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Abstract

Over the past decade or so, CART (cocaine- and amphetamine-regulated transcript) peptides have
emerged as major neurotransmitters and hormones. CART peptides are widely distributed in the
CNS and are involved in regulating many processes, including food intake and the maintenance of
body weight, reward and endocrine functions. Recent studies have produced a wealth of
information about the location, regulation, processing and functions of CART peptides, but
additional studies aimed at elucidating the physiological effects of the peptides and at
characterizing the CART receptor(s) are needed to take advantage of possible therapeutic
applications.

In 1995, Douglass et al.! found that a particular mMRNA was upregulated by acute
administration of cocaine or amphetamine. They named this transcript ‘cocaine- and
amphetamine-regulated transcript’ (CART). The transcript is usually referred to as CART
mMRNA, and the encoded peptides are referred to as CART peptides. Interestingly, Spiess et
al.2 had sequenced a peptide in 1981 that was purified from the ovine hypothalamus, and the
sequence of this peptide was found to match a portion of the amino-acid sequence that was
specified by the CART mRNA discovered by Douglass et al., indicating that the CART
transcript is translated (something that was later confirmed). Moreover, the sequence
identified by Spiess et al. immediately followed a pair of basic amino acids that often
indicate the site of cleavage of a propeptide amino-acid chain, and it was therefore suggested
(and later confirmed) that CART mRNA is translated into CART propeptides that, like other
known propeptides, are processed into smaller, active forms. In 1999, Thim et al.3 extracted
CART peptides from rat tissues, sequenced them, and showed that two different CART
peptides, namely CART 55-102 and CART 62-102, were present. Many studies
subsequently showed that both of these peptides are active.

There have been nearly 200 publications on CART peptides in just the past few years,
reflecting the findings that these peptides are involved in many physiological functions.
Therefore, the CART system is becoming an opportune target for therapeutic drug
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development. In this Review, we discuss the recent evidence of a role for CART peptides in
the regulation of food intake, reward and addiction, the stress response, and anxiety and
depression; in addition, we touch on the roles of CART peptides in several other
physiological processes.

Gene regulation and processing

The human CART gene spans approximately 2.5 kb and has been mapped to chromosome
50913-q14 (REF. 4). It comprises an approximately 340-nucleotide proximal promoter
region, two introns and three exons. Transcription of the gene results in two alternatively
spliced mRNAs that are of different length and that produce propeptides of different lengths,
called proCART 1-89 and proCART 1-102 (REF. 1). Interestingly, both of these
propeptides are found in rats, whereas only proCART 1-89 is found in humans. The mRNA
splicing has no effect on activity, because the active parts of the CART peptides are encoded
by regions that lie downstream of the spliced region, and they are intact in both propeptides.
However, a change in the numbering of the amino acids does result (see below). The amino-
acid sequence contains a leader sequence that facilitates both the entry of the proCART
peptides into vesicles and their subsequent processing?.

The amino-acid sequences of the long and short forms of proCART are shown in FIG. 1.
The proCART peptides contain several cleavage sites that allow post-translational
processing by prohormone convertases. This processing results in at least two biologically
active CART peptides. The names of the peptides, CART 55-102 and CART 62-102, derive
from the long form of proCART®>"? (FIG. 1). In humans (who produce only the short form of
proCART) the equivalent peptides are called CART 42-89 and CART 49-89. In any species
that expresses both the long and the short forms of proCART, the amino acid sequences of
CART 42-89 and CART 49-89 are identical to those of CART 55-102 and CART 62-102,
respectively (see also below). There is some evidence that other fragments of proCART are
active as welll9, but most animal studies involve CART 55-102 and CART 62-102, and so
this article focuses on those peptides.

Sequence-alignment studies have shown that CART peptides are evolutionarily conserved.
For example, the human and rat gene sequences share 91% nucleotide identity in their
coding regions, and the coding-region sequences in the rat and mouse genes are 98%
identical. Importantly, the high similarity between the rat and the human nucleotide
sequences leads to 95% amino-acid identity between the active neuropeptides?.

The promoter region of the gene contains a number of predicted transcription factor binding
sites that are conserved across rat, mouse and human*1112, These predicted protein-DNA
interaction sequences regulate basal and stimulus-induced CART mRNA expression —
possibly through interactions with nuclear transcription factors*11-13.171 FIGURE 1 shows
the structure of rat CART 55-102, one of the active CART peptides, including the three
conserved disulphide bridges. The HuGo gene nomenclature committee has approved
“CARTPT” for the gene symbol and “CART prepropeptide” as the gene name.
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CART peptides as neurotransmitters

CART peptides satisfy the general requirements for being peptide neurotransmitters.
Although the descriptions of these requirements vary, they generally include demonstrations
that the peptides are present in tissues, are biologically active and are released by Ca%*-
dependent mechanisms. CART mRNAs and peptides are present in the brain (see, for
example, REFS 1,2,14,15), and they produce many effects when they are injected into the
brain or are applied to cells in culture; injections with antibodies against CART peptides can
oppose these effects, as discussed below. CART peptides in the brain are found only in
neurons — for example, in the nucleus accumbens!®.17 — and coexist with other
neurotransmitters such as GAbA (y-aminobutyric acid)l” and substance P18:19, They are
found in dense core vesicles'6-17, and proCART has a leader sequence! that facilitates its
entry into vesicles and its subsequent processing?. Moreover, K*-induced release of CART
peptides from hypothalamic explants is Ca2*-dependent2?,

