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Abstract: Microinjection of cocaine- and amphetamine-regulated transcript (CART) peptide 55–102
into the nucleus accumbens (NAcc) core significantly attenuates psychostimulant-induced locomotor
activity. However, the molecular mechanism remains poorly understood. We examined the phos-
phorylation levels of Akt, glycogen synthase kinase 3β (GSK3β), and glutamate receptor 1 (GluA1)
in NAcc core tissues obtained 60 min after microinjection of CART peptide 55–102 into this site,
followed by systemic injection of amphetamine (AMPH). Phosphorylation levels of Akt at Thr308 and
GSK3β at Ser9 were decreased, while those of GluA1 at Ser845 were increased, by AMPH treatment.
These effects returned to basal levels following treatment with CART peptide 55–102. Furthermore,
the negative regulatory effects of the CART peptide on AMPH-induced changes in phosphorylation
levels and locomotor activity were all abolished by pretreatment with the S9 peptide, an artificially
synthesized indirect GSK3β activator. These results suggest that the CART peptide 55–102 in the
NAcc core plays a negative regulatory role in AMPH-induced locomotor activity by normalizing the
changes in phosphorylation levels of Akt-GSK3β, and subsequently GluA1 modified by AMPH at
this site. The present findings are the first to reveal GSK3β as a key regulator of the inhibitory role of
the CART peptide in psychomotor stimulant-induced locomotor activity.
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1. Introduction

The cocaine- and amphetamine-regulated transcript (CART) peptide is a neuropeptide
that is abundantly expressed in the brain, including the nucleus accumbens (NAcc) [1–3],
which mediates locomotor activation and the rewarding effects of drugs of abuse [4–6].
Endogenous CART peptide is post-transcriptionally processed, creating fragments of
different sizes [7,8], of which the fragment comprising amino acids 55 through 102 (CART
peptide 55–102) is widely used as a biologically active form [9,10]. Previous reports have
found that the CART peptide 55–102 in the NAcc interacts with psychomotor stimulants
to regulate their behavioral effects. For instance, microinjection of CART peptide 55–102
into the NAcc core significantly attenuated the locomotor effects of acute amphetamine
(AMPH) [11] and cocaine [12], while CART peptide alone at this site did not affect locomotor
activity. Furthermore, CART peptide 55–102 at this site was shown to inhibit both sensitized
and conditioned locomotor activities produced by chronic psychomotor stimulants [13–16].
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These results suggest that CART peptide 55–102 in the NAcc plays a negative regulatory
role in psychomotor stimulant-induced locomotor activity.

A few studies have examined the signaling pathways in the NAcc that mediate the
inhibitory effects of the CART peptide on psychomotor stimulants. For example, it has been
shown that the blockade of cocaine-induced locomotor sensitization by the CART peptide
is mediated by the inhibition of increased phosphorylation levels of extracellular signal-
regulated kinase (ERK) [14] or Ca2+/calmodulin-dependent protein kinase II (CaMKII) [17]
in the NAcc. Very recently, a CART peptide receptor, which has been thought to exist but
had not been identified for a long time, was found to be an orphan G-protein-coupled
receptor (GPCR) [18]. However, its downstream signals are not completely understood,
except that it may be coupled with an inhibitory G-protein [19–21]. Regardless of its
receptor identification, there is evidence that the CART peptide is generally associated
with dopamine (DA)-mediated neurotransmission. For example, it has been shown that
CART mRNA and peptide expression in the NAcc is regulated by DA receptors and their
downstream signals, such as adenyl cyclase, protein kinase A (PKA), and cAMP response
binding protein (CREB) [22–24].

In addition to a classic cAMP-mediated pathway, DA is known to have a distinct signal-
ing pathway involving glycogen synthase kinase 3β (GSK3β), which reportedly contributes
to DA and psychomotor stimulant-induced behaviors [25–27]. For instance, phosphoryla-
tion levels of GSK3β at serine 9 in the NAcc decreased following acute cocaine administra-
tion [28]. Furthermore, inhibition of GSK3β activity in the NAcc attenuated [29]—while
its activation at this site enhanced [30,31]—the increase in locomotor activity induced by
acute cocaine or AMPH administration. Whether GSK3β is also involved in the nega-
tive regulatory effect of the CART peptide on psychomotor stimulant-induced behavior
remains unknown.

The NAcc receives glutamatergic signaling that interacts with DA, thereby contributing
to addiction. For example, activation of AMPA receptors in the NAcc is necessary for drug
seeking [32]. Moreover, microinjection of AMPA or NMDA receptor agonists into the NAcc
augmented the behavioral sensitization response to cocaine [33,34], while the blockade
of AMPA receptors prevented cocaine sensitization at this site [34,35]. Whether GSK3β
interacts with AMPA receptors to regulate its phosphorylation or expression levels is
not completely understood. However, it was found that GSKβ regulates the trafficking
of AMPA receptors either by direct phosphorylation of AMPA receptors or by indirect
phosphorylation of other molecules (e.g., PSD-95) [36–39].

