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Abstract
Background: The peptide CART is widely expressed in central and peripheral neurons, as well as
in endocrine cells. Known peripheral sites of expression include the gastrointestinal (GI) tract, the
pancreas, and the adrenal glands. In rodent pancreas CART is expressed both in islet endocrine
cells and in nerve fibers, some of which innervate the islets. Recent data show that CART is a
regulator of islet hormone secretion, and that CART null mutant mice have islet dysfunction. CART
also effects GI motility, mainly via central routes. In addition, CART participates in the regulation
of the hypothalamus-pituitary-adrenal-axis. We investigated CART expression in porcine pancreas,
GI-tract, adrenal glands, and thyroid gland using immunocytochemistry.
Results: CART immunoreactive (IR) nerve cell bodies and fibers were numerous in pancreatic and
enteric ganglia. The majority of these were also VIP IR. The finding of intrinsic CART containing
neurons indicates that pancreatic and GI CART IR nerve fibers have an intrinsic origin. No CART
IR endocrine cells were detected in the pancreas or in the GI tract. The adrenal medulla harboured
numerous CART IR endocrine cells, most of which were adrenaline producing. In addition CART
IR fibers were frequently seen in the adrenal cortex and capsule. The capsule also contained CART
IR nerve cell bodies. The majority of the adrenal CART IR neuronal elements were also VIP IR.
CART IR was also seen in a substantial proportion of the C-cells in the thyroid gland. The majority
of these cells were also somatostatin IR, and/or 5-HT IR, and/or VIP IR.
Conclusion: CART is a major neuropeptide in intrinsic neurons of the porcine GI-tract and
pancreas, a major constituent of adrenaline producing adrenomedullary cells, and a novel peptide
of the thyroid C-cells. CART is suggested to be a regulatory peptide in the porcine pancreas, GItract, adrenal gland and thyroid.

Background
The neuropeptide cocaine- and amphetamine-regulated
transcript (CART) is highly expressed in the brain [1-7]
and exhibits anorexigenic properties [[8,9] for review see
[10]]. CART is also found in the peripheral nervous sys-

tem, including sympathetic preganglionic [11,12], primary sensory [13], enteric [[14-16], for a review see [17]],
and pancreatic neurons [18,19], as mostly studied in
rodents. In addition, CART is expressed in endocrine cells,
e.g. pituitary endocrine cells [3,20], adrenomedullary cells
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[[3,13,20], for a review see [21]], islet δ-cells [18,22], and
antral gastrin cells [15], as studied mostly in rats. During
rat development, islet CART expression is not limited to δcells, but is evident also in the β-cells, α-cells, and PP-cells
[18]. We have recently demonstrated that CART is a regulator of islet hormone secretion and that CART is upregulated in the β-cells of type-2 diabetic rats [23]. We have
also shown that CART knock out mice have impaired glucose tolerance and blunted insulin response to glucose,
explained by defects at the islet level [[19], for a review see
[24]]. Interestingly, humans with a mis-sense mutation in
the cart gene are obese and are prone to develop type-2
diabetes [25].
CART has been localised to the enteric nervous system
(ENS) of several species, including man [for a review see
[17]]. In the rat gastrointestinal tract CART is highly
expressed in myenteric neurons, and CART immunoreactive (IR) fibres are abundant in the myenteric plexus while
they are few in the mucosa [15]. A similar distribution of
CART neurons is seen in human GI-tract, although a more
sparse innervation of the submucosa and the mucosa is
noted [16].
The pig is an important research animal and, except for
non-human primates, in many aspects one of the most
similar to humans [26,27]. So far, very little is known
about the expression and function of CART in the pig.
CART containing neurons have been found in the porcine
ENS [28]; however, detailed characterisation of these neurons is lacking. Further, although vagal stimulation triggers CART release from the porcine pancreas [28], the
porcine pancreatic source of CART is to date not known.
Moreover, it is not known whether CART is expressed in
porcine adrenal or thyroid glands. The aim of the present
study was to perform a detailed mapping of CART in the
porcine pancreas, GI-tract, adrenal, and thyroid glands
using immunocytochemistry (ICC). In order to further
characterise the CART immunoreactive (IR) endocrine
cells, nerve fibers and nerve cell bodies, colocalisation of
CART with established endocrine or neuronal markers
was given special attention.