It has been known for many years that various peptides that are found in the brain are also
found in the gut — they are referred to as ‘brain—gut’ peptides. Indeed, CART peptides are
also found in the gut?l, and there is evidence that they are biologically active there22.
evidence suggests that CART peptides also have a hormonal role: they are found in
peripheral blood and in pituitary portal blood?3 as well as in tissues that have a hormonal
role, such as the anterior and posterior pituitary and the adrenal medulla?*. CART peptide
levels in the blood and in some brain regions have a diurnal rhythm?25,

CART receptors

Shortly after Douglass et al.’s landmark paper! describing CART mRNAs and peptides,
many laboratories attempted to find a receptor for the peptides using receptor-binding
techniques. Receptor-binding studies usually require demonstrations of high-affinity ligand—
receptor interactions, saturability and specificity. However, these early attempts met with
failure: no specific receptor binding could be detected in brain homogenates or slices. The
reasons that were proposed to explain this lack of specific binding included a supposition of
a low-affinity binding site that could not be detected using this approach, and high levels of
non-specific binding. Although there was no progress in the search for a CART receptor for
several years, the fact that CART peptides were active in various experiments was good
evidence that CART receptors exist. For example, it was found that central administration of
CART peptides increased c-Fos mRNA levels in various areas of the brainZ®. In addition,
applying CART 55-102 to hippocampal primary cells in culture resulted in an inhibition of
voltage-dependent intracellular Ca2* signalling?”. This effect was blocked by treating the
cells with pertussis toxin, suggesting that the observed signalling occurred through
activation of the inhibitory G proteins Gjo. Furthermore, central administration of CART
peptides resulted in phosphorylation of cyclic AMP-response-element-binding protein
(CREB) in some hypothalamic neurons?®. Application of the peptide to AtT20 cells, a
mouse pituitary tumour cell line, activated extracellular signal-regulated kinase (ERK)
signalling by increasing the levels of phosphorylated ERK, and this was reduced by
pertussis toxin2?, again indicating that CART peptides activate Gjj, proteins. CART
signalling in cultures of bovine granulosa cells also seemed to involve a Gjj, mechanism30.
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The combined evidence of several laboratories thus suggests that CART peptides can
activate G-protein signalling pathways (FIG. 2), which strongly supports the existence of a
G-protein-coupled receptor (GPCR) for CART peptides. Although some skepticism and
caution is warranted, it is difficult to explain how the peptides could exert the effects they do
without the existence of relevant receptors.

Because CART-peptide signalling was established in AtT20 cells, binding studies were
subsequently conducted in these cells31. They identified a high-affinity, saturable binding
site that was specific for the active peptides (CART 55-102 and CART 62-102). Another
binding study, which used a complex of CART 55-102 and green fluorescent protein (GFP),
also revealed binding in HepG2 cells and in dissociated hypothalamic cells32. However, the
binding was not obviously saturable at high concentrations, suggesting that the ligand might
have been binding to a low-affinity binding site or receptor32. A subsequent study33 found
that CART-peptide binding in both differentiated and non-differentiated PC12 cells had
characteristics of receptor binding. Specific CART-peptide binding was identified in
primary cultures of rat nucleus accumbens34. The binding had receptor-like characteristics,
and the ligand-binding affinity was reduced in the presence of GTP analogues but not ATP
analogues, indicating that the binding was to a GPCR. overall, although the binding
approach has been generally successful, some results have shown the binding to be low and
variable, and more consistent assays are needed. It is of note that either of the two
biologically active CART peptides can be active while the other is without effect in the same
preparation — the possibility of multiple receptors cannot be ignored=9.

To summarize, the CART receptor seems to be a GPCR that is coupled to Gjj,. The evidence
for the existence of a CART receptor supports the hypothesis that CART peptides are
neurotransmitter and/or hormonal substances. Moreover, this sets the stage for drug
screening, which hopefully will result in the identification of small-molecule agonists and
antagonists. As discussed below, CART peptides are involved in many processes, and there
are many possible uses for CART-system-related drugs as therapeutic agents3.

CART in the regulation of body weight

Early findings

Soon after the discovery of CART peptides’-3, it was suggested that they were involved in
food intake. This suggestion was based on the distribution of CART peptides in the brain?4,
namely in regions that included the arcuate nucleus, the lateral hypothalamus, the
paraventricular nucleus (PvN) and the nucleus accumbens!424, all of which have a role in
the regulation of food intake. In addition, CART mRNA and peptides have been
demonstrated to be present in peripheral feeding-relevant regions36-40,

Lambert et al.#142 showed that, in rats, intracerebro-ventricular (ICv) administration of
CART peptide fragments decreased food intake, and ICv administration of antibodies
directed against CART peptide increased feeding. Moreover, CART-peptide-containing cell
bodies in the hypothalamic arcuate nucleus were found to be surrounded by neuropeptide Y
(NPY)-immunoreactive nerve terminals, suggesting that there is an interaction between
CART peptides and NPY, a peptide that stimulates feeding. Importantly, it was
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demonstrated by Kristensen and co-workers*3 that, in addition to the anorectic effects of
CART peptides, CART mRNA in the arcuate nucleus was decreased in food-deprived
animals, and intraperitoneal administration of leptin increased CART mRNA levels in the
arcuate nucleus. Moreover, in animals with disrupted leptin signalling, CART mRNA was
nearly absent in the arcuate nucleus#3. These and other core observations** stimulated many
additional studies on the involvement of the CART system in the regulation of feeding and
body weight.