Considering these factors together, in the present study, we attempted to examine
whether accumbal GSK3β contributes to the negative regulatory effect of CART peptide
on AMPH-induced locomotor activity, and further, whether there is any interaction with
GluA1 in this process.

2. Results
2.1. CART Peptide 55–102 in the NAcc Core Blocks the AMPH-Induced Hyperlocomotor Activity

Locomotor activity was measured for 1 h after bilateral microinjection of the CART
peptide 55–102 into the NAcc core, followed by systemic AMPH administration (Figure 1).
Two-way ANOVA performed on the 1 h total locomotor activity counts showed signifi-
cant effects of IP injection [F(1,28) = 51.261, p < 0.001] and microinjection x IP interaction
[F(1,28) = 9.838, p < 0.01].

Consistent with previous studies [11,16], microinjection of CART peptide 55–102
(2.5 µg/0.5 µL/side) into the NAcc core significantly inhibited the AMPH-induced hyper-
locomotor activity (p < 0.01 by post hoc Tukey comparisons), while the basal locomotor
activity was not changed by CART peptide 55–102 alone in the absence of AMPH. Time-
course analyses of these findings showed that the ability of the CART peptide 55–102 to
inhibit AMPH-induced hyperlocomotor activity was apparent throughout the 1 h time
course (Figure 1B). The locations of the injection cannula tips used in these experiments are
shown in Figure 1C.
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peptide 55–102 (2.5 µg/0.5 µL/side) into the NAcc core immediately followed by saline or AMPH (1 
mg/kg) IP injection. Symbols indicate significant differences revealed by post hoc Tukey compari-
sons following two-way ANOVA. ** p < 0.01, *** p < 0.001, significantly more counts in AMPH com-
pared to saline IP injection. †† p < 0.01, significant differences between AMPH IP injections. The 
number of rats in each group is 8. (B) Time-course data are shown as group mean locomotor activity 
counts at 20 min intervals obtained during the 1 h following microinjection (saline or CART 55–102) 
+ IP (saline or AMPH) injection. (C) Location of the injection cannula tips. All rats included in the 
data analyses had injection cannula tips located bilaterally in the NAcc core. The line drawings are 
adapted with permission from Paxinos and Watson [40]. Numbers to the right indicate millimeters 
from bregma. 

2.2. CART Peptide 55–102 in the NAcc Core Inhibits the AMPH-Induced Decreases in pAkt 
(T308) and pGSK3β 

To examine whether the effect of CART peptide 55–102 on the blockade of AMPH-
induced hyperlocomotor activity is under the regulation of Akt-GSK3β signaling path-
way, the ratios of phosphorylated to total protein levels were studied by Western blot 
analysis with the NAcc core tissues (Figure 2A) obtained from rats after 1 h locomotor 
activity measurement. First, the phosphorylation level of GSK3β at serine 9 was examined. 
Two-way ANOVA performed on these data revealed multiple significant effects of mi-
croinjection [F(1,28) = 10.085, p < 0.01], IP injection [F(1,28) = 7.064, p < 0.05], and microinjection 
x IP injection [F(1,28) = 4.417, p < 0.05]. Consistent with previous studies [25,31], acute AMPH 

Figure 1. The increased locomotor activity induced by AMPH is blocked by the microinjection
of CART peptide 55–102 into the NAcc core. (A) Data are shown as group mean (+S.E.M.) total
locomotor activity counts observed during the 1 h test after bilateral microinjection of saline or
CART peptide 55–102 (2.5 µg/0.5 µL/side) into the NAcc core immediately followed by saline
or AMPH (1 mg/kg) IP injection. Symbols indicate significant differences revealed by post hoc
Tukey comparisons following two-way ANOVA. ** p < 0.01, *** p < 0.001, significantly more counts
in AMPH compared to saline IP injection. †† p < 0.01, significant differences between AMPH
IP injections. The number of rats in each group is 8. (B) Time-course data are shown as group
mean locomotor activity counts at 20 min intervals obtained during the 1 h following microinjection
(saline or CART 55–102) + IP (saline or AMPH) injection. (C) Location of the injection cannula tips.
All rats included in the data analyses had injection cannula tips located bilaterally in the NAcc core.
The line drawings are adapted with permission from Paxinos and Watson [40]. Numbers to the right
indicate millimeters from bregma.

