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Abstract
In order to examine the effect of CART (Cocaine and Amphetamine Regulated Transcript) peptide
depletion in adult rats, CART shRNAs or scrambled control shRNAs were administered bilaterally
into the nucleus accumbens (NAc). There was an increase in body weight of the shRNA injected
rats compared to the rats injected with the scrambled RNA. This is compatible with the data
showing a role for the peptide in body weight and food intake. Also at this time, there was about a
two-and-a-half fold increase in cocaine-mediated locomotion in the shRNA injected rats compared
to the control rats. This finding is critical support for the hypothesis that endogenous CART
peptides in the NAc inhibit the actions of cocaine and other psychostimulants. In
immunohistochemical experiments on these same animals, there was a decrease in the staining
density of CART peptide in the NAc of the shRNA injected rats. These data show that shRNA can
reduce CART peptides in the NAc and that endogenous CART peptides influence body weight
and cocaine-induced locomotor activity (LMA).

Keywords
CART; CART peptide; cocaine; shRNA; locomotor activity; Nucleus accumbens; body weight

1. Introduction
CART(cocaine and amphetamine regulated transcript) peptide neurotransmitters [rlCART
55-102 and 62-102, Rogge et al 2008 (Rogge et al., 2008)] are well known regulators of
food intake, body weight, the actions of psychostimulants, other drugs, and other
physiologic states (Douglass et al., 1995; Koylu et al., 1998; Kristensen et al., 1998;
Lambert et al., 1998; Rogge et al., 2008). The bulk of the evidence for this comes from
experiments where exogenous CART peptides are injected into the brains of animals. While
the effects of injected, exogenous peptides are clear, the data on the role of endogenous
peptides are more limited. Endogenous CART peptides have been examined with injections
of anti-CART antibodies and this has supported a role for CART peptides in feeding
(Kristensen et al., 1998; Lambert et al., 1998) and anxiety (Dandekar et al., 2008). CART
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gene knockout mice have also been prepared (Asnicar et al., 2001; Wierup et al., 2005) and
the resulting obesity also supports a role for the peptides in body weight regulation. The
discovery of a missense mutation resulting in missorting and improper processing of CART
peptide in a family with obesity (del Giudice et al., 2001; Yanik et al., 2006) also supports
earlier data linking body weight and CART. However, for drug reward, the knock-out data
have been conflicting and have not clearly supported a role for CART peptides in cocaine
reward (Couceyro et al., 2005; Moffett et al., 2011; Steiner et al., 2006). In these cases
though, the gene knockouts and the genetic mutation are present at all times, and abnormal
development could play a role in the findings particularly since CART peptides may play a
role in development (Brischoux et al., 2001; Brischoux et al., 2002; Dun et al., 2001).

In a larger view of the field, particularly in regard to mechanisms of drug reward, data that
are missing include the acute effects of depletion of CART peptides in adult animals. This is
important because injected peptides could conceivably act at different brain sites and in a
manner that is different from that of endogenous peptides. RNA-interference using small
interfering RNAs (siRNAs) and short hairpin RNAs (shRNAs) have been used to knock
down peptide expression without the complications of peptide depletions during
development. siRNAs have been used to knockdown CART peptides levels in mice (Jean et
al., 2007; Jia et al., 2008), but shRNAs usually provide a longer lasting depletion (Dreyer,
2011). This study was undertaken to provide such data and utilizes short-hairpin RNAs
(shRNAs) to deplete the CART peptides after direct injection into the Nucleus Accumbens
(NAc).

2. Results
Animals were injected bilaterally with either shRNAs against CART peptides (n=3) or the
scrambled shRNA (control) (n=3) (Figure 1), into the Nucleus Accumbens (NAc), as
described in Methods. They were returned to the vivarium and their body weights and
general conditions were monitored. Because of the extensive, existing data showing that
accumbal CART peptide has an effect on body weight (Rogge et al., 2008), this parameter
was used as a convenient initial indicator that the shRNA was having an effect. At 8 and 14
weeks there was no significant difference between shRNA and control in percent body
weight change from pre-treatment weights, but at 21–23 weeks there was a significant
difference between the shRNA and control groups. At 23 weeks, this difference was about
13% (Figure 2, **p<0.01).