Effects of CART peptides on feeding and energy regulation in animal studies

CART peptides and their effects have been found in feeding-relevant parts of the brain, as
noted above. CART peptides were also demonstrated to be present in the gut20-22:36-40 gng
in vagal nerves#>46, which have a role in feeding. Moreover, ICv and intra-cisternal
injection of CART 55-102 inhibited gastric-acid secretion and gastric emptying#7-%0.

Injection of CART peptide into the nucleus accumbens resulted in inhibition of feeding®?,
indicating that this region, which has high levels of endogenous CART peptides, might be
involved in the CART system’s anorexigenic effects. Activating serotonin-4 receptors in the
nucleus accumbens increased CART mRNA levels and reduced the drive to eat, whereas
reducing CART peptide levels in food-deprived mice by administering short interfering
RNAs against CART mRNA abolished the anorectic effects of a serotonin-4 receptor
agonist®2. Knock down of CART mRNA also reduced the anorectic effect of MDMA (3,4-
methylenedioxy-N-methyl-amphetamine), suggesting that CART peptides in the nucleus
accumbens mediate the appetite-suppressing effect of MDMADS2. It was also shown that
injection of CART 55-102 into the lateral ventricles resulted in increased c-Fos levels in
feeding areas of the brain2, suggesting a physiological action of CART peptides in these
areas. Moreover, chronic (10-day) ICv administration of CART peptide inhibited food
intake®3. Mice that lacked the CART gene (CARTPT~/~ mice) gained body weight>4-56, and
viral delivery of CART mRNA through the ICv cannulae suppressed weight gain in diet-
induced obese rats®’. However, not all studies of CARTPT ™/~ mice are in agreement>8. This
lack of agreement could be due to varying genetic backgrounds in the various groups of
CARTPT~/~ mice, or to other differences. Aside from the contradictions in studies with
CARTPT~/~ mice, there is abundant evidence in animal studies that CART peptides can
directly regulate body weight and feeding.

There is also evidence that CART peptides interact with other factors that affect body
weight, feeding and energy expenditure (see also Box 1). For example, as mentioned above,
CART might mediate the effects of serotonin-4 receptor activation on food intake®2. Second,
CART is colocalized with melanocyte stimulating hormone (MSH)%9-63, an inhibitor of food
intake, in the rat arcuate nucleus. Third, CART mRNA levels in the rat arcuate nucleus were
increased by administration of leptin®4, and leptin receptors were found on CART-peptide-
containing cells in the arcuate nucleus and other hypothalamic regions®®, indicating that
CART peptides might be mediators of leptin effects in these hypothalamic areas. Recent
data suggest that glucocorticoids might modulate the interaction between CART and
leptin®®, Fourth, there is evidence for an interaction between CART and the
endocannabinoid system. The endocannabinoid anandamide increases appetite by activating
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Cb1 receptors, whereas Cb1 receptor antagonists inhibit food intake. Treating wild-type
mice with a Cb1 receptor agonist increased CART peptide levels in the nucleus accumbens,
and the Cb1 antagonist rimonabant had no effect on feeding in CARTPT ™/~ mice87,
suggesting that CART is involved in the orexigenic effects of anandamide®’. Fifth, CART
peptides are expressed in arcuate neurons that project to the PvN and regulate the release of
thyrotropin-releasing hormone (TRH)%8-70, TRH-containing neurons in the PvN in turn
regulate the release of thyroid-stimulating hormone from the pituitary, which exerts an effect
on energy homeostasis by increasing heat generation in brown adipose tissue and muscle.
Thus, by regulating TRH release, CART peptides can influence the pituitary—thyroid axis,
with a resultant effect on energy expenditure. Finally, injection of CART 55-102 into the rat
PvN or arcuate nucleus increases the expression of the mRNA for uncoupling protein, again
relating CART peptides to energy expenditure’:72. These examples show that, even though
there are a number of seemingly disparate mechanisms involved in feeding, CART peptides
are implicated in many of them.