Materials and methods
Animals and tissue processing
Adult domestic pigs (age: 17 months, n = 10) of both genders were used. The animals were killed for other purposes
and biopsies were taken from the pancreas, adrenal
glands, thyroid gland, stomach (antrum and fundus),
small (duodenum and jejunum) and large (caecum)
intestine. The specimens were immediately fixed overnight in Stefanini's solution (2% paraformaldehyde and
0.2% picric acid in 0.1 M phosphate buffered saline, pH
7.2), rinsed thoroughly in Tyrode's solution containing
10% sucrose, and frozen on dry ice. Sections (10 µm
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thickness) were cut and thaw-mounted on slides. The
experiments were approved by the animal ethics committee in Malmö and Lund.
Immunocytochemistry
Antibodies were diluted in phosphate buffered saline
(PBS) (pH 7.2) containing 0.25% bovine serum albumin
and 0.25% Triton X-100. Sections were incubated with
previously characterised primary antibodies overnight at
4°C. The following primary antibodies were used: rabbit
anti-CART, code 12/D, dilution 1:1280 (Cocalico Corp.,
Reamstown, PA) [4,15,18]; rabbit anti-CART, code H003-62, dilution 1:3000 (Phoenix, Belmont, CA) [29];
mouse monoclonal anti-VIP, code MaVIP, dilution
1:1200 (East Acres Biologicals, Southbridge, MA) [30];
mouse monoclonal anti-tyrosine hydroxylase (TH), code
22941, dilution 1:200 (Incstar, Stillwater, MN) [18];
guinea pig anti-CGRP, code M8513, dilution 1:640 (EuroDiagnostica, Malmö, Sweden) [18]; sheep anti-neuronal
nitric oxide syntase (NOS), code AB1529, dilution 1:1600
(Chemicon International Inc., Temecula, CA) [31]; rabbit
anti neuropeptide K (NPK), code NPK4, dilution 1:600
(kind gift from Dr E. Theodorsson, The Karolinska Institute, Stockholm, Sweden) [32]; guinea pig anti-phenylethanolamine N-methyl transferase (PNMT), code
M8803, dilution 1:1280 (EuroDiagnostica) [33]; rabbit
anti-calcitonin, code 7714, dilution 1:640 (EuroDiagnostica) [34]; mouse monoclonal anti-somatostatin, code V
1169, dilution 1:200 (Biomeda, Foster City, CA) [35];
goat anti-serotonin (5-HT), code 20079, dilution 1:1200
(Immunostar, Hudson, WI). The sections were rinsed two
times in PBS with Triton X-100 for 2 × 10 min. Thereafter
secondary antibodies with specificity for rabbit-, guinea
pig-, sheep- or mouse-IgG, and coupled to either fluorescein isothiocyanate (FITC), or Texas-Red (TxR) (Jackson,
West Grove, PA), were applied on the sections. Incubation
was for 1 h at room temperature. The sections were again
rinsed and then mounted in PBS:glycerol, 1:1. The specificity of immunostaining for CART was tested using primary antisera pre-absorbed with excess amount of
homologous antigen (100 µg of peptide per ml antiserum
in working dilution), or by omission of primary antibodies. Double immunofluorescence was also used, with
combinations of primary antibodies (rabbit antibodies, in
combination with guinea pig, sheep, or monoclonal antibodies), diluted as described above. The two primary antibodies were incubated simultaneously overnight at 4°C,
followed by rinsing in PBS with Triton X-100 for 2 × 10
min. Thereafter the two secondary antibodies were incubated simultaneously for 1 h at room temperature. The
following double immunostainings were performed: rabbit CART + anti-rabbit FITC/mouse monoclonal VIP +
anti-mouse TxR, rabbit CART + anti-rabbit FITC/guinea
pig CGRP + anti-guinea pig TxR, rabbit CART + anti-rabbit
FITC/mouse monoclonal TH + anti mouse TxR, rabbit
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CART + anti-rabbit TxR/guinea pig CGRP + anti-guinea
pig FITC, rabbit CART + anti-rabbit TxR/sheep NOS + antisheep FITC, rabbit CART + anti-rabbit TxR/mouse monoclonal VIP + anti-mouse FITC, rabbit CART + anti-rabbit
TxR/guinea pig PNMT + anti-guinea pig FITC, rabbit CART
+ anti-rabbit TxR/mouse monoclonal somatostatin + antimouse FITC, rabbit CART +anti-rabbit FITC/goat 5-HT +
anti-goat TxR. In these studies the controls included tests
for inappropriate binding of the secondary antibodies.
Double staining for CART/NPK and CART/calcitonin were
not possible due to lack of appropriate antibodies, therefore testing of colocalisation of these immunoreactants
were performed on consecutive sections. All antibodies,
except for the VIP antibody, were raised against synthetic
peptides or to peptides from other species than the pig.
The CART antibodies used in these studies are directed to
79–102 and 55–102 of rat long CART. Amino acid
sequence alignment analysis, using ClustalW 1.83-software, revealed that within these regions the amino acid
sequence of pig CART and rat CART are identical. Alignment analysis also showed a high degree of homology
(>90%) between species for CGRP, PNMT, NPK, NOS,
calcitonin, somatostatin, and TH.
Image analysis
Immunofluorescence was examined in an epi-fluorescence microscope (Olympus, BX60). By changing filters
the location of the different secondary antibodies in double staining was determined. Images were captured with a
digital camera (Olympus, DP50). Degree of colocalisation
between CART immunoreactivity (IR) and IR for VIP,
CGRP, PNMT, somatostatin, or 5-HT was quantified in at
least 3 sections of each specimen from 4 pigs. Data are
presented as means ± SEM.
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few CART IR nerve cell bodies were also NOS IR (data not
shown). No CART IR islet cells were detected. Preabsorption of the CART antibodies with CART 55–102 peptide
blocked all neuronal CART staining (data not shown).
GI-tract
Stainings for CART were performed on sections from fundus and antrum of the stomach, duodenum and jejunum
of the small intestine and caecum of the large intestine. In
all GI-sections studied, CART IR nerve fibers were abundant in the external muscular layers, often in large nerve
trunks (Fig 3A and 3D). CART IR fibers were also frequently seen in the submucosa of all specimens, and regularly found to innervate submucous ganglia (Fig 4A). In
addition, delicate CART IR fibers were seen in the mucosa
of all regions; the density of such fibers was higher in the
distal parts of the GI-tract. Thus in the gastric fundus
region they were few, while in the duodenum and jejunum CART IR fibers were commonly seen in the core of
villi (Fig 3G). CART IR fibers also innervated intramucosal nerve cell bodies, which were identified by virtue
of their tachykinin (NPK) IR [36] (data not shown). In
duodenum CART IR fibers were also abundant in the
glands of Brunner (Fig 3J). Double staining for CART and
VIP revealed that 95 ± 3% of the CART IR nerve fibers contained also VIP (Fig 3A–L). However, in all segments a
small portion of the CART IR fibers in the muscularis
mucosae were devoid of VIP. Double staining for CART
and CGRP revealed coexistence in a population of fibers
in the muscularis mucosae; 60 ± 1% of the CART IR fibers
in the muscularis mucosae were also CGRP IR (Fig 3M–