Additional experiments were carried out measuring cocaine-induced locomotor activity
(LMA) at 8, 14 and 23 weeks (see Methods). Animals were placed in the activity chambers
for 30 min, given a saline injection and monitored for 30 min, and then given a cocaine
injection and again monitored for 30 min. The three 30 min periods were referred to as the
basal, saline and cocaine periods or components, respectively (see Figure 3). The LMA
during these periods were summed and compared (Figure 4). At 8 and 14 weeks (Figure 4)
there was no difference in cocaine-induced LMA in the shRNA group vs the scrambled
shRNA control group. But at 23 weeks, a time when the body weights were significantly
different between the two groups (Figure 2), there was also a difference in the cocaine–
induced LMA (Figures 3, 4, *p<0.05, **p<0.01, *** p<0.001). Cocaine-induced LMA was
increased in the shRNA group compared to the scrambled RNA control group.

The body weight change and cocaine-induced LMA were correlated using all animals for all
the experimental periods: 8, 14, and 23 weeks (there are three data pairs for each animal
resulting in n = 9 total, Figure 3). There was a significant correlation for the animals given
the shRNAs, but not for the animals given the scrambled shRNA (controls) (Figure 5). This
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is additional evidence that body weight and cocaine-induced LMA are both regulated by
CART peptides.

At week 23, after the LMA measurements, the animals were prepared for CART peptide
Immunocytochemistry (ICC) as described in Methods. Several regions were examined
including the NAc, the dorsal striatum, cerebral cortex and the ventral pallidum (VP). In
general, the distribution of CART peptide ICC staining was the same as previously reported
in untreated rats (Koylu et al., 1998). There was robust staining in the NAc and VP but little
or no staining in the dorsal striatum, and little staining in the cerebral cortex, at the same
levels. Non specific staining was assumed to be what was found in the dorsal striatum where
there is no CART peptide or mRNA, and this was subtracted from the values from the NAc
as described in Methods. CART peptide staining in the NAc was about 25% lower in the
shRNA group (Figures 6, 7, *p<0.05) compared to the scrambled shRNA control group.
CART peptide staining in the VP was not different in the two groups. Thus, the injections of
shRNA into the NAc were effective in reducing CART peptide levels in that region and in
revealing functional effects.

The CART peptide density (Figure 7) and the difference between cocaine- and saline-
induced LMA (actual cocaine effect) were correlated for all individual animals (both groups,
n=6) at 23 weeks (Figure 8). Each of the 2 hemispheres of the NAc were injected per rat and
the CART density in these 2 hemispheres was plotted against cocaine-saline LMA for the
rat. This provides two data pairs for each animal, n = 12 total, Figure 8). There was a
significant correlation between CART density in the NAc and cocaine-saline LMA (Figure
8). This is additional evidence that as CART peptide levels in the NAc decrease, cocaine-
induced LMA increases.

3. Discussion
This study shows that single, bilateral intra-accumbal injections of shRNAs directed against
CART reduced CART peptide levels and increased both body weight and cocaine-induced
locomotor activity (LMA) in rats. These novel findings are important for supporting the
hypotheses that endogenous CART peptides influence feeding and cocaine-induced actions.
These findings agree with previous studies showing that injections of exogenous CART
peptides into the NAc inhibit feeding, cocaine-induced LMA (Jaworski et al., 2003; Kim et
al., 2003; Kim et al., 2007; Yoon et al., 2007) and cocaine-related reward (Jaworski et al.,
2008).