Effects of CART peptides on body weight and energy metabolism in humans

Animal studies are strongly indicative of a role for CART peptides in feeding behaviour, and
the results from studies in humans strongly support this idea. For example, obese members
of an Italian family had a missense mutation (leu34Phe) in their CART gene’3. This
missense mutation led to a CART peptide deficiency in the sera’4. expression of the mutated
cDNA in AtT20 cells resulted in decreased CART peptide levels compared with levels in
cells that expressed the wild-type cDNA’>. Moreover, expression of the mutated proCART
in AtT20 cells showed that it was mis-sorted, poorly processed and secreted’* (FIG. 3).
Thus, the missense mutation had cellular effects that reduced CART peptide levels and
affected the cellular distribution of CART peptide. A different study of over 500 subjects’®
showed that the 5" region of the CART gene was highly polymorphic, and that a
polymorphism at =156 kb (that is, at a site that is in linkage disequilibrium with the CART
gene) might associate with obesity. Another study in several hundred French subjects, some
of whom were morbidly obese, identified a single-nucleotide polymorphism in the CART
gene (-3608T>C) that might contribute to the genetic risk for obesity’’. It was recently
suggested that the CART peptides might be involved in lipid metabolism and
artherogenesis’8, and that CART peptides might influence fat distribution”® and contribute
to dyslipidaemia®0. viewed collectively, these studies are quite supportive of a role for
CART in regulating feeding and body weight in humans. However, not all polymorphisms
in the CART gene are associated with obesity 8183 perhaps because not all of them would
be expected to alter the peptide structure and functional activity.

Some problematic results

Some experimental findings do not obviously support the idea that CART peptides affect
body weight and are anorexigenic. For example, in rats, ICv injection of CART peptide
reduced the intake of a liquid diet if the peptide reached the fourth ventricle84; however, the
effects of the peptide (in this region) were not specific to nutrients but rather produced a
conditioned taste aversion. Thus, CART peptide effects on food intake might be secondary
to the production of such an aversive state. Also, ICv administration of CART peptide
altered licking patterns, suggesting an effect on motor control of eating8®86, and high doses
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of ICv peptides can result in seizures®’. It is possible that the motor and anxiogenic actions
of CART peptides could produce some of these effects on feeding and body weight (see
below). Moreover, it was reported that injection of CART peptide into discrete
hypothalamic nuclei resulted in increased, rather than decreased, food intake’2:88, Thus,
although the evidence that CART peptides are anorexigenic is strong, some inconsistent
observations need to be resolved or clarified.

In summary, CART peptides seem to have anorexi-genic effects, although the site(s) and
mechanisms of these effects are not yet fully known. The literature indicates that there could
be many sites and mechanisms. because most published experiments have involved
increasing CART peptide levels by injection, studies with CART depletion or CART
receptor blockers are needed. As CART peptides have a major impact on body weight in
humans and animals, the CART system is important for understanding obesity and is a
promising target for anti-obesity drug development3®,

The CART system and addiction

Drug abuse is a significant problem, and much progress has been made in identifying the
mechanisms and neuronal substrates of addiction. There is substantial evidence connecting
the CART system and drug abuse. In post-mortem tissues from human victims of cocaine
overdose, CART mRNA levels were increased in the nucleus accumbens and decreased in
the ventral tegmen-tal area (VTA)8%90, Also, in a Korean population, an association was
found between a polymorphism in intron 1 of the CART gene and alcoholism, but not
between this polymorphism and bipolar disorder or schizophrenia®?.

Psychostimulants activate CART-peptide-containing neurons in the nucleus accumbens

When initial studies showed an upregulation of CART gene transcription in the striatum
after acute injections of either cocaine or amphetaminel, the assumption was that the CART
system was involved in the action of psychostimulants. More recently it was shown that
administration of methamphetamine, MDMA or ethanol also increases CART mRNA levels
in the nucleus accumbens®2-92.93 Some studies had difficulty reproducing the original
findings with cocaine or amphetamine®4-9, but elevations in CART mRNA were again
found when higher dosages were given or repeated dosing was used®”-%9. It was
subsequently shown that acute cocaine administration after injection of forskolin, which
activates adenylyl cyclase, did increase CART levels®, suggesting that a preliminary
activation of CART gene expression makes it more responsive to upregulation by
psychostimulants. Recently it was shown that acute administration of cocaine increased the
number of CART-peptide-expressing cells in the nucleus accumbens that stained for c-
Fos100; this finding supports the notion that cocaine activates CART-peptide-expressing
neurons in the nucleus accumbens, even though cocaine does not reliably alter CART
peptide levels. The finding also suggests that changes in CART peptide levels per se might
not be the best indicator of a role for the CART system in some process. Drugs can affect
many neurons without necessarily causing a change in the levels of neurotransmitters,
because the neurotransmitters can be replaced, at least in the short term, by synthesis (see
REF. 100 for discussion). Taken together, these data indicate that CART-peptide-containing
neurons in the nucleus accumbens are activated by acute administration of psychostimulants.
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The CART system and mesolimbic dopamine

Additional data support the idea that CART-peptide-containing neurons in the ventral
striatum are activated by psycho-stimulants. Psychostimulants increase dopamine levels in
the synaptic cleft and in extra-neuronal spaces, and it has been shown that there are
dopamine receptors on CART-peptide-containing neurons19-103, Also, CART neurons in
the nucleus accumbens receive nerve terminals that stain positive for tyrosine hydroxylase,
which implies that there is a direct dopaminergic input to CART-peptide-containing
cells6-17 Interestingly, there is also evidence for a reciprocal CART peptide input to
dopamine neurons in the ventral midbrain04-106. Some CART peptide is also found in the
medial prefrontal cortex, and cocaine self-administration transiently increases CART gene
transcription in this region, indicating that CART peptides might be involved in tolerance
and dependence in this region as well07,