2.2. CART Peptide 55–102 in the NAcc Core Inhibits the AMPH-Induced Decreases in pAkt
(T308) and pGSK3β

To examine whether the effect of CART peptide 55–102 on the blockade of AMPH-
induced hyperlocomotor activity is under the regulation of Akt-GSK3β signaling pathway,
the ratios of phosphorylated to total protein levels were studied by Western blot analysis
with the NAcc core tissues (Figure 2A) obtained from rats after 1 h locomotor activity
measurement. First, the phosphorylation level of GSK3β at serine 9 was examined. Two-
way ANOVA performed on these data revealed multiple significant effects of microinjection
[F(1,28) = 10.085, p < 0.01], IP injection [F(1,28) = 7.064, p < 0.05], and microinjection x IP
injection [F(1,28) = 4.417, p < 0.05]. Consistent with previous studies [25,31], acute AMPH
treatment decreased the phosphorylation levels of GSK3β in the NAcc core (p < 0.01, by
Tukey). Interestingly, this decrease in phosphorylation was inhibited, resulting in the full
recovery of its phosphorylation back to the saline control level (p < 0.001), when CART
peptide 55–102 was microinjected in the NAcc core, followed by systemic AMPH injection.
CART peptide 55–102 alone did not affect GSK3β phosphorylation levels (Figure 2B).
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Figure 2. Microinjection of CART peptide 55–102 into the NAcc core inhibits the AMPH-induced
decreases in phosphorylation levels of Akt (T308) and GSK3β. (A) The NAcc core region where tissues
were sampled is shown (cross-hatched circles). Punches (1.2 mm diameter) were prepared bilaterally
and pooled for each animal’s protein isolation. The line drawing is from Paxinos and Watson [40]
and depicts the caudal surface of a coronal section (1.0 mm thick) extending 1.70–2.70 mm from
bregma. (B–D) Representative Western blots of total and phosphorylated forms of GSK3β and Akt
are shown. Values for the band intensities were first normalized to β-actin, and the average values for
the ratio of phosphorylated to total proteins in each group are expressed as mean (+S.E.M.) relative to
saline microinjection + saline IP injection group. Symbols indicate significant differences, as revealed
by post hoc Tukey comparisons following two-way ANOVA. ** p < 0.01, *** p < 0.001, significant
differences between saline microinjection. †† p < 0.01, ††† p < 0.001, significant differences within
AMPH IP injection. The line drawings are adapted with permission from Paxinos and Watson [40].
The number of rats in each group is 8.

Two-way ANOVA conducted on the phosphorylation levels of Akt at threonine 308
(T308) showed significant effects of microinjection [F(1,28) = 7.248, p < 0.05] and IP injection
[F(1,28) = 10.654, p < 0.01]. Similar to pGSK3β, the phosphorylation of Akt at T308 in the
NAcc core was decreased by AMPH (p < 0.001). Interestingly, microinjection of CART
peptide 55–102 into the NAcc core, followed by systemic AMPH injection, normalized its
phosphorylation back to the saline control level (p < 0.01), while CART peptide 55–102 itself
did not affect its phosphorylation (Figure 2C). No significant changes were observed on
another Akt phosphorylation site, serine 473 (S473), by any of these factors (Figure 2D).
These data indicate that CART peptide produced its inhibitory action on AMPH-induced
locomotor activity by interrupting the AMPH-induced changes of phosphorylation levels
of Akt (T308) and GSK3β (Ser9).

2.3. CART Peptide 55–102 in the NAcc Core Inhibits the AMPH-Induced Increases in pGluA1
(S845) but Not pGluA1 (S831)

To further examine whether CART peptide 55–102 may regulate the phosphorylation
levels of GluA1, the phosphorylated to total GluA1 ratio was examined by Western blot
analysis with the same NAcc core tissues (Figure 2A) used for the analysis of pGSK3β
and pAkt. Since GluA1 has two major phosphorylation sites, serine 845 (S845) and serine
831 (S831), changes in phosphorylation levels at both sites were simultaneously examined.
Two-way ANOVA conducted on these data showed significant effects of IP injection
[F(1,28) = 5.283, p < 0.05] and microinjection x IP injection [F(1,28) = 8.715, p < 0.01] for
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S845 but no significance for S831. Post hoc Tukey comparisons revealed that the AMPH-
induced increase in GluA1 phosphorylation at Ser845 (p < 0.001) was completely blocked
by microinjection of the CART peptide 55–102 into the NAcc core (p < 0.01) (Figure 3A).
Phosphorylation levels of the Ser831 residue were not changed by AMPH, CART peptide
55–102 alone, or a combination of these two factors (Figure 3B).
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Figure 3. Microinjection of CART peptide 55–102 into the NAcc core inhibits the AMPH-induced
increase of GluA1 phosphorylation levels at serine 845 but not at serine 831. (A,B) Representative
Western blots of total and two phosphorylated forms (S845 and S831) of GluA1 are shown. Values
for the band intensities were first normalized to β-actin, and the average values for the ratio of
phosphorylated to total proteins in each group are expressed as mean (+S.E.M.) relative to saline
microinjection + saline IP injected group. Symbols indicate significant differences, as revealed by post
hoc Tukey comparisons following two-way ANOVA. *** p < 0.001, significant differences between
saline microinjection. †† p < 0.01, significant differences within AMPH IP injection. The number of
rats in each group is 8.

