pair minimized inter-
experimental variability. The ratios from individual time-points were determined by
scanning Western blots into computer files and using Scion Image software (NIH, Bethesda,
MD) to quantify the optical densities of immunoreactive bands after background subtraction.
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Figure 1. Genomic DNA sequence of the rat CART proximal promoter region
Shown is the nucleotide sequence of the rat CART gene promoter (Genbank accession no.
AF519794) originally identified and published by Barrett and colleagues [21] as well as the
Genbank nucleotide numbering in the left-hand margin. The PCR primer forward and
reverse sequences (corresponding to DNA sequences that are underlined, bolded and labeled
as "5'-Start” and "3'-End", respectively) were recommended by Primer Express v3.0
software (Applied Biosystems, Foster City, CA). The CART gene promoter consensus CRE
DNA cis-regulatory element is identified in bold and located between the flanking primers.
That region of the promoter was amplified in PCR reactions. Both the TATA box necessary
to initiate promoter-driven transcription and the +1 site of CART gene transcriptional
initiation are also delineated in bold to orient the reader.
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Figure 2. Composite figure of gels of DNA enriched in chromatin immunoprecipitation (ChIP)
assays by anti-CREB and -P-CREB antibodies and amplified in PCR reactions
Four groups of lanes from agarose gels are shown and they correspond to four separate
experiments. The experiments were used to verify that PCR amplicons produced by CART
and c-Fos were their predicted sizes. Some non-specific amplification was present below
100 base pairs in lanes 3, 5, 6 and 8, which were likely primer dimers that arose because of
low template DNA quantities. See figure and text for additional details.
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Figure 3. Enrichment of the CART promoter CRE-containing region by ChIP assays after
immunoprecipitation with a CREB-specific antibody
(A) Western blot analysis identified a CREB immunoreactive band from GH3 cell lysates
(shown in triplicate), indicated by an arrow on the left of the gel. (B) Shown are
representative PCR amplification plots of GH3 genomic DNA amplified by CART primers
(a); anti-CREB IP DNA amplified by CART primers (b); IgG IP DNA amplified by CART
primers (c); and H2O-template negative control PCR reactions amplified by CART primers
(d). The circles next to the letters in panel B identify the y-axis position of the cycle
threshold (Ct) setting used in relative quantification calculations to determine fold-
enrichment values. (C) Melting temperatures (Tm's) were identified at the peak of the