Given that CART neurons in the nucleus accumbens are indirectly activated by
psychostimulants through dopamine, the functional effects of CART peptides become the
next issue. For this discussion, we will restrict our attention to the role of CART peptides in
the nucleus accumbens, for which significant data exist. The first observation was that
injections of CART 55-102 alone into the nucleus accumbens had no observable effect on
the animals’ locomotor activity. Although intra-accumbal injections of dopamine or
amphetamine increased locomotor activity as expected, co-injection of these compounds
with CART peptide resulted in a relative reduction in the locomotor activity198.109, Thys,
CART peptide blunted the locomotor-activating effects of the stimulants. Another paper
showed that intra-accumbal injection of CART peptide inhibited the expression of
behavioural sensitization that is normally induced by amphetamine administration110,
Furthermore, a recent paper indicates that CART peptide reduces the rewarding effects of
cocaine in drug self-administration studies!!!. FIGURE 4 shows that the break point, a
reflection of how hard animals are willing to work for a cocaine injection — and sometimes
considered a measure of reward — is dose-responsively reduced when CART peptide is
injected into the nucleus accumbens!!, Cocaine administration elevates dopamine levels
and therefore increases the activity that is associated with elevated dopamine levels; CART
peptides in the nucleus accumbens might act to blunt the effects of dopamine.

These findings suggest that CART peptides have a homeostatic function in the nucleus
accumbens. It is postulated that as dopamine levels rise after the administration of
psychostimulants, CART systems are activated to reduce or control the functional effects of
the rise in dopamine (although the mechanisms and specificity of the CART effect are not
yet clear). This hypothesis is interesting from a functional point of view, but also from the
point of view of using the CART system as a target for developing medications for
psychostimulant abuse.

Endocrine regulation

CART peptides are present in each of the three components of the hypothalamic—pituitary—
adrenal (HPA\) axis24112 and in portal blood23. Application of CART 55-102 to

hypothalamic explants stimulated the release of corticotropin-releasing hormone, TRH and
NPY, and reduced the release of alpha-MSH113, These early findings suggested that CART
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peptide can regulate hormone release, and much work has investigated its effects on
prolactin secretion. In dispersed anterior pituitary cells, prolactin release was suppressed by
administration of CART peptidel14. In another study, CART peptide had no effect by itself
on prolactin release from anterior pituitary cell cultures, but it did inhibit TRH-induced
prolactin release1®. Moreover, ICV injection of CART peptide increased prolactin and
growth hormone levels in the blood, as did intravenous administration of CART peptide,
although at later time points16. Another report found that CART peptides in the anterior
pituitary were localized mainly in lactotrophs, and in the posterior pituitary with oxytocin-
containing cells; CART mRNA was significantly increased in the anterior pituitary and
supraoptic nuclei of lactating rats, suggesting a feedback regulation of lactation on CART
mRNA levels!’. Thus, the basic findings suggest a role for CART peptide in regulating the
release of prolactin and other hormones from the pituitary, although the exact mechanisms
are currently unknown and might prove to be controversiall18,

The CART system and stress

CART peptide and mRNA are present at many levels of the HPA axis and in other ‘stress-
related” areas, including the arcuate nucleus, the PvN, the pituitary, the medullary C1
adrenaline-containing cells, the intermediolateral cell column of the spinal cord, and the
adrenal medullal:14.18.23.24,63,112,119-124 (F| G, 5), It is somewhat remarkable that the CART
system is present at all of these levels. As expected from its localization, the CART system
has been functionally implicated in stress. CART peptides are released into the pituitary
portal blood after hypotensive stress23; this important finding in rats indicates that CART
peptides could function as releasing factors, and there is other evidence for this (see the
section on endocrine regulation). ICv injection of CART 55-102 resulted in c-Fos elevations
in rat PvN neurons, particularly in the corticotrophin-releasing factor (CRF)-containing
neurons, suggesting that CART peptides in the hypothalamus have a modulating role on
CRF release125126_ Fyrthermore, ICv administration of CART peptide elevated plasma
levels of adrenocorticotropic hormone and corticosterone!13,

Experiments have suggested that there might be a mutual interaction between elements of
the HPA axis and CART peptides. Adrenalectomy reduced the number of CART-peptide-
expressing neurons in the PVN and mediobasal hypothalamus, and glucocorticoid
replacement partially reversed the reduction125127-129 (F|G, 5). Moreover, CRF
administration increased CART mRNA levels in CATH.a cells (a locus coeruleus-like cell
line) in culture and increased the release of CART peptide from rat anterior pituitary
segments12130, Nitric oxide, a regulator of stress responses, colocalizes with CART peptides
in some neurons in the rat hypothalamus!3L. Intraperitoneal injection of corticosterone
enhanced blood CART peptide levels, and this was prevented by injection of metyrapone
(an inhibitor of corticosterone synthesis)32, suggesting a role for corticosterone in CART-
peptide expression and/or release. However, chronic (14-day) administration of
corticosterone in drinking water decreased CART peptide levels in the blood and pituitary of
rats130, Together, these findings suggest that there is an interaction between corticosterone
and CART peptides.
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In light of these data, it is important to establish the effects of whole-animal stress on CART
peptides. It has already been noted that hypotensive stress resulted in increases in CART
peptide levels in portal blood?3. Inflammation induced by administration of bacterial
lipopolysaccharides, which are known activators of the HPA axis, increased CART mRNA
levels in the hypothalamus of rats'33. Further, chronic (20-day) cold stress in rats increased
CART mRNA levels in the arcuate nucleus, again suggesting a role for CART peptides in
energy expenditure and thermogenesis!34. exposing male rats to forced swimming also
increased CART peptide levels in the PvN135. In addition, acute and chronic restraint stress
increased CART mRNA levels in the hippocampus and amygdalal3¢ and, conversely,
adrenalectomy reduced CART levels in the hippocampal dentate gyrus — an effect that was
reversed by corticosterone replacement. It is clear that CART peptides are associated with
stress and HPA axis activity; the current challenge is to elucidate the precise involvement
and effects of CART peptides in this axis.