Results
Immunocytochemistry
Pancreas
CART IR was found in numerous nerve fibers, innervating
islets, ganglia and exocrine tissue. To characterize these
CART containing fibers with respect to additional transmitters we double stained for VIP, CGRP, and TH. This
revealed that 99 ± 1% of the CART IR fibers were also VIP
IR (Fig 1A–L). Only a minority (<1%) of the CART IR fibers were devoid of VIP (not shown), and VIP IR fibers
devoid of CART were also few (Fig 1J–L). CART IR fibers
were often co-running with CGRP IR fibers, but no colocalisation could be verified (Fig 2A–C). CART IR fibers
clearly differed from TH IR fibers, but the two types of fibers were often co-running (Fig 2D–F). A great proportion
of the intrapancreatic ganglia contained nerve cell bodies
that were CART IR. Double staining for CART and VIP
revealed a high degree of colocalization in such cell bodies (Fig 1G–I). However, CART IR ganglionic nerve cell
bodies devoid of VIP were regularly detected (Fig 1J–L). A

Figure
Nerve
nostained
in
C, F,fibers
I,1 Lforand
CART
ganglia
(A, D,
in porcine
G, J) andpancreas
VIP (B, E,double
H, K);immumerged
Nerve fibers and ganglia in porcine pancreas double immunostained for CART (A, D, G, J) and VIP (B, E, H, K); merged
in C, F, I, L. A–C: Large nerve trunk. D–F: delicate nerve
fiber. G–I: Intrapancreatic ganglion. Note high degree of
colocalisation of CART and VIP in nerve fibers and nerve cell
bodies. J–L: CART IR nerve cell body devoid of VIP, but surrounded by VIP IR fibers. Colocalisation exemplified with
arrowheads. Scale bars = 20 µm.
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Figure
Nerve
CART
TH
(E);fibers
(A)
merged
2 and
in CGRP
porcine
in F (B);
pancreas
mergeddouble
in C, and
immunostained
CART (D) and
for
Nerve fibers in porcine pancreas double immunostained for
CART (A) and CGRP (B); merged in C, and CART (D) and
TH (E); merged in F. CART IR fibers are co-running with
CGRP IR and TH IR fibers, but these fibers are distinct from
those containing CART. Scale bars = 20 µm.

O). The majority of these CART IR/CGRP IR fibers were
devoid of VIP (not shown).
Further, CART IR nerve cell bodies were found in submucous and myenteric ganglia of all GI sections. In both
types of ganglia the majority (99 ± 1%) of these cells were
also VIP IR (Fig 4). In addition, myenteric nerve cell bodies harbouring both CART IR and NOS IR were frequently
seen (Fig 4D–F). No CART IR endocrine cells were
detected in the GI-tract.
Adrenal glands
Numerous CART IR cells were found in the adrenal
medulla. These cells were mainly located in the peripheral
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parts of the medulla, and double immunostaining for
PNMT, a marker for adrenaline producing cells, revealed
that the majority (98 ± 1%) of the CART IR cells were also
PNMT IR (Fig 5A–C). In addition, CART IR fibers were frequently seen in the adrenal cortex and in the capsule; the
latter also harboured small ganglia with CART IR nerve
cell bodies (Fig 6). Double staining for CART and VIP
revealed that 90 ± 2% of the CART IR fibers running in the
cortex and in the capsule were also VIP IR (Fig 6A–F). Regularly CART IR nerve cell bodies devoid of VIP were seen
in nerve cell bodies in the capsule (Fig 6A–C). Only few
CART IR fibers were seen in the medulla, while VIP IR fibers were numerous (Fig 6G–I).
Thyroid gland
CART IR cells were also found within the thyroid gland
(Fig 7). These cells were located parafollicularly and were
identical to C-cells, as revealed by staining for calcitonin
on consecutive sections. Double stainings for CART/
somatostatin, CART/5-HT, and CART/VIP revealed that 82
± 4% of the CART IR cells were also somatostatin IR, 65 ±
8% of the CART IR cells were also 5-HT IR, and 60 ± 10%
of the CART IR cells were also VIP IR. Only very few CART
IR nerve fibers were detected in the gland, some of them
were also VIP IR or 5-HT IR (not shown).