The notion that CART peptides influence the actions of psychostimulants goes back to the
discovery of the CART mRNA and gene, and can be summarized briefly. CART mRNA
was increased after acute injection of cocaine or amphetamine (Douglass et al., 1995). While
this change in levels was not always confirmed (Hunter et al., 2005; Marie-Claire et al.,
2003; Vrang et al., 2002), it was later shown that CART neurons in the NAc are activated by
cocaine administration (Hubert and Kuhar, 2008). This latter study strongly supports the
suggestion by Douglass et al. (1995) that the actions of psychostimulants involve CART
peptides. Moreover, CART gene expression is increased in the nucleus accumbens of human
cocaine abusers (Albertson et al., 2004; Bannon et al., 2005). Psychostimulants act through
mechanisms involving an increase of dopamine (Ritz et al., 1987), and dopamine receptors
were found on, and affect, CART neurons in the NAc (Beaudry et al., 2004; Hubert and
Kuhar, 2006; Hunter et al., 2006; Smith et al., 1999). CART peptide has an effect on
dopamine- or cocaine-induced LMA only when both D1 and D2 receptors are stimulated
simultaneously, which is what occurs naturally (Moffett et al., 2011). Also there is evidence
of CART projections to and activation of the dopamine neurons in the ventral tegmental area
(VTA) (Dallvechia-Adams et al., 2002; Kimmel et al., 2000; Shieh, 2003). Finally, direct
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injections of CART peptides into the NAc reduced the actions of psychostimulants
(Jaworski et al., 2003; Jaworski et al., 2008; Kim et al., 2003; Kim et al., 2007; Yoon et al.,
2007). Additional details can be found in a recent review (Rogge et al., 2008). Taken
together, these finding suggest that CART peptidergic neurons in the NAc are homeostatic
regulators of psychostimulant and dopamine, and tend to suppress the results of excessive
dopamine. Administration of other drugs including methamphetamine, MDMA and ethanol
have also been found to increase CART mRNA levels in the NAc, suggesting the
involvement of CART with other drugs as well (Jean et al., 2007; Ogden et al., 2004;
Salinas et al., 2006).

The effects of CART shRNA on body weight required a surprisingly long time (21 – 23
weeks) after injection to become significant. This could be for either technical or biological
reasons or both. For example, the efficiency of incorporation of the plasmid and expression
of the shRNA may have been low. Or, endogenous CART peptide may have only a small
influence on body weight such that a long time is required to produce cumulative and
measurable effects. Earlier published findings showed that an increase in body weight was
not found in knock-out mice until they were 40 weeks of age or fed a high fat diet (Asnicar
et al., 2001; Wierup et al., 2005). This supports the idea of a slower biological mechanism
rather than a technical problem. In any case, having established that shRNAs can produce
functional effects, future experiments will examine a variety of additional variables.

Other investigators have used siRNAs, rather than shRNAs, against CART peptides in the
NAc (Jean et al., 2007) and have found increases in food intake and reductions in CART
mRNA in the NAc due to the siRNA administration. The increases in the food intake were
observed within 3 hours after siRNA injection into the NAc. Also, the increases in the food
intake were observed every day (3 day study) that the CART siRNA was injected. After
three days of daily intra-NAc CART siRNA injections, immunocytochemistry showed that
CART mRNA had reduced in the NAc. Thus, depletion of endogenous CART peptides in
the NAc had biological effects, although the use of siRNAs produced effects much more
quickly in mice (within 3 hours) than the shRNAs in rats (several weeks) as expected. One
explanation is that shRNAs produce siRNAs but only after incorporation and expression.
The study by Jean et al (2007) did not examine the effects of CART depletion in the NAc on
psychostimulant drugs.

In summary, CART is clearly involved in the regulation of food intake and body weight as
originally proposed by Koylu et al (1997;1998) and in the regulation of psychostimulant
effects (Rogge et al., 2008). This study showed that shRNA administration led to an increase
in body weight and supports, albeit in rats, the finding that depletion of CART peptides by
siRNAs enhanced feeding in mice (Jean et al., 2007). The major new finding of this study
was that reduction of the levels of endogenous CART peptides in the NAc by shRNA
increased the LMA due to cocaine. This is consistent with the observation that the opposite
occurs when exogenous CART peptide is injected into the NAc (Jaworski et al., 2003;
Jaworski et al., 2008; Kim et al., 2003; Kim et al., 2007; Yoon et al., 2007). Overall, these
findings are in strong support of the idea that CART peptides in the NAc regulate the effects
of cocaine and other psychostimulants (Rogge et al., 2008).