The CART system in anxiety and depression

There is evidence for an involvement of CART peptides in anxiety-like behaviour. CART
peptides are expressed in several parts of the limbic system, which is thought to have a role
in regulating emotion. These regions include the central and basomedial nuclei of the
amygdala, the bed nucleus of the stria terminalis, and the hippocampus!-14. It was reported
that, in rats and mice, ICv injection of small CART peptide fragments increased anxiety-like
behaviour in the elevated plus maze!37. The authors suggested that CART might be an
anxiety/arousal peptide and that some of its other physiological effects might be secondary
to this role. In another study, ICv administration of CART 55-102, but not CART 62-102,
increased anxiety-like behaviour as measured in the elevated plus maze and in a social-
interaction test!38, and the effects were reduced by anxiolytic drugs such as diazepam. The
different results for the two active CART peptides are compatible with the idea that there
might be more than one CART receptor. Taken together, the evidence suggests that CART
peptides have a role in the anxiety-like behaviours that are measured in these animal models,
and possible mechanisms of these effects have been discussed39. Another potentially
relevant study240 found that CART peptides were elevated in the cerebrospinal fluid of
patients with Huntington’s disease; anxiety is a major feature of this disease.

CART peptide and mRNA are present in brain regions that are associated with depression,
including the hippocampus, the locus coeruleus, parts of the midbrain raphe nuclei, the
amygdala and the hypothalamus!14. Recently it was shown that CART mRNA is
downregulated in the frontal cortex of rats that have been subjected to a chronic mild-stress
paradigm, an animal model of depression4l. The CART system’s suggested connection to
depression in humans derives from a study of an Italian family with early-onset obesity and
a missense mutation in the CART genel42. Just as obesity co-segregated with the mutation
among the family members, high levels of both anxiety and depression were found in family
members with the mutation’3. Although the number of subjects in this study was low, the
results are intriguing. It is as yet unclear whether the anxiety and depression are
consequences of other problems arising from the mutation, or whether they are a more direct
consequence of the lack of CART peptide.
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Additional functions of the CART system

CART peptide immunoreactivity has been observed in areas that are associated with
cardiovascular control in rats, including the intermediolateral cell column of the spinal cord,
portions of the rostral ventrolateral medulla and the intracardiac ganglial-14.121,143-145
Moreover, after drug-induced hypotension approximately half of the CART-peptide-
containing neurons stained positive for c-Fos in spinal cord segments T5-T13, suggesting
the possibility of a role for CART in cardiovascular regulation. ICv injections of CART 55—
102 in conscious rabbits increased mean arterial pressure and renal-nerve activity,
presumably by altering sympatho-adrenal outflow146, and similar effects of CART peptides
have been found in studies of anaesthetized rats'’. because the cardiovascular effects
occurred in experimental conditions that also resulted in inhibition of food intake, it has
been speculated that there might be a relationship between the regulation of cardiovascular
function and energy expenditure. More recently, CART peptide has been shown to evoke a
long-lasting and dose-dependent constriction of isolated brain cerebral arterioles; these
effects were dependent on endothelin A receptors!48. Additional studies will be needed to
investigate these possible mechanisms and to determine whether and how they apply to
humans.

CART peptides are involved in a number of additional physiological processes. A series of
studies have implicated CART peptides in painl4149-153 CART peptides are antinociceptive
in the formalin test!4° and can reverse the hyperalgesia and allodynia in a model of chronic
neuropathic pain!®3. bone remodelling also involves hypothalamic CART peptidest54155,
and the CART system is now considered to be part of the new field of neuroskeletal
biology®6. CART peptides also have neurotrophic and neuroprotective propertiest®7-159,
and a few papers suggest that CART peptides play a part in CNS development>°-160-162,

Conclusions and future perspectives

Although CART peptides were named after the experimental condition in which they were
discovered, it is now fully appreciated that CART is not only involved in the actions of
cocaine and amphetamines. Indeed, CART peptides are widely (but discretely) localized
throughout the CNS and periphery, and it is therefore not surprising that they seem to be
involved in a number of physiological processes. Many active substances like acetylcholine
or NPY have multiple functions, again at least partly because they are widely distributed
throughout the body. It is therefore difficult to espouse a single role for CART and
premature to attempt to list all of the roles of CART peptides. At the moment our plates are
full unravelling the CART system’s many physiological roles and mechanisms of action,
and understanding the constituents of the system, such as the CART-peptide receptor(s).