2.4. Interruption to the Akt-GSK3β Signaling in the NAcc Core Abolishes Inhibitory Effects of
CART Peptide 55–102 on AMPH

To verify whether AMPH-induced upregulation of GSK3β activity (i.e., decrease in
GSK3β phosphorylation) contributes to increased GluA1 phosphorylation and eventually
locomotor activity, the S9 peptide, which is a small synthetic peptide acting as a competitive
inhibitor against the phosphorylation site of endogenous GSK3β [30] (Figure 4A), was
co-microinjected with CART peptide 55–102 into the NAcc core, immediately followed by
AMPH IP injection. Two-way ANOVA conducted on locomotor activity counts revealed
significant effects of IP injection [F(1,48) = 41.338, p < 0.001] and microinjection x IP injection
[F(3,48) = 3.414, p < 0.05]. Consistently, CART peptide 55–102 in the NAcc core disrupted
AMPH-induced hyperlocomotor activity (p < 0.01). However, co-microinjection of the S9
peptide followed by CART peptide 55–102 into this site abolished the blockade effects of
CART peptide 55–102 on AMPH-induced locomotor activity (p < 0.01) (Figure 4B). Time-
course analyses of these findings showed that the ability of the S9 peptide to abolish the
effects of CART peptide 55–102 on AMPH-induced hyperlocomotor activity was apparent
throughout the 1 h time course (Figure 4C).

To confirm whether the S9 peptide in the Nacc core interferes with the phosphorylation
levels of GSK3β and further regulates GluA1 phosphorylation, the ratio of phosphorylated
to total levels of GSK3β and GluA1(S845) was evaluated. Two-way ANOVA performed on
these data revealed multiple significant effects of microinjection [F(3,48) = 11.396, p < 0.001],
IP injection [F(1,48) = 17.899, p < 0.001], and microinjection x IP injection [F(3,48) = 5.097,
p < 0.01] for GSK3β, as well as IP injection [F(1,48) = 20.968, p < 0.001] and microinjection
x IP injection [F(3,48) = 4.134, p < 0.05] for pGluA1(S845). Similar to previous reports [30],
the S9 peptide alone decreased the ratio of phosphorylated to total GSK3β levels in the
NAcc core (p < 0.001), reconfirming that the artificially synthesized S9 peptide competes
for the phosphorylation site with endogenous GSK3β (Figure 5A). CART peptide 55–102
in the NAcc core blocked the decrease in pGSK3β (p < 0.001) and the concurrent increase
in pGluA1(S845) (p < 0.01) induced by AMPH. Interestingly, however, these effects were
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completely abolished when the S9 peptide was co-microinjected with the CART peptide
55–102, followed by AMPH IP injection (p < 0.01) (Figure 5A,B).
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Figure 4. Interruption of Akt-GSK3β signaling in the NAcc core abolishes inhibitory effects of CART
peptide 55–102 on AMPH-induced locomotor activity. (A) A diagram showing the S9 peptide with
short amino acid sequences competitive against a phosphorylation site at serine 9 of endogenous
GSK3β. (B) Data are shown as group mean (+S.E.M.) total locomotor activity counts observed during
the 1 h test after the bilateral microinjection of saline, CART peptide 55–102 (2.5 µg/0.5 µL/side),
or S9 peptide (5.0 µg/0.5 µL/side) into the NAcc core immediately followed by saline or AMPH
(1 mg/kg) IP injection. Symbols indicate significant differences revealed by post hoc Tukey compar-
isons following two-way ANOVA. ** p < 0.01, *** p < 0.001, significantly more counts compared to
saline—saline microinjections + saline IP injection. †† p < 0.01, significant differences compared to
saline—CART 55–102 microinjections + AMPH IP injection. The number of rats in each group is 7.
(C) Time-course data are shown as group mean locomotor activity counts at 20 min intervals obtained
during the 1 h following microinjections (saline, CART 55–102 or S9) + IP (saline or AMPH) injection.
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Figure 5. Interruption of Akt-GSK3β signaling in the NAcc core abolishes inhibitory effects of CART
peptide 55–102 on AMPH-induced phosphorylation changes of GSK3β and GluA1. Representative
Western blots of total and phosphorylated forms of GSK3β (A) and GluA1 (B) are shown. Values for
the band intensities were first normalized to β-actin, and the average values for the ratio of phos-
phorylated to total proteins in each group are expressed as mean (+S.E.M.) relative to saline—saline
microinjections + saline IP injection group. Symbols indicate significant differences as revealed by
post hoc Tukey comparisons following two-way ANOVA. $$ p < 0.01, $$$ p < 0.001, significant differ-
ences compared to S9–saline microinjections + saline IP injection. ** p < 0.01, *** p < 0.001, significant
differences compared to saline—saline microinjections + saline IP injection. † p < 0.05, †† p < 0.01,
††† p < 0.001, significant differences compared to saline— CART 55–102 microinjections + AMPH IP
injection. The number of rats in each group is 7.