4. Methods and Materials
Animals

Six male, Sprague–Dawley rats (Charles River Laboratories, Wilmington, MA) 12 weeks
old and weighing 365–425 grams at the time of surgery were used. The rats were housed at
25°C on a 12 hr light/dark schedule with ad libitum access to food and water. All procedures
were carried out in compliance with the National Institutes of Health Guide for the Care and
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Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of Emory University. While the n of 3 for both our groups may be considered
low, that number produced statistically significant differences and it is difficult to justify a
larger n given current guidelines to reduce, refine and replace the numbers of animals.

shRNAs and Microinjections
shRNA sequences were obtained in conjunction with ORIGENE (HuSH shRNA-construct
against CART peptide, cat number TF709920, Origene Technologies, Inc., Rockville MD).
Four different shRNA sequences were selected along with a scrambled sequence as a control
(Figure 1). The scrambled sequence had no significant homology with any known sequence.
Every shRNA vector was cloned in pRFP-C-RS plasmids under U6 promoter control
(Origene Technologies, Inc., Rockville MD). An injection cocktail was prepared that
contained equal amounts (62.5 ng/μL) of the four shRNAs such that a total of 250 ng/μL
was used for bilateral injection. The scrambled control shRNA was also prepared as a 250
ng/μL solution for injection. Solutions were made using nuclease free water. The bilateral
injections were made in a total volume of 1 μL (250 ng) delivered at 0.2 μL per min, for a
total delivery time of 5 min.

Surgery and Microinjection
Rats were anesthetized with isoflurane (4%) gas anesthesia for stereotaxic surgical
procedure for bilateral microinjection into the NAc. Injections were performed bilaterally at
the following target coordinates for the NAc (from bregma): A/P +1.6, M/L ± 1.5, DV −7.7
according to Paxinos and Watson (1998) (Paxinos, 1998.). Microinjection was done with 5
μL Hamilton syringes (MicroLiter 75N; Hamilton Company, Reno, NV) with 26-gauge tip
needle attached to microsyringe pumps (Ultra MicroPump II, World precision Instruments
(WPI), Sarasota FL) and controlled by the microsyringe pump controller (Micro4, WPI).
The microinjection parameters were set so as to deliver a total volume of 1 μL at 0.2 μL per
min, for a total delivery time of 5 min. After the injections, the syringes were left in place
for another 5 min to allow diffusion of injection solution, and withdrawn slowly from the
brain to prevent backflow of injection solutions and to minimize damage. Only one
injection/side was given per animal, and both sides were infused with the same injection
solution. The injection solutions were shRNAs (as a cocktail) or scrambled shRNA controls
(see details above). After the injections, the rats were then sutured and allowed to recover
for 8 weeks before the first locomotor experiment. During recovery, weights of rats were
taken weekly and rats were habituated to the locomotor chambers.

Locomotor Experiments
Overall, the procedures were those used by Jaworski et al (2003). Locomotor Activity
(LMA) was measured in a photocell cage (40 × 40 × 30 cm) testing chamber (Omnitech
Electronics, Columbus, Ohio) equipped with 32 photobeams. Experimental data were
collected using an IBM computer equipped with Digipro* software (Omnitech Electronics).
Each cage was placed within a separate isolated stainless steel box. On experimental days,
the rats were placed into the testing chambers for 30 minutes to measure baseline LMA.
After this, rats were given intraperitoneal (i.p.) injections of saline and returned to the testing
chambers for another 30 minutes. Then, rats were given cocaine (10 mg/kg i.p., 1 mL/kg)
and returned to the testing chambers for another 30 minutes.

Immunohistochemistry
After the LMA experiments were completed, rats were prepared for CART
immunohistochemistry as previously described (Hubert and Kuhar, 2008; Koylu et al.,
1997). The primary antibody was the one designated C4 by Koylu et al (1997), and the
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overall procedure is as follows. The sections were preincubated in a solution containing 10%
normal goat serum (NGS), 1.0% BSA, and 0.3% Triton X-100 in PBS for 1 h. They were
then incubated overnight with the primary antisera diluted at 1–15,000 in a solution
containing 1.0% NGS, 1.0% BSA and 0.3% Triton X-100 in PBS. Next, the sections were
rinsed in PBS and transferred for 1 h to a secondary antibody solution containing
biotinylated goat-anti-rabbit IgGs (Vector, Burlingame, CA, USA) diluted 1:200 in the
primary antibody diluent solution. After rinsing, sections were put in a solution containing
1:100 avidin-biotin-peroxidase complex (ABC, Vector, Burlingame, CA, USA). The tissue
was then washed in PBS and 0.05 M TRIS buffer before being transferred to a solution
containing 0.01 M imidazole, 0.0005% hydrogen peroxide, and 0.025% 3,3′-
diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO, USA) in TRIS for 7–10
min. Sections were then mounted on gelatin-coated slides and dried, and a coverslip was
applied with permount. Quantitative analysis of CART peptide content was done using
MCID Basic Imaging Analysis Software which analyzed the ICC staining density over the
NAc, cerebral cortex, ventral pallidum (VP) and the dorsal striatum. For Figure 7, dorsal
striatum density values were averaged and used as a blank value which was subtracted from
values generated for NAc.