The CART system might well function in conjunction with other active substances. CART
peptides colocalize with many other active substances within cells, and it seems unlikely
that they regulate many of the processes discussed above by themselves. For example, food
intake is known to be regulated by tens of different neurotransmitters and hormones63-166,
Nevertheless, it seems clear that the CART system is an important component of the
regulation of feeding, body weight and energy expenditure.
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Although there has been much research on the localization, processing and expression of
CART peptides, the current frontiers are to further elucidate their physiological roles and to
identify, clone and study the receptor(s) for CART peptides. Identifying the receptor(s)
might facilitate screening for small-molecule agonists and antagonists, which in turn will be
useful tools for additional studies of CART-peptide functions and mechanisms.
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Intracisternal The injection of a substance into the space between the cerebellum and
injection the medulla, which is filled with cerebrospinal fluid.

Tyrosine The enzyme that catalyzes the conversion of Ltyrosine to
hydroxylase dihydroxyphenylalanine (DoPA), which is a precursor of dopamine.

Elevated plus A test that is used to assess anxietylike behaviour in animals, usually

maze

rats or mice. The basic measure is the animal’s preference —
measured as duration of inhabitation — for dark, enclosed places over
bright, more open places. More time spent in the bright and open areas
suggests a lower level of anxiety.

Formalin test A model of chronic pain that is usually carried out in rats or mice as a

test for substances that reduce pain. It involves a subcutaneous
injection of formalin into the hind paw, which causes severe
inflammation. The pain measurement can be the time the animal
spends with weight on the injected paw or the time the animal spends
biting and licking the injected paw.
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Box 1
CART peptides regulate pancreatic islet cell function

There is evidence that CART (cocaine- and amphetamine-regulated transcript) peptides
regulate islet cell function in the pancreas, and that CART peptides play a part in type 2
diabetes. It was noted that CART peptides were expressed in pancreatic islet tumours and
in the normal islets of Langerhans in the somatostatin-producing islet cells in the rat167.
This paper suggested that a role for CART peptides in islet function needed to be
identified. It was then found that, in rats, CART peptides were expressed in several islet
cell types during development but mainly in somatostatin cells in the adult1®®, confirming
and extending the previous report187. It has also been reported37:56.168 that CART
peptides are expressed in both sensory and autonomic nerve fibres and ganglion cells in
the pancreas, increasing the possible roles for CART peptides. The authors concluded
that the CART system could play a part in islet development and maintenance. The same
group®® showed that mice that lacked the CART gene (CARTPT) had impaired insulin
secretion and glucose tolerance, along with altered 3-cell morphology that was
independent of the increased body weight. Glucose transporters declined with age in the
CARTPT-knockout mice, indicating dysfunction of their B-cells; in addition, glucose-
stimulated insulin secretion was impaired both in vivo and in vitro®6. CART 55-102 has
complex effects on islet hormone secretion that depend on whether cyclic AMP-elevating
agents are present'69. For example, in the presence of the incretin hormone glucagon-like
peptide 1 (GLP1) or forskolin, insulin secretion from INS-1 (insulinoma) cells or isolated
rat islets was markedly augmented by CART peptide. Furthermore, in two rat models of
type 2 diabetes, CART peptides were expressed at much higher levels than normal in the
islet B-cells. Taken together, these data suggest a role for the CART system in type 2
diabetes and in the regulation of islet cell function.
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a ProCART amino-acid sequences:
Rat long form
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Figure 1. Amino-acid sequences of rat proCART and CART peptides
a | Inthe rat, CART (cocaine- and amphetamine-regulated transcript) mRNA has two splice

variants (not shown): one that encodes a long form of proCART and one that encodes a
short form. The mRNA that encodes the long form is translated into a 102-amino-acid
sequence (top). In the other variant, the section that encodes amino acids 27-39 of the long
form (shown in blue) is spliced out, and the resulting short-form CART mRNA is therefore
translated into an 89-amino-acid sequence (bottom). The fragments of the long form of
proCART that have been reliably shown to be active are amino acids 55-102 and 62-102. In
the short form of proCART the numbers of the active amino acids are 42-89 and 49-89, but
these amino acids are identical to those of the long form in a given species; this has led to
some confusion in the literature because different numbers refer to the same amino-acid
sequences. Only the 89-amino-acid form (the short form) of proCART has been found in
humans. The amino-acid sequence of this human peptide is slightly different from the
amino-acid sequence of the rat peptide. Amino-acid 42, which lies in the active fragment, is
isoleucine in the rat peptide but is valine in the human peptide. Pairs of basic amino acids
shown in bold are the sites of processing by prohormone convertases. b | The structure of
CART 55-102, with the disulphide bridges that are required for activity. The other major
active peptide is CART 62-102, which has the same general structure. Part a modified, with
permission, from REF. 170 © (2008) Elsevier Science. Part b reproduced, with permission,
from REF. 5 © Elsevier Science B. V.
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Figure 2. Proposed CART receptor signalling
Several studies on CART (cocaine- and amphetamine-regulated transcript)-peptide-induced