Discussion
CART expression has previously been found in neurons
and endocrine cells in the pancreas and in the GI-tract of
rodents [15,18,19,37] and humans [16](Wierup et al Ms

Figure
Nerve
(A,
C,
F,D,I, G,
fibers
L,3 O
J, M)inand
porcine
VIP (B,
GI E,
tract
H, K)
immunostained
or CGRP (N);for
merged
CARTin
Nerve fibers in porcine GI tract immunostained for CART
(A, D, G, J, M) and VIP (B, E, H, K) or CGRP (N); merged in
C, F, I, L, O. A–F: jejunal muscularis externa. G–I: duodenal
villi. J–L: duodenal glands of Brunner. M–O: muscularis
mucosae of the antrum. Note high degree of colocalisation of
CART and VIP in all GI segments, except for the muscularis
mucosae, where CART is colocalised with CGRP. Colocalisation exemplified with arrowheads. Scale bars = 50 µm.

Figure in
Ganglia
4 the porcine GI-tract
Ganglia in the porcine GI-tract. A–C: jejunal submucous ganglion immunostained for CART (A), and VIP (B), merged in
C. D–F: Myenteric ganglion in antrum of the stomach immunostained for CART (D) and NOS (E), merged in F. G–I:
Myenteric ganglion of the ileum immunostained for CART
(G) and VIP (H), merged in I. Note that CART IR is colocalised with both NOS IR and VIP IR in nerve cell bodies and
fibres innervating the nerve cell bodies. Colocalisation exemplified with arrowheads. Scale bar = 25 µm.
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Figure(B,
Porcine
PNMT
5adrenal
E); merged
gland immunostained
in C and F
for CART (A, D) and
Porcine adrenal gland immunostained for CART (A, D) and
PNMT (B, E); merged in C and F. CART is present in a major
subpopulation of the PNMT IR, i.e. adrenaline producing,
medullary endocrine cells. Colocalisation exemplified with
arrowheads. Scale bars = 100 µm.
in preparation). CART has also been localised to nerves
and endocrine cells in the adrenal medulla of rodents
[3,13,20]. Here we demonstrate that CART is abundantly
expressed in neurons in the porcine pancreas, adrenal
gland, and GI-tract, as well as in adrenomedullary endocrine cells. Further, we show for the first time that CART is
produced in C-cells in the porcine thyroid.
Pancreas
CART IR neurons were characterized by the use of established markers for the various nerve types in the pancreas.
The vast majority of the CART IR fibers and cell bodies
were also VIP IR. This observation is in analogy with our
previous findings in rat and mouse pancreas, where CART
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Figure
Porcine
HT
(B), 7
somatostatin
thyroid gland (E),
immunostained
and VIP (H);for
merged
CARTin(A,
C, D,
F, IG), 5Porcine thyroid gland immunostained for CART (A, D, G), 5HT (B), somatostatin (E), and VIP (H); merged in C, F, I.
CART, which is expressed in the C-cells, is to a varying
degree colocalised with 5-HT, somatostatin, and VIP. Colocalisation exemplified with arrowheads. Scale bar = 20 µm.

is present in a prominent proportion of the VIP-containing neurons [18,19]. The presence of CART/VIP-containing nerve cell bodies in local pancreatic ganglia indicates
an intrinsic origin of at least a portion of the CART IR fibers. The present finding of colocalisation of CART and
NOS in porcine pancreatic nerve cell bodies is in line with
previous observations on colocalisation of VIP and NOS
in pancreatic neurons of several species [38]. We could
not detect any colocalisation of CART and CGRP in pancreatic nerve fibers. This differs from previous findings in
rat and mouse pancreas where CART is found in the
majority of the extrinsic, CGRP-containing, sensory neurons [18,19]. Similarly to pancreatic CART IR fibers in the
rat [18], the fibers in porcine pancreas were distinct from
TH-containing, adrenergic fibers. Taken together, our data
suggest that in the porcine pancreas CART IR fibers emanate at least in part from local intrapancreatic ganglia.
In contrast to rats, which have CART IR δ-cells [18], no
CART IR islet cells were detected in pig. This is, however,
similar to adult mice, which have a rich CART innervation, but virtually lack CART IR islets cells [19].

Figure
Porcine
and
VIP 6(B,
adrenal
E, H);gland
merged
immunostained
in C, F, and for
I CART (A, D, G)
Porcine adrenal gland immunostained for CART (A, D, G)
and VIP (B, E, H); merged in C, F, and I. A–C: CART is colocalised with VIP in fibers within a ganglion in the capsule.
Note also CART containing nerve cell bodies devoid of VIP.
D–F: CART is colocalised with VIP in fibers in the cortex. G–
I: In the medulla most VIP IR fibers are devoid of CART.
Colocalisation exemplified with arrowheads. Scale bars = 20
µm.