3. Discussion

It has been previously shown that acute AMPH or cocaine decreases the phosphoryla-
tion levels of Akt at threonine 308 residue [41,42] and GSK3β at serine 9 residue [28,30,41],
resulting in the inactivation of Akt and subsequent GSK3β activation. These responses
are evidently shown by Western blots in the brain areas, such as the NAcc or striatum,
mediating psychomotor stimulants behaviors. Consistent with these findings, the present
results show that acute AMPH administration decreased the phosphorylation levels of
Akt (Thr308) and GSK3β (Ser9) in the NAcc core. Interestingly, these decreases were com-
pletely recovered to the basal level by microinjection of CART peptide 55–102 into this site
(Figure 2), suggesting that it has a negative regulatory role in GSK3β signaling activated
by AMPH. It is unclear whether this effect of CART peptide is mediated by nonclassical
cAMP-independent DA signaling inhibition [43] or distinct phosphatidylinositol 3 (PI3)
kinase-Akt-GSK3β signaling activation [44]. However, evidence suggests that PI3 kinase
signaling affects Akt phosphorylation at both Thr308 and Ser473 [44], while the DA D2
receptor dephosphorylates only Thr308 [41], which is consistent with the present findings
(Figure 2C,D). Further, as the CART peptide receptor is very recently identified [18] and
suggestively coupled with an inhibitory G-protein [19–21], it is more plausible to guess
that activation of the CART peptide receptor may bring secondary G-proteins, and thereby
indirectly or partially release DA D2 receptor from its preformed complex with β-arrestin
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induced by AMPH [43]. The DA D2 receptor complex with β-arrestin decreases Akt phos-
phorylation by bringing protein phosphatase 2A (PP2A) close to Akt [25,41–43]. If the
CART peptide could disrupt this process, it is possible to see the recovery of decreased
phosphorylation levels of Akt, followed by GSK3β, as shown in our present results. This
remains to be explored in future experiments.

There is abundant literature supporting the importance of glutamate and its interaction
with DA in the NAcc mediating psychomotor stimulant-induced locomotor activity and
reward [32,33,35]. For example, the administration of a DA receptor agonist into the NAcc
increases extracellular glutamate and locomotor activity [45]. In contrast, pretreatment
with a DA receptor antagonist blocks the stimulation of glutamate levels in the same re-
gion [46,47]. These results indicate that DA receptors simultaneously activate glutamatergic
transmission. It has also been shown that acute AMPH increases the phosphorylation levels
of GluA1 at Ser845, but not at Ser831, between 15 min and 60 min in the striatum and
forebrain [48,49]. As the CART peptide 55–102 regulates AMPH-activated DA signaling
in the NAcc, it will be interesting to elucidate whether it is also involved in glutamatergic
transmission. Consistent with previous findings [48,49], we found that acute AMPH signif-
icantly increased the phosphorylation levels of GluA1 at Ser845, but not at Ser831, when
examined at 60 min (Figure 3). As the phosphorylation of GluA1 at Ser845 more likely sends
AMPA receptors toward synaptic site [50], it may thereby contribute to produce locomotor
activity. Interestingly, however, this increase in Ser845 phosphorylation induced by AMPH
was completely blocked by microinjection of the CART peptide 55–102 into the NAcc
core (Figure 3A). These results demonstrate that the accumbal CART peptide regulates
glutamatergic transmission as well as DA, contributing to the inhibition of AMPH-induced
locomotor activity.