cell signalling have demonstrated that CART peptides activate at least three signalling
mechanisms. First, CART 55-102 inhibited voltage-gated L-type Ca2* channels through a
pertussis toxin (PTX; an inhibitor of inhibitory-G-protein (Gij/G,)-dependent signalling)-
sensitive mechanism in hippocampal neurons??. Second, CART 55-102 increased the
phosphorylation of cyclic AMP-response-element-binding protein (CREB) in the nuclei of
corticotropin-releasing hormone (CRH) neurons in the hypothalamic paraventricular nucleus
in fasted and fed rats?®. Third, CART 55-102 increased extracellular signal-regulated kinase
(ERK) phosphorylation in AtT20 and GH3 cells, an effect that was blocked by U0126, an
inhibitor of MEK kinases, and by PTX29, The dashed arrow indicates that it is not yet
known whether this effect of CART 55-102 is mediated by inhibitory G proteins.
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Figure 3. Effects of a missense mutation resulting in Leu34Phein proCART
Western-blot analysis of CART (cocaine- and amphetamine-regulated transcript)-peptide

production, processing and release in transfected AtT20 cells reveals the effects of a
Leu34Phe mutation in the CARTPT gene. a | Non-transfected AtT20 cells (C) showed no
detectable CART peptide after either low or high exposure. Transfection of cells with a gene
encoding wild-type (WT) proCART resulted in WT proCART largely being processed into
intermediate CART peptides (~8 kDa) and active CART 42-89 (5.2 kDa) after high
exposure. Transfection with a gene encoding mutated Leu34Phe proCART (M) resulted in
M proCART being partially processed to intermediate CART peptides but only minimally
processed to bioactive CART 42-89 after high exposure. b,c | CART peptides secreted into
the medium from cells transfected with either a gene encoding WT proCART (b) or a gene
encoding M proCART (c) were analysed. Cells were incubated in basal medium (DMEM)
for two 30-minute periods (B1 and B2) and then were incubated in stimulation medium for
30 minutes (S). Western blots of cell media show that in cells expressing WT CART
peptides, basal secretion of an active form of CART peptide (5.2 kDa) is very small, but
secretion is increased with stimulation. Cells expressing a gene encoding M proCART
showed higher basal secretion of M proCART (10 kDa) and intermediate proCART (~8
kDa), but no increase was observed with stimulation. It is therefore thought that the
Leu34Phe mutation’3 results in a deficiency of bioactive CART peptides that are released by
Ca?*-dependent mechanisms. The mutation seems to promote constitutive release of CART
peptides, whereas WT CART peptides are mostly released by stimulation. The sera from the
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carriers of the mutation produced consistent results (not shown). Figure reproduced, with
permission, from REF. 74 © (2006) Endocrine Society.

Nat Rev Neurosci. Author manuscript; available in PMC 2015 May 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rogge et al.

Active bar presses (+ SEM)

Page 27

b
250 CART
200
150 I
100+
*
50 T a
<
Cocaine > | T
0 | | |
aCSF 1.0 mg 2.5mg
CART CART
peptide peptide
Treatment Dopamine

Figure4. CART peptides as potential regulators of dopamine activity in the nucleus accumbens
a | The effect of bilateral CART (cocaine- and amphetamine-regulated transcript)-peptide

infusions (0.0, 1.0 or 2.5 ug per side) into the nucleus accumbens on cocaine self-
administration. Bilateral CART peptide infusions reduced the break point of cocaine self-
administration in a dose-dependent manner. The break point is a reflection of how hard the
animals are willing to work for a cocaine injection, and can be considered to be a measure of
reward. b | Cocaine administration elevates dopamine levels and therefore increases the
locomotor activity that is associated with elevated dopamine levels. According to one
hypothesis, CART peptides in the nucleus accumbens act to blunt this increased activity —
perhaps through normal regulatory responses in this region, although the precise mechanism
of the blunting is not yet clear. aCSF, artificial cerebrospinal fluid; SEM, standard error of
the mean. Data in part a from REF. 108.
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Figure 5. Theinvolvement of the CART system in the stressresponse
CART (cocaine- and amphetamine-regulated transcript) peptides are, strikingly, present in

many parts of the stress axis, and CART-peptide-containing neurons respond to stress
presumably by releasing CART peptides. a | Staining cells in the arcuate nucleus for the
presence of CART peptide. The top image shows normal (untreated) tissue. The middle
image shows tissue from an adrenalectomized animal: the number of CART-peptide-
containing cells was reduced by ~40%. The bottom image shows tissue from an
adrenalectomized animal that was given hormone replacement. The number of CART-
peptide-containing cells in the replacement condition was not significantly different from
that in the control condition shown in the top image. b | CART peptides are strikingly found
in most of the key regions and tissues that are involved in the stress responsel19-121 ChAT,
choline acetyltransferase; POMC, pro-opiomelanocortin; TH, tyrosine hydroxylase; TRH,
thyrotropin-releasing hormone; VSP, vasopressin. Part a reproduced, with permission, from
REF. 127 © (2003) Elsevier/North-Holland Biomedical Press. Part b modified, with

permission, from REF. 124 © (2006) Elsevier Science Inc.
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