The presence of CART in intrinsic VIP containing neurons
suggests that CART is involved in the control of islet function in the pig, since these neurons are known to exert
stimulatory actions on insulin secretion [for references see
[39]]. We recently showed that CART 55–102 is a regulator of islet hormone secretion [23]. In addition, CART null
mutant mice displayed islet dysfunction together with
impaired glucose tolerance and blunted glucose stimulated insulin secretion [19]. On the other hand, Tornoe et
al [28] were unable to detect any effect of CART 42–89 on
insulin or glucagon secretion from perfused porcine pancreas. Further studies are needed to elucidate a possible
role for neuronal CART in the regulation of islet function
in the pig. Peripherally administered CART has been
Page 5 of 8
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reported to stimulate pancreatic exocrine secretion in the
rat [40]. Interestingly, the effect was abolished after vagotomy and diminished after treatment with atropine. Thus,
one function of CART in the intrapancreatic neurons
could be to regulate exocrine secretion. Since we found
that CART is localised to VIP containing neurons, and
since VIP is known to exert stimulatory effects on local
blood flow [41] and on exocrine secretion [42], it is not
inconceivable that CART may modulate these VIPinduced effects on the exocrine pancreas. In addition,
CART in pancreatic neurons may be neuroprotective and/
or neurotrophic in situations of stress or injury, since such
actions of CART have been observed in certain central and
enteric neurons [17,43-45].
GI tract
CART IR neuronal elements were abundant in all layers of
the wall of the intestinal segments studied, with a similar
distribution pattern as in the rat [15] and guinea-pig [37],
and in agreement with previous preliminary observations
in the pig [28]. The distribution of CART in the porcine GI
tract differed somewhat from that in the human GI tract
where CART IR is only rarely detected in the submucosa or
mucosa [16]. The vast majority of the CART IR fibers and
nerve cell bodies were also VIP IR. This is similar to our
and others observations in the rat [15] and guinea pig [37]
and human [16] GI tract. Together these data suggest that
the majority of the CART IR fibers have an intrinsic origin,
since both VIP IR and CART IR nerve cell bodies are
present in local enteric ganglia [for references see [17]].
Interestingly, a subpopulation of the CART IR fibers in the
muscularis mucosae was CGRP IR. This is different from
the rat, where no such colocalisation could be demonstrated [15]. CGRP has been shown to inhibit spontaneous motor activity of the guinea pig mucularis mucosae
[46]. A role for CART in these fibers as a regulator of
motor activity of the muscularis mucosae needs further
investigation. We were unable to detect any CART containing endocrine cells in the GI-tract. This is also different
from rats, which harbour CART in a great proportion of
the G-cells in the gastric antrum [15], but similar to the
mouse, which lacks CART in the G-cells (own unpublished observations).

The location of CART to VIP containing neurons suggests
that CART is involved in GI-motor functions since VIP
containing neurons are known to play roles in motor control [27]. Okumura et al [47] reported that centrally
administered CART peptide inhibits gastric emptying and
gastric acid secretion via corticotropin-releasing factor in
rats. Further, Tebbe et al [48] demonstrated that centrally
injected CART peptide reduced colonic motility via
cholinergic pathways in rats; although these effects may
be mediated via central effects and hypothalamic neuropeptides as mediators, a role for endogenous CART in
these effects needs further attention. We demonstrated
that CART 55–102 provokes inhibition on NO-mediated

http://www.biomedcentral.com/1471-2202/8/51

relaxation in the colon in vitro [15]. Recent findings by
Jimenez-Feltström et al [49] suggest that NO action in the
rat pancreatic islets can be inhibited by GLP-1 and GIP via
activation cAMP/PKA dependent pathway. We recently
demonstrated that also CART can activate the cAMP/PKA
dependent pathway in islet β-cells [23]. It is not inconceivable, therefore, that the inhibitory effect of CART on
effects exerted by NO is mediated via increased cAMP also
in the gut. Interestingly, CART has been shown to promote survival of rodent enteric neurons in vitro [17].
Thus, CART in porcine ENS may promote survival and
protect GI-neurons in situations of neuronal stress or
injury. CART resided also in VIP containing fibers innervating the Brunner glands and the gut mucosa. Since VIP
is a well established gut secretagogue [50], a role for CART
in modulation of VIP mediated secretory functions cannot
be excluded.
Adrenal glands
Our present finding of CART expression in the porcine
adrenal medulla is in line with previous reports in rodents
[3,13,20] and suggests a role for CART as a signalling molecule in the sympatho-adrenal axis also in the pig. Further,
the localisation of the CART containing cells to the more
peripheral parts of the medulla, where adrenaline producing cells predominate [51], is similar to the CART mRNA
expression pattern reported by Couceyro et al in the rat
[20]. The presence of CART IR fibers in the adrenal cortex
is in line with the reported effects of CART on glucocorticoid secretion [52]. CART has been shown to be an important player in the stress response, as studied mainly in
rodents [52]. Thus, our data of CART in the porcine adrenal gland suggests that CART may be involved in the stress
response also in the pig.
Thyroid gland
A novel finding in the present report is the existence of
CART IR in C-cells in the porcine thyroid. This finding
gain further support from similar observations in guinea
pig (own unpublished observations). This raises the possibility that CART may play roles in calcium homeostasis
by modulating the response of calcitonin, a major regulator of calcium [53]. Interestingly, CART knock out mice
displayed lower bone mass and increased number of osteoclasts [54]. Further, increased plasma levels of CART in
mice and humans are associated with higher bone mass
[55]. Whether CART is expressed in mouse C-cells is not
known. It is, however, tempting to speculate that CART
modulates calcitonin secretion or action, and that the
observed CART knock out phenotype is explained by lack
of CART action on calcitonin.