It has been shown that GSK3β is closely bound to GluA1 to regulate its activity in the
hippocampus [36], and the GSK3β inhibitor decreases the surface and total protein levels
of GluA1 in the prefrontal neurons [37]. In the same line with these findings, our present
results suggest that phosphorylation of GluA1 is possibly under the regulation of GSK3β in
the NAcc core, and CART peptide 55–102 disrupts this signal pathway by increasing GSK3β
phosphorylation. However, as it is known that other kinases also influence phosphorylation
of GluA1 at Ser845 (e.g., protein kinase A) [50], it is not certain whether the increase in its
phosphorylation by AMPH is directly caused by activation of GSK3β or indirectly through
other kinases. To examine whether GluA1 is under the regulation of GSK3β and CART
peptide 55–102 disrupts this signal pathway, we co-microinjected S9 peptide, a potential
activator for GSK3β, by competing with Akt against its phosphorylation, [30,51,52], with
CART peptide 55–102 and measured phosphorylation levels of GSK3β and GluA1. As
shown in Figure 5, the blockade effect of CART peptide 55–102 on AMPH-induced changes
in GSK3β and GluA1 signaling was nullified in the presence of the S9 peptide, subsequently
exerting the same effects on the locomotor activity (Figure 4). These results indicate that
GSK3β more likely regulates the Ser845 phosphorylation level of GluA1, and interruption
of this pathway in the NAcc core is a crucial step for the CART peptide to negatively
regulate AMPH-induced locomotor activity. However, the signaling pathways by which
GSK3β reaches GuA1 must be explored in the future.

It is worth mentioning that there exist limitations in our study. First, we reduced
phosphosylation levels of GSK3β by using S9 peptide, a competitor with Akt, against
the GSK3β phosphorylation site. Although it provides valuable information about how
the phosphorylation levels of GSK3β are important in the inhibitory effects of CART
peptide 55–102 on AMPH-induced locomotor activity, we may also need to show whether
similar results come out by using a direct Akt inhibitor. Second, we showed that the
phosphorylation levels of GluA1 are under the GSK3β activation. Although we cited
the literature showing that GSK3β is closely bound to GluA1 to regulate its activity in
the hippocampus [36], we did not directly measure whether it is also the case in the
NAcc. Third, we targeted the core of the NAcc based on our previous studies [11,16,30].
Considering that two substructures of the NAcc—core and shell—are distinguished in
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anatomical structures and behavioral output functions [53–55], it will be necessary to
explore signaling pathways mediating the CART effects in the shell.

The present results showing how AMPH and the CART peptide 55–102 interact to
regulate GSK3β signaling in the NAcc core are summarized in Figure 6. When AMPH
is administered to rats, the phosphorylation levels of Akt and GSK3β are decreased in
the NAcc core (Figure 2B,C), which inactivates Akt and subsequently activates GSK3β
(second left panel, Figure 6). As one of the multiple downstream substrates, GluA1 is
phosphorylated by GSK3β (Figure 3A) and contributes to increased locomotor activity
(Figure 1). However, these effects are blocked when the CART peptide 55–102 is present
in the NAcc core, resulting in the phosphorylation levels of all molecules (Akt, GSK3β,
and GluA1) returning to basal levels (Figures 2 and 3). Interestingly, in the presence of
the S9 peptide, these negative effects of CART peptide 55–102 were all nullified, causing
locomotor activity to increase again (right panel, Figure 6). It is worth mentioning that
this schematic illustration has been simplified only based on our present findings. There
may be other players affecting this signaling pathway. For example, ERK and CaMKII
in the NAcc have been shown to involve in the inhibitory effects of CART peptide on
psychomotor stimulant-induced locomotor activity [14,17]. As the signaling pathways of
ERK and CaMKII are under the regulation of DA and glutamate, it is possible that they may
interact with the CART-mediated signal pathway somewhere at the downstream effectors
such as PKA or CREB [17,22–24,56]. How they intervene in the GSK3β pathway in terms
of CART effects depicted in this study remains unexplored and needs to be more refined in
the future.
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Figure 6. A hypothetical model incorporating present findings illustrates a signal pathway where
AMPH and CART peptide 55–102 interact. The left panel shows that acute AMPH decreases phos-
phorylation levels of Akt and GSK3β with a concurrent increase of phosphorylation levels of GluA1
in the NAcc core, which increases locomotor activity. These effects are blocked by CART peptide
55–102 in the NAcc core. The right panel shows that the presence of S9 peptide, by competing with
endogenous GSK3β against its phosphorylation site, abolishes the inhibitory action of CART peptide
on the phosphorylation levels of GSK3β and GluA1, and consequently, locomotor activity induced
by AMPH.

4. Materials and Methods
4.1. Subjects

Male Sprague Dawley rats, 6 weeks old, weighing 200–230 g on arrival, were obtained
from Orient Bio Inc. (Seongnam-si, South Korea). The rats were housed three per cage and
had access to water and food ad libitum at all times. Colony rooms had a controlled room
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temperature (21 ◦C) and a 12 h light/dark cycle (lights on at 8:00 am), and all experiments
were conducted during the day. All animal use procedures were conducted according to
an approved Institutional Animal Care and Use Committee protocol of Yonsei University
College of Medicine (Ref. No. 2012-0071).

