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Abstract:

Recent studies have suggested that melanocortins contribute to the generation and/or maintenance of pathological pain. Experimen-

tal evidence indicates a primary role for melanocortin 4 (MC4) receptors in pathological pain. In a previous study, we described the

presence of MC4 receptor transcripts in the dorsal root ganglia (DRG). This finding prompted us to investigate the peripheral antino-

ciceptive effects of MC4 receptor antagonists. In addition, we assess the expression of MC4 receptors in the spinal cord and the DRG

of rats subjected to neuropathic pain induced by chronic constriction injury (CCI) of the sciatic nerve. Injection of the MC4 receptor

antagonists Asp3-Lys8- Ac-Nle-Asp-His-D-Nal(2’)-Arg-Trp-Lys-NH� (SHU9119) and Mpr1-Cys8-Mpr-Glu-His-(D-Nal)-Arg-

Trp-Gly-Cys-Pro-Pro-Lys-Asp-NH� (JKC-363) into the ipsilateral paw resulted in a significant and dose-dependent alleviation of

mechanical allodynia (assayed by the von Frey test) and thermal hyperalgesia (assayed by the Hargreaves test). Compared to naive

control animals, immunohistochemistry revealed a 40% and 22% increase in MC4 receptor-immunoreactivity (IR) in the dorsal horn

of the spinal cord ipsilateral to the injury at 3 and 14 days after CCI, respectively. Similarly, in the ipsilateral L4-L5 DRG, a 21.1%

enhancement in MC4 receptor-IR was seen 3 days after CCI, as well as a 40.5% increase 14 days after CCI. Together, painful neuro-

pathy resulted in the up-regulation of MC4 receptors in the spinal and peripheral nociceptive pathways. This up-regulation of MC4

receptors promotes the pronociceptive action of their endogenous ligands. Therefore, a block of the MC4 receptors results in the an-

tagonism of neuropathic pain and such treatment could be beneficial therapeutically for individuals with chronic neuropathic pain.
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Abbreviations: CCI – chronic constriction injury, DRG – dorsal

root ganglion, ipl – intraplantar, IR – immunoreactivity, MC4 re-

ceptor – melanocortin 4 receptor, ROD – relative optical density

Introduction

Neuropathic pain can develop because of traumatic or

metabolic injury of the peripheral nervous system.

One of the major limitations in neuropathic pain ther-

apy is a reduced analgesic potency and a reduced effi-

cacy of morphine. In this regard, a possible involve-

ment of proopiomelanocortin (POMC)-derived mela-

nocortins and the melanocortin 4 (MC4) receptor has

attracted attention recently. The melanocortin and the

opioid systems appear to act in opposition to one an-

other. As a result, melanocortins are considered en-

dogenous functional antagonists of opioids [4, 24]. In-

teractions between melanocortins and opioids in

morphine-induced locomotor activity and antino-

ciception have been assessed in mice [6]. Further-

more, an antagonistic interaction between the MC4

receptor agonist, melanotan I([Nle4, D-Phe7] � -MSH

(NDP-� -MSH)), and morphine has been reported, as

well as an additive interaction between MC4 receptor

antagonist and morphine [12]. These data confirm the

authors own observation of the potentiation of mor-

phine analgesia by melanocortin receptor antagonist

in rats tolerant to morphine [21]. Moreover, the im-

pact of supraspinal MC4 receptors modulation on the

development of tolerance and dependence on morphi-

ne’s antinociceptive effect has also been reported in

rats [12]. Recent reports have demonstrated effective

antinociception after blockade of spinal MC4 recep-

tors with MC4 receptor antagonists in a model of neu-

ropathic pain [22, 27]. In agreement with the above

study, a recent paper by Gao et al. [7] used an oligo-

nucleotide microarray to identify the MC4 receptor as

a new target in rats for nociceptive study, along with

the glutamatergic receptors, a ghrelin precursor, and

neuroligin 1. A potentiation of morphine analgesia by

the MC4 receptor antagonist, Asp3-Lys8-Ac-Nle-

Asp-His-D-Nal(2’)-Arg-Trp-Lys-NH2 (SHU9119),

was observed in a neuropathic pain model [21, 27].

These findings suggest the hypothesis of a higher ac-

tivity of the melanocortin system in neuropathic pain.