In conclusion, CART is highly expressed in the porcine
pancreas, GI-tract, adrenal glands, and thyroid gland. The
wide spread expression of CART suggest a role for CART as
modulator of neurohormonal functions. The similarities
of the pattern of CART expression with that of rodents and
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humans emphasizes the pig as a potential animal model
for future studies aimed at increasing the knowledge
about CART distribution and function.

Authors' contributions
NW designed the study, carried out the majority of the
experiments and data collection, made all the figures and
drafted the manuscript. AG and EE participated in the
design of the study and in revising the manuscript. FS conceived and designed the study, collected data, and revised
the manuscript.

http://www.biomedcentral.com/1471-2202/8/51

14.

15.

16.
17.
18.

Acknowledgements
Grants: Swedish Medical Research Council (Projects No. K2007-55X04499-33-3 and K2005-72X-13406-06A), The Novo Nordisk Foundation,
The Swedish Royal Physiographic Society, Tore Nilsson, Åke Wiberg, Fredrik and Ingrid Thuring, Magnus Bergwall, Påhlsson, and The Swedish Society of Medicine Foundations. Expert technical assistance was provided by
Doris Persson. Prof Mike Kuhar, Emory University, Atlanta, GA, US is
greatly acknowledged for generously supporting the project with e.g. antibodies and peptides.

19.

20.
21.
22.

References
1.

2.

3.

4.

5.
6.

7.

8.

9.
10.
11.

12.

13.

Douglass J, McKinzie AA, Couceyro P: PCR differential display
identifies a rat brain mRNA that is transcriptionally regulated by cocaine and amphetamine. J Neurosci 1995, 15(3 Pt
2):2471-2481.
Gautvik KM, de Lecea L, Gautvik VT, Danielson PE, Tranque P,
Dopazo A, Bloom FE, Sutcliffe JG: Overview of the most prevalent hypothalamus-specific mRNAs, as identified by directional tag PCR subtraction. Proc Natl Acad Sci U S A 1996,
93(16):8733-8738.
Koylu EO, Couceyro PR, Lambert PD, Ling NC, DeSouza EB, Kuhar
MJ: Immunohistochemical localization of novel CART peptides in rat hypothalamus, pituitary and adrenal gland. J Neuroendocrinol 1997, 9(11):823-833.
Koylu EO, Couceyro PR, Lambert PD, Kuhar MJ: Cocaine- and
amphetamine-regulated transcript peptide immunohistochemical localization in the rat brain. J Comp Neurol 1998,
391(1):115-132.
Kuhar MJ, Yoho LL: CART peptide analysis by Western blotting. Synapse 1999, 33(3):163-171.
Dey A, Xhu X, Carroll R, Turck CW, Stein J, Steiner DF: Biological
processing of the cocaine and amphetamine-regulated transcript precursors by prohormone convertases, PC2 and PC1/
3. J Biol Chem 2003, 278(17):15007-15014.
Thim L, Kristensen P, Nielsen PF, Wulff BS, Clausen JT: Tissue-specific processing of cocaine- and amphetamine-regulated
transcript peptides in the rat. Proc Natl Acad Sci U S A 1999,
96(6):2722-2727.
Kristensen P, Judge ME, Thim L, Ribel U, Christjansen KN, Wulff BS,
Clausen JT, Jensen PB, Madsen OD, Vrang N, Larsen PJ, Hastrup S:
Hypothalamic CART is a new anorectic peptide regulated by
leptin. Nature 1998, 393(6680):72-76.
Lambert PD, Couceyro PR, McGirr KM, Dall Vechia SE, Smith Y,
Kuhar MJ: CART peptides in the central control of feeding and
interactions with neuropeptide Y. Synapse 1998, 29(4):293-298.
Hunter RG, Kuhar MJ: CART peptides as targets for CNS drug
development.
Curr Drug Target CNS Neurol Disord 2003,
2(3):201-205.
Broberger C, Holmberg K, Kuhar MJ, Hokfelt T: Cocaine- and
amphetamine-regulated transcript in the rat vagus nerve: A
putative mediator of cholecystokinin-induced satiety. Proc
Natl Acad Sci U S A 1999, 96(23):13506-13511.
Dun SL, Chianca DA Jr., Dun NJ, Yang J, Chang JK: Differential
expression of cocaine- and amphetamine-regulated transcript-immunoreactivity in the rat spinal preganglionic
nuclei. Neurosci Lett 2000, 294(3):143-146.
Dun NJ, Dun SL, Kwok EH, Yang J, Chang J: Cocaine- and amphetamine-regulated transcript-immunoreactivity in the rat
sympatho-adrenal axis. Neurosci Lett 2000, 283(2):97-100.

23.

24.
25.

26.
27.
28.

29.

30.
31.

32.

33.

34.

35.