Rogge et al. Page 15

Brain Res. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



curves. Lettered curves correspond to lettered samples in B. (D) CART promoter fragments
isolated by anti-CREB IP were more abundant than those isolated with IgG IP (used as a
non-specific IP control), as expected, indicating that CREB was bound to the CART
promoter region containing the CRE cis-regulatory element. See text for additional details.
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Figure 4. Forskolin stimulation enhanced P-CREB binding to the CART gene promoter region
containing the CRE cis-regulatory element as determined by ChIP assays
(A) After 15 and 30 minutes (15m and 30m) of forskolin treatment, CART promoter
fragments were enriched in GH3 cell lysates after anti-P-CREB immunoprecipitations (IP)
compared to DNA from cell lysates immunoprecipitated with IgG. *p < 0.05, one-sample t-
test; **p < 0.001, one-sample t-test; ap < 0.05, two-sample t-test. (B) Shown is a
representative PCR amplification plot of CART promoter fragments enriched after: 30 min
of forskolin and anti-P-CREB IP (a); DMSO and anti-P-CREB IP (b); DMSO and IgG IP
(c); and H2O-template negative control PCR reactions amplified with CART primers (d). A
slight variation in one of the replicates of sample (a) makes it appear as two separate lines.
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The circles next to the letters in panel B indicate the y-axis position of the Ct setting used in
relative quantitation calculations to determine fold-enrichment values. (C) The melt curves
after 30 minutes of forskolin or DMSO treatment showed that melting temperature (Tm)
values for amplicons amplified with CART primers were around 87.5°C, confirming that the
PCR amplicons were the predicted size of 334 base pairs. Melt curves after 15 minutes of
treatment (not shown) also revealed Tm values around 87.5°C for DNA enriched by anti-P-
CREB IP. (D) In determining the fold-enrichment of CART DNA after anti-P-CREB IP
compared to IgG IP, values were determined by normalizing the amount of CART promoter
enriched by anti-P-CREB IP or IgG IP to the total amount of CART promoter present in
those sample before antibody IP, defined here as the "starting material" (see statistical
analysis for more detail). Shown are melt curves for starting material (without IP) amplified
by CART primers which also had Tm's around 87.5°C, meaning the DNA fragments
amplified in those PCR reactions were the predicted 334 base pairs long (a–c the same as in
panel B).
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Figure 5. Forskolin stimulation (15 min) enhanced P-CREB binding to the c-Fos gene promoter
region containing the CRE cis-regulatory element
(A) After 15 minutes of forskolin treatment of GH3 cells and anti-P-CREB
immunoprecipitations (IP), c-Fos promoter fragments were enriched compared to DNA from
forskolin or vehicle (DMSO) treated cells immunoprecipitated with IgG. gDNA (a);
forskolin treatment and anti-P-CREB IP (b); DMSO treatment and anti-P-CREB IP (c);
forskolin treatment and IgG IP (d); and H2O-template negative control PCR reactions with
c-Fos primers (e). (B) Shown are representative PCR amplification plots. (C) The melt
curves after 15 minutes of forskolin or DMSO treatment showed that melting temperature
(Tm) values for DNA isolated by antibody IP's and gDNA amplicons were around 80.5°C,
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confirming the PCR amplicons were the predicted size of 104 base pairs. Letters correspond
to samples in 5B. (D) Starting material amplified by c-Fos promoters, which was used to
normalize the quantity of DNA enriched by antibody IP’s, also had melting temperatures
around 80.5°C, meaning the DNA fragments amplified in PCR reactions were the predicted
104 base pairs long (b–d the same as in panel B). Starting material was the amount of c-Fos
promoter present in the GH3 cell lysate of each ChIP sample before antibody IP. See text for
additional details.
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Figure 6. Forskolin time-dependently stimulated P-CREB levels in GH3 cells
A) Shown is a composite figure of representative P-CREB Western blots from the lysates of
paired plates of GH3 cells incubated with either 20µM forskolin or DMSO (vehicle).
Immunoreactive P-CREB bands are indicated by an arrow in the left-hand margin of the
panel. Blots from the different time points had different raw optical densities because of
differences in exposure times. Thus, the ratios of forskolin to DMSO treated pairs of dishes
at the individual time points were compared. The mean ratios of P-CREB levels in forskolin
treated cells versus DMSO treated cells at different time points are presented graphically in
panel (B) (n of 3–5 groups/time point). The asterisk indicates a significantly greater ratio.
See text for additional details.
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Figure 7. CREB and P-CREB from the rat pituitary gland bound the rat CART CRE cis-
regulatory element in EMSA/SS assays
Nuclear proteins were isolated from rat pituitaries, and binding to the CART CRE DNA cis-
regulatory site was observed by electrophoretic mobility shift assays (EMSA) and antibody
super shifts (SS) using an oligonucleotide identical in sequence to the rat CART promoter
CRE site, and CREB and P-CREB antibodies. See figure and text for additional details.
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Table 1

Primers used to amplify the CRE-containing regions of the CART and c-Fos promoters,
Table 1. Shown are: the sequences of each pair of forward and reverse primers from 5' to 3', the real-time PCR
predicted amplicon sizes, and each gene's Genbank accession number. See text for additional details.

Genes of
Interest

Genomic DNA Primer Sequences (5' – 3') Amplicon
sizes (bp)

Genbank
Accession
Numbers

CART Forward CCGAAGGCATTTTCCATTTC 334 AF519794

Reverse CACTGCGCTCTCCCTCTTCT

c-Fos* Forward TTCTCTGTTCCGCTCATGACG 104 AY786174

Reverse CTTCTCAGTTGCTAGCTGCAATCG
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