A study by Beltramo et al. [1] demonstrated an up-

regulation of POMC and MC4 receptor expression in

the spinal cord. This increase in POMC and MC4 re-

ceptor expression paralleled the presence of neuro-

pathic pain symptoms, such as tactile allodynia and

thermal hyperalgesia. Furthermore, we previously

demonstrated the expression of MC4 receptor mRNA

in the dorsal root ganglia (DRG) in the sciatic nerve

of injured rats [20]. These data suggest the contribu-

tion of presynaptic MC4 receptors on primary affer-

ents to the modulation of neuropathic pain. This alter-

native mechanism allows for antinociception after the

application of small, systemically inactive doses of

MC4 receptor ligands directly into the injured periph-

eral tissue. Antinociception has been shown for other

receptor ligands [11, 17, 25, 29] and for the local (in

contrast to peripheral) injection of a variety of recep-

tor ligands with limited access to the central nervous

system, both of which minimize adverse central ac-

tions [5, 16]. The mechanism of antinociception in-

volves the peripheral MC4 receptors, which are syn-

thesized in the cell bodies of the primary afferent sen-

sory neurons located in the DRG, and their respective

ligands, which are present on peripheral afferent ax-

ons of sensory neurons. In order to test the involve-

ment of peripherally located MC4 receptors in the no-

ciceptive transmission of chronic pain, we investi-

gated the effects of selective MC4 receptor

antagonists on mechanical allodynia and thermal hy-

peralgesia in chronic constriction injury (CCI) neuro-

pathy. The selective MC4 receptor antagonists were

administered intraplantarly (ipl) to the ipsilateral hind

paw. The level of mRNA expression does not always

parallel the level of protein expression. Therefore, to

elucidate the significance of changes in MC4 receptor

expression at the protein level, we used immunohisto-

chemistry to examine the MC4 receptor immunoreac-

tivity (IR) in the lumbar spinal cord and L4 and L5

DRG of the rats with neuropathic pain induced by

CCI of the sciatic nerve.

Materials and Methods

Animals

Experiments were performed in male Wistar rats (Li-

cense Breeding House, Rembertów, Poland) weighing

between 220–250 g at the time of surgery. Animals

were housed individually in cages lined with sawdust.

Standard laboratory rodent chow and water were
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available ad libitum. The rats were maintained under

a 12-h light/dark cycle (lights were turned on at 8:00

a.m.). All experiments received approval from the Lo-

cal Bioethics Committee of the Institute of Pharma-

cology PAS in Kraków and were performed in accor-

dance with recommendations of the International As-

sociation for the Study of Pain [31]. All behavioral

experiments were conducted during the light phase of

the cycle, between 9:00 a.m. and 2:00 p.m.

Drugs and nociceptive testing

Behavioral experiments were conducted 12–16 days

after CCI. The time points for ipl drug administration

were chosen because these time points after nerve in-

jury had the strongest and most stable allodynia and

hyperalgesia. SHU9119 was used at concentration be-

tween 2.8 and 11.2 nmol. Mpr1-Cys8-Mpr-Glu-His-

(D-Nal)-Arg-Trp-Gly-Cys-Pro-Pro-Lys-Asp-NH2 (JKC-363)

was used at concentrations between 4.0–8.0 nmol.

SHU9119 and JKC-363 are selective MC4 receptor

antagonists [9, 19] and were obtained from Phoenix

Pharmaceuticals (Karlsruhe, Germany). Both SHU9119

and JKC-363 were dissolved in sterile water and

20 µL were injected ipl into the injured hind paw.

Since the MC3 receptor was detected only in the spi-

nal cord and not in DRG and our study was designed

to investigate the role of the MC4 receptor located at

peripheral nerve endings and the DRG, the mixed

MC3/MC4R nature of SHU9119 is not a problematic

issue. For behavioral testing, a total of 64 rats were di-

vided into groups of 8 animals per treatment group

(SHU9119 at three different doses and JKC-363 at

two different doses). Each animal was used for only

one treatment. Neuropathic rats that were injected ipl

with sterile water (vehicle) were tested according to

the same schedule as the MC4 receptor antagonist-

treated rats and served as the controls for SHU9119

and JKC-363-treated animals (n = 6 for each control).

After completion of the experiment, the animals were

killed by CO2 asphyxiation.

Mechanical allodynia was measured with von Frey

filaments (Stoelting, Wood Dale, IL, USA). Animals

were placed in Plexiglas cages with a wire net floor 5

min before the experiment. The von Frey filaments

were applied to the midplantar surface of the ipsilat-

eral hind paws. The strength of the von Frey stimuli

ranged from 0.2 to 26 g. Measurements were carried

out at over a 5 to 60 min time course after ipl admini-

stration of the antagonists.

For assessment of thermal hyperalgesia, the Har-

greaves test [8] was used. Rats were tested for paw

withdrawal latency (PWL) in response to noxious

thermal stimuli using an Analgesia Meter (mod 33,

IITC INC., Landing, NJ, USA). Animals were placed

in Plexiglas cages with a glass floor. After 5 min of

habituation, a noxious thermal stimulus was focused

onto the plantar surface of ipsilateral and contralateral

hind paws until the animal lifted the paw away from

the heat source. A cut-off latency of 20 s was used to

avoid tissue damage. Measurements were taken over

a 5 to 60 min time course after ipl injection of the an-

tagonist or the control.

The days for behavioral and biochemical experi-

ments were selected based on changes in allodynia

and hyperalgesia after CCI. The initial phase of the

CCI model of neuropathic pain involves inflammation

around the nerve (an early state nerve-associated local

inflammatory reaction) and a late state neuropathic

component. Thus, in order to avoid the inflammatory

pain component when analyzing our data, we chose

an experimental window of two weeks after injury.

All of the tests and tissue collections cannot be col-

lected in one day. Therefore, four consecutive days

were dedicated for all the experiments. Moreover, 12

to 16 days after injury, the inflammatory symptoms

had lessened.

Chronic constriction injury to the sciatic nerve

CCI of the sciatic nerve was performed according to

the method described by Bennett and Xie [2]. Briefly,

under sodium pentobarbital anesthesia (60 mg/kg, ip),

the