Couceyro P, Paquet M, Koylu E, Kuhar MJ, Smith Y: Cocaine- and
amphetamine-regulated transcript (CART) peptide immunoreactivity in myenteric plexus neurons of the rat ileum
and co-localization with choline acetyltransferase. Synapse
1998, 30(1):1-8.
Ekblad E, Kuhar M, Wierup N, Sundler F: Cocaine- and Amphetamine-Regulated Transcript (CART): Distribution and function in rat gastro-intestinal tract. Neurogastroenterol & Motil
2003, 15:1-13.
Gunnarsdottir A, Wierup N, Larsson LT, Kuhar MJ, Ekblad E: CARTPeptide Immunoreactivity in Enteric Nerves in Patients with
Hirschprung's Disease. Eur J Ped Surg (in press) 2007.
Ekblad E: CART in the enteric nervous system. Peptides 2006,
27(8):2024-2030.
Wierup N, Kuhar MJ, Nilsson BO, Mulder H, Ekblad E, Sundler F:
Cocaine- and amphetamine- regulated transcript (CART) is
expressed in several islet cell types during rat development.
J Histochem Cytochem 2004, 52:169.
Wierup N, Richards WG, Bannon AW, Kuhar MJ, Ahren B, Sundler
F: CART knock out mice have impaired insulin secretion and
glucose intolerance, altered beta cell morphology and
increased body weight. Regul Pept 2005, 129(1-3):203-211.
Couceyro PR, Koylu EO, Kuhar MJ: Further studies on the anatomical distribution of CART by in situ hybridization. J Chem
Neuroanat 1997, 12(4):229-241.
Dun SL, Brailoiu GC, Yang J, Chang JK, Dun NJ: Cocaine- and
amphetamine-regulated transcript peptide and sympathoadrenal axis. Peptides 2006, 27(8):1949-1955.
Jensen PB, Kristensen P, Clausen JT, Judge ME, Hastrup S, Thim L,
Wulff BS, Foged C, Jensen J, Holst JJ, Madsen OD: The hypothalamic satiety peptide CART is expressed in anorectic and
non-anorectic pancreatic islet tumors and in the normal islet
of Langerhans. FEBS Lett 1999, 447(2-3):139-143.
Wierup N, Bjorkqvist M, Kuhar MJ, Mulder H, Sundler F: CART Regulates Islet Hormone Secretion and Is Expressed in the
{beta}-Cells of Type 2 Diabetic Rats.
Diabetes 2006,
55(2):305-311.
Wierup N, Sundler F: CART is a novel islet regulatory peptide.
Peptides 2006, 27(8):2031-2036.
del Giudice EM, Santoro N, Cirillo G, D'Urso L, Di Toro R, Perrone
L: Mutational screening of the CART gene in obese children:
identifying a mutation (Leu34Phe) associated with reduced
resting energy expenditure and cosegregating with obesity
phenotype in a large family. Diabetes 2001, 50(9):2157-2160.
Vodicka P, Smetana K Jr., Dvorankova B, Emerick T, Xu YZ, Ourednik
J, Ourednik V, Motlik J: The miniature pig as an animal model
in biomedical research. Ann N Y Acad Sci 2005, 1049:161-171.
Brown DR, Timmermans JP: Lessons from the porcine enteric
nervous system. Neurogastroenterol Motil 2004, 16 Suppl 1:50-54.
Tornoe K, Orskov C, Clausen JT, Thim L, Wulff BS, Holst JJ: CART
(Cocaine and amphetamine regulated transcript); a new
neurotransmitter in the porcine gastrointestinal tract. Gastroenterology 1999, 116:G4743 (Abstract).
Dun NJ, Dun SL, Wong PY, Yang J, Chang J: Cocaine- and amphetamine-regulated transcript peptide in the rat epididymis: an
immunohistochemical and electrophysiological study. Biol
Reprod 2000, 63(5):1518-1524.
Arciszewski MB, Ekblad E: Effects of vasoactive intestinal peptide and galanin on survival of cultured porcine myenteric
neurons. Regul Pept 2005, 125(1-3):185-192.
Cauli B, Tong XK, Rancillac A, Serluca N, Lambolez B, Rossier J,
Hamel E: Cortical GABA interneurons in neurovascular coupling: relays for subcortical vasoactive pathways. J Neurosci
2004, 24(41):8940-8949.
Brodin E, Rosen A, Theodorsson E, Jonczyk A, Sandberg BE, Brodin
K: Multiple molecular forms of tachykinins in rat spinal cord:
a study comparing different extraction methods. Regul Pept
1994, 52(2):97-110.
Tabarin A, Chen D, Hakanson R, Sundler F: Pituitary adenylate
cyclase-activating peptide in the adrenal gland of mammals:
distribution, characterization and responses to drugs. Neuroendocrinology 1994, 59(2):113-119.
Mansson B, Ahren B, Nobin A, Bottcher G, Sundler F: Calcitonin,
calcitonin gene-related peptide, and gastrin-releasing peptide in familial thyroid medullary carcinoma. Surgery 1990,
107(2):182-186.
Wierup N, Svensson H, Mulder H, Sundler F: The ghrelin cell: a
novel developmentally regulated islet cell in the human pancreas. Regul Pept 2002, 107(1-3):63-69.