Data Analysis
All analyses were performed using GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego California USA, www.graphpad.com). For weight change data (Figure
2), weight change is expressed as percent of weight before administration of shRNA or
control. A 2-way ANOVA with Bonferroni post test was used to analyze weight change
throughout the course of the experiment (up to 23 weeks).

LMA data were acquired in 10-minute bins and the time course data for week 23 (Figure 3)
and total LMA data (for weeks 8, 14 and 23; Figure 4) were analyzed. The total LMA data is
derived from the time course data by summation of individual time point locomotor activity
values (three-10 min samples) for 30 min before saline injection (basal), post-saline and
post-cocaine LMA. For analysis of the time course data (Figure 3), a 2-way Repeated
Measures ANOVA with Bonferroni post test was used to analyze each component (basal,
saline, cocaine) of the time course. For analysis of the total locomotor activity data (Figure
4), a 2-way ANOVA with Bonferroni post test was used.

The percent body weight change and cocaine-induced LMA were correlated for each animal
(Figure 5). To do this, weight change data and cocaine-induced LMA data for each animal
from the three time periods of experimentation – 8, 14 and 23 weeks were correlated (we
have three data pairs (weight change, cocaine-induced LMA) for each animal, Figure 3).

For immunocytochemistry data (Figure 7), statistical analysis was done using an unpaired t-
test (with Welch’s correction). The CART density (Figure 7) and cocaine effect on LMA
were correlated for each animal at 23 weeks (Figure 8). To do this, the CART density values
in each hemisphere of the NAc were plotted against the cocaine effect (total cocaine LMA –
total saline LMA) for each rat. All rats, both shRNA and controls, were included in a single
graph (Figure 8). For all analyses, data values are reported as mean ± SEM and type I error
was set to P<0.05 (*p<0.05, **p<0.01, *** p<0.001).
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• shRNAs can be used to deplete CART peptides

• shRNA administration results in increases in body weight and cocaine –induced
locomotion

• This is needed evidence to support the hypothesis that accumbal CART peptides
regulate the actions of psychostimulants.
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Figure 1.
Sequences of shRNAs and Scrambled control RNA.
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Figure 2.
Percent change in body weights of rats over time after intra-NAc injections of either CART
shRNA or scrambled RNA (control). A 2-way ANOVA shows that there is a significant
difference between rats injected with CART shRNA (n = 3) and controls (n = 3) (F 1, 92 =
50.09, *** p < 0.0001). Bonferroni post tests showed significant differences between
treatments at 21–23 weeks (*p < 0.05). At 23 weeks, rats treated with CART shRNA or
control RNA had gained 208 ± 9 g or 170 ± 22 g respectively over their weight at entry into
the vivarium. CART shRNA-injected rats show a significant increase in percent weight gain
compared to controls. The arrows show the time points when the rats were administered
saline and cocaine (i.e. at 8, 14 and 23 weeks).