4.2. Drug and Peptides

D-amphetamine sulfate (cat. no. 1180004, United States Pharmacopeial, Rockville,
MD, USA) and rat CART peptide 55–102 (cat. no. 46-2-55, American Peptide, Sunnyvale,
CA, USA) were dissolved in sterile 0.9% saline to a final working concentration of 1 mg/mL
and 5 µg/µL, respectively. S9 peptide consists of 21 amino acids (a.a.) that include a small
peptide (11 a.a.), commonly referred to as protein transduction domain [57], and a portion
(10 a.a.) of the N-terminus sequence of GSK3β (GRPRTTSFAE) known as the substrate
site for Akt, and thereby competes with GSK3β against its phosphorylation [51,52] (see
Figure 4A). It was artificially synthesized and kindly provided by Professor Soo Young Lee
at the Center for Cell Signaling and Drug Discovery Research, Ewha Womans University
(Seoul, South Korea). It was dissolved in sterile 0.9% saline to a final working concentration
of 10.0 µg/µL.

4.3. Surgery

Rats were anesthetized with intraperitoneal (IP) ketamine (100 mg/kg) and xylazine
(6 mg/kg), placed in a stereotaxic instrument with the incisor bar at 5.0 mm above the
interaural line, and implanted with chronic bilateral guide cannulas (22 gauge; Plastics
One, Roanoke, VA, USA) aimed at the NAcc core (A/P, +3.4; L, ±1.5; D/V, –7.5 mm from
bregma and skull) [58]. Cannulas were angled at 10◦ to the vertical, positioned 1 mm above
the final injection site, and secured with dental acrylic cement anchored to stainless steel
screws fixed to the skull. After surgery, 28 gauge obturators were placed in the guide
cannulas, and rats were returned to their home cages for a 7-day recovery period.

4.4. Intracranial Microinjection

Bilateral intracranial microinjections into the NAcc core were made in the freely
moving rat. Injection cannulas (28 gauge) connected to 1 µL syringes (Hamilton, Reno,
NV, USA) via PE-20 tubing were inserted to a depth 1 mm below the guide cannula tips.
Injections were made in a volume of 0.5 µL per side over 30 s. After 1 min, the injection
cannulas were exchanged to the obturators and rats stayed in the home cage for another
1 min to give enough time for drug to diffuse in the NAcc core. Then, rats were placed in
the activity boxes immediately after IP injection.

4.5. Locomotor Activity

Locomotor activity was measured with a bank of 9 activity boxes (35 × 25 × 40 cm)
(IWOO Scientific Corporation, Seoul, Korea) made of translucent Plexiglas. Each box was
individually housed in a PVC plastic sound-attenuating cubicle. The floor of each box
consisted of 21 stainless steel rods (5 mm diameter) spaced 1.2 cm apart center-to-center.
Two infrared light photobeams (Med Associates, St. Albans, VT, USA), positioned 4.5 cm
above the floor and spaced evenly along the longitudinal axis of the box, were used to
estimate horizontal locomotor activity.

4.6. Brain Tissue Preparation

Rats were decapitated by guillotine immediately after locomotor activity measurement.
Brains were rapidly removed and coronal sections (1.0 mm thick extending 1.60–2.60 mm
from bregma) were obtained with an ice-cold brain slicer (Model SA-2160, Roboz Surgical
Instrument Co., Gaithersburg, MD, USA). The location for the injection cannula tips was
verified and recorded. Then, the NAcc core tissues were obtained in the circular punch
with 1.2 mm diameter on an ice-cold plate (see Figure 2A), immediately frozen on dry
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ice and stored at –80 ◦C. They were prepared bilaterally and pooled for each individual
animal’s protein isolation.

4.7. Western Blot

Tissues were homogenized in lysis buffer containing 0.32 M sucrose, 2 mM EDTA,
1% SDS, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM phenylmethylsulfonyl fluoride,
10 mM sodium fluoride, and 1 mM sodium orthovanadate. The concentration of protein
was determined by using Pierce Coomassie Protein Assay Kit (Thermo Scientific Inc., Rock-
ford, IL, USA). Samples were then boiled for 10 min and subjected to SDS-polyacrylamide
gel electrophoresis. Proteins were separated and transferred electrophoretically to nitro-
cellulose membranes (Bio-Rad, Hercules, CA, USA), which were then blocked with 5%
bovine serum albumin (BSA) in PBS-T buffer [10 mM phosphate-buffered saline plus 0.05%
Tween-20]. Antibodies used to probe the blots were as follows: total Akt (cat. No. 9272,
1:4000), phosphor-Akt (specific to detect phosphorylated Akt at threonine 308, cat. No. 9275,
1:500, and at serine 473, cat. No. 9271, 1:2000), total GSK3β (cat. No. 9315, 1:20,000),
phosphor-GSK3β (specific to detect phosphorylated GSK3β at serine 9, cat. No. 9336,
1:1000), purchased from Cell Signaling (Beverly, MA, USA) and diluted in PBS-T with 5%
BSA; total GluA1 (cat. No. AB1504, 1:4000). Phospho-GluA1 (specific to detect phospho-
rylated GluA1 at serine 845, cat. No. AB5849, 1:1000, and at serine 831, cat. No. AB5847,
1:1000), purchased from Millipore (Billerica, MA, USA) and diluted in PBS-T with 5% BSA;
β-actin (cat. No. ab6276, 1:10,000), purchased from Abcam (Cambridge, UK) and diluted
in PBS-T with 5% skim milk. Two separate gels were used to detect total and phosphory-
lated proteins, respectively. Primary antibodies were detected with peroxidase-conjugated
secondary antibodies, anti-rabbit IgG (cat. No. K0211708, 1:2000; KOMA Biotech, Seoul,
Korea) or anti-mouse IgG (cat. No. 7076 1:5000; Cell Signaling), diluted in PBS-T with 5%
skim milk, followed by enhanced chemiluminescence (ECL) reagents (cat. no. LF-QC0101,
Abfrontier Co., Ltd., Seoul, South Korea) and exposure to X-ray film. Band intensities
were quantified based on densitometric values using Fujifilm Science Lab 97 Image Gauge
software (version 2.54) (Fujifilm, Tokyo, Japan).

4.8. Design and Procedures

Upon arrival, all rats were allowed a weeklong adaptation period in the new housing
environment, and two separate experiments were conducted.

Experiment 1 (microinjection of CART peptide 55–102): Rats were randomly assigned
to four groups after surgical recovery period and habituated in the locomotor activity boxes
for 1 h to adjust to the new environment. Each group then received bilateral microinjections
into the NAcc core either of saline or CART peptide 55–102 (2.5 µg/0.5 µL/side), immedi-
ately followed by a single IP injection of saline or AMPH (1 mg/kg). Immediately after
the IP injection, rats were placed back in the locomotor activity boxes, and their locomotor
activity was measured for 1 h. After an hour, they were decapitated, and their brain tissues
(the NAcc core) were prepared for Western blot analysis. The dose for CART peptide
55–102 was chosen based on previous findings, indicating that it blocks AMPH-induced
hyperlocomotor activity but does not affect basal locomotor activity [11,16]. A total of
32 rats were used, and all were included in the statistical analysis.

Experiment 2 (co-microinjection of S9 peptide with CART peptide 55–102): Rats were
randomly assigned to eight groups after the surgical recovery period and habituated in loco-
motor activity boxes for 1 h to adjust to the new environment. Each group received bilateral
microinjections into the NAcc core twice with a 5 min interval, first with saline or S9 peptide
(5.0 µg/0.5 µL/side), second with saline or CART peptide 55–102 (2.5 µg/0.5 µL/side),
immediately followed by a single IP injection of saline or AMPH (1 mg/kg). Immediately
after the IP injection, rats were placed back in the locomotor activity boxes, and their
locomotor activity was measured for 1 h. After an hour, they were decapitated, and their
brain tissues (the NAcc core) were prepared for Western blot analysis. The dose for the S9
peptide was chosen based on previous findings that this dose did not affect basal locomotor
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activity, while it significantly decreased the phosphor-GSK3β levels at this site [30]. A total
of 56 rats were used and all included in the statistical analysis.

4.9. Statistical Analysis

Statistical analyses were performed using the Sigma Plot version 12.0 (Systat Software,
San Jose, CA, USA). The data were analyzed with two-way analysis of variance (ANOVA),
followed by post hoc Tukey comparisons. Differences between experimental conditions
were considered statistically significant when p < 0.05.

5. Conclusions

In this study, we found that the inhibitory effects of the accumbal CART peptide 55–102
on AMPH-induced locomotor activity were mediated by blockade of the AMPH-induced
decrease in GSK3β phosphorylation. Furthermore, we showed that GSK3β regulates GluA1
and the accumbal CART peptide 55–102 interrupts this signal pathway. This is the first
direct demonstration, to our knowledge, that GSK3β plays a pivotal role in mediating the
inhibitory effects of the CART peptide 55–102 in the NAcc core on AMPH-induced loco-
motor activity. These findings will expand our understanding of CART peptide-regulated
signal pathways in terms of their negative regulatory role in psychomotor stimulant effects.
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