Page 7 of 8
(page number not for citation purposes)

BMC Neuroscience 2007, 8:51

36.

37.

38.
39.
40.
41.
42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.

55.

Balemba OB, Semuguruka WD, Hay-Schmidt A, Johansen MV, Dantzer V: Vasoactive intestinal peptide and substance P-like
immunoreactivities in the enteric nervous system of the pig
correlate with the severity of pathological changes induced
by Schistosoma japonicum.
Int J Parasitol 2001,
31(13):1503-1514.
Ellis LM, Mawe GM: Distribution and chemical coding of
cocaine- and amphetamine-regulated transcript peptide
(CART)-immunoreactive neurons in the guinea pig bowel.
Cell Tissue Res 2003, 312(3):265-274.
Ekblad E, Alm P, Sundler F: Distribution, origin and projections
of nitric oxide synthase-containing neurons in gut and pancreas. Neuroscience 1994, 63(1):233-248.
Ahren B: Autonomic regulation of islet hormone secretion-implications for health and disease.
Diabetologia 2000,
43(4):393-410.
Cowles RA, Segura BJ, Mulholland MW: Stimulation of rat pancreatic exocrine secretion by cocaine- and amphetamineregulated transcript peptide. Regul Pept 2001, 99(1):61-68.
Jansson L: Vasoactive intestinal polypeptide increases whole
pancreatic blood flow but does not affect islet blood flow in
the rat. Acta Diabetol 1994, 31(2):103-106.
Alonso RM, Rodriguez AM, Garcia LJ, Lopez MA, Calvo JJ: Comparison between the effects of VIP and the novel peptide
PACAP on the exocrine pancreatic secretion of the rat. Pancreas 1994, 9(1):123-128.
Louis JCM: Methods of preventing neuron degeneration and
promoting neuron regeneration. Amgen, International Patent
Application Publication #WO96/34619 1996.
Xu Y, Zhang W, Klaus J, Young J, Koerner I, Sheldahl LC, Hurn PD,
Martinez-Murillo F, Alkayed NJ: Role of cocaine- and amphetamine-regulated transcript in estradiol-mediated neuroprotection. Proc Natl Acad Sci U S A 2006, 103(39):14489-14494.
Wu B, Hu S, Yang M, Pan H, Zhu S: CART peptide promotes the
survival of hippocampal neurons by upregulating brainderived neurotrophic factor. Biochem Biophys Res Commun 2006,
347(3):656-661.
Ishikawa K, Ozaki T: Distribution of several gut neuropeptides
and their effects on motor activity in muscularis mucosae of
guinea-pig proximal colon. J Auton Nerv Syst 1997, 64(23):91-100.
Okumura T, Yamada H, Motomura W, Kohgo Y: Cocaine-amphetamine-regulated transcript (CART) acts in the central nervous system to inhibit gastric acid secretion via brain
corticotropin-releasing factor system. Endocrinology 2000,
141(8):2854-2860.
Tebbe JJ, Ortmann E, Schumacher K, Monnikes H, Kobelt P, Arnold
R, Schafer MK: Cocaine- and amphetamine-regulated transcript stimulates colonic motility via central CRF receptor
activation and peripheral cholinergic pathways in fed, conscious rats. Neurogastroenterol Motil 2004, 16(4):489-496.
Jimenez-Feltstrom J, Lundquist I, Salehi A: Glucose stimulates the
expression and activities of nitric oxide synthases in incubated rat islets: an effect counteracted by GLP-1 through the
cyclic AMP/PKA pathway. Cell Tissue Res 2005, 319(2):221-230.
Glad H, Ainsworth MA, Svendsen P, Fahrenkrug J, Schaffalitzky de
Muckadell OB: Effect of vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide on pancreatic,
hepatic and duodenal mucosal bicarbonate secretion in the
pig. Digestion 2003, 67(1-2):56-66.
Bjartell A, Ekman R, Sundler F: gamma 2-[corrected]-MSH-like
immunoreactivity in porcine pituitary and adrenal medulla.
An immunochemical and immunocytochemical study. Regul
Pept 1987, 19(5-6):291-306.
Koylu EO, Balkan B, Kuhar MJ, Pogun S: Cocaine and amphetamine regulated transcript (CART) and the stress response.
Peptides 2006, 27(8):1956-1969.
Inzerillo AM, Zaidi M, Huang CL: Calcitonin: the other thyroid
hormone. Thyroid 2002, 12(9):791-798.
Elefteriou F, Ahn JD, Takeda S, Starbuck M, Yang X, Liu X, Kondo H,
Richards WG, Bannon TW, Noda M, Clement K, Vaisse C, Karsenty
G: Leptin regulation of bone resorption by the sympathetic
nervous system and CART. Nature 2005, 434(7032):514-520.
Ahn JD, Dubern B, Lubrano-Berthelier C, Clement K, Karsenty G:
Cart overexpression is the only identifiable cause of high

http://www.biomedcentral.com/1471-2202/8/51

bone mass in melanocortin 4 receptor deficiency. Endocrinology 2006, 147(7):3196-3202.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8
(page number not for citation purposes)