Job et al. Page 12

Brain Res. Author manuscript; available in PMC 2013 October 30.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Time course of the effect of saline or cocaine on locomotor activity in rats 23 weeks after
intra-NAc injections of either CART shRNA or scrambled RNA control. The y-axis
represents the total distance (LMA) covered by the rat, while the x-axis represents the time
points (10 min intervals). The arrows show the times of injections and the thin vertical lines
separate the different components (basal, saline, cocaine) of the time course. For analysis, A
2-way ANOVA for repeated measures was used to analyze the different components of the
time course. To determine if there was any difference between CART shRNA and controls
in basal locomotion, the LMA at times 10–30 min was analyzed. To determine the effect of
saline, the LMA (time = 40–60 min) after saline injection was analyzed. To determine the
effect of cocaine, the LMA (time = 70–90 min) after cocaine injection was analyzed. There
was no significant difference between CART shRNA and control for basal LMA (F 1, 4 =
0.001111, p = 0.9750) or after saline injection (F 1, 4 = 0.004408, p = 0.9503), but there was
a significant difference after cocaine injection (F 1, 4 = 11.62, *p = 0.0270). The Bonferroni
post hoc tests differences between CART shRNA and controls are shown in the figure at 70
and 80 min: *p < 0.05.
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Figure 4.
Basal, saline- or cocaine-mediated LMA in rats 8, 14 and 23 weeks after intra-NAc
injections of either CART shRNA or control RNA. The y-axis represents the total LMA by
the rat 30 minutes after no injection (basal) or after injections of saline or cocaine (10 mg/kg
ip). These data were calculated from time course data (see time course data for week 23 in
Figure 3). Basal values are the sum of the activity at 10, 20 and 30 minutes. Similarly, saline
values are the sum of activity at 40, 50 and 60 minutes. Also, cocaine values are the sum of
the activity at 70, 80 and 90 minutes for all animals. There is no difference in basal, saline-,
and cocaine-induced locomotion between CART shRNA and control (n = 3 in each group)
at 8 (F 1, 12 = 1.339, p = 0.2697) or 14 weeks (F 1, 12 = 0.07599, p = 0.7875). There is a
difference in cocaine-induced locomotion between CART shRNA and control (n = 3 in each
group) at 23 weeks (F 1, 12 = 7.576, **p = 0.0175). The differences determined by
Bonferroni post hoc tests are shown in the figure: *p < 0.05, **p < 0.01, ***p < 0.001
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Figure 5.
Correlation analysis between % weight change and locomotor activity in rats at 8, 14 and 23
weeks after intra-NAc injections of either CART shRNA or scrambled RNA control. The y-
axis represents the % weight change compared to weight at pre-treatment, while the x-axis
represents the total locomotor activity in 30 minutes after cocaine injection. The analysis
shows that there is a correlation between % change in weight (8, 14, 23 weeks) and LMA (8,
14, 23 weeks) for the shRNA treated rats (r = 0.8576, R2 = 0.7354, **p = 0.0031), while
there is no correlation for the controls (r = −0.4222, R2 = 0.1783, p = 0.2576).
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Figure 6.
Immunohistochemical localization of CART Peptides in the NAc. The representative section
from an animal on the left was injected with the scrambled control RNA, while the
representative animal on the right was injected with the shRNA against CART peptide.
CART peptide levels are reduced in the animal on the right.
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Figure 7.
The effect of intra-accumbal administration of anti-CART shRNA and scrambled shRNA on
CART peptide density in the NAc. Immunohistochemical analysis was done 23 weeks after
the microinjections of CART shRNA and scrambled controls (Figure 6). Statistical analysis
shows that there is a significant difference (* p < 0.05) in CART peptide levels in the
nucleus accumbens between CART shRNA and control (n = 6 measurements in each group:
each animal had a total of 2 microinjections, 1 microinjection into each hemisphere.
therefore 2 measurements corresponding to each hemisphere of the brain were taken/rat).
The measurement of the NAc CART peptide density was calculated relative to the dorsal
striatum which acts as a background (the dorsal striatum contains no CART peptide.
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Figure 8.
Correlation analysis between CART density and cocaine-induced LMA in rats at 23 weeks
after intra-NAc injections. The data represents individual values for all rats in both the
shRNA and scrambled RNA groups. Each animal had a total of 2 microinjections (bilateral),
one into each hemisphere and therefore 2 measurements corresponding to each brain were
taken/rat for the CART density in the NAc (see Figure 7 legend). The difference between
cocaine and saline total LMA (cocaine LMA 30 min – saline LMA 30 min) for each rat was
plotted on the x-axis and the CART peptide density for the rat was plotted on the y-axis. The
difference between cocaine and saline LMA represents the actual cocaine effect. The
analysis shows that there is a correlation between CART density and cocaine-saline LMA (r
= −0.5992, R2 = 0.3591, *p = 0.0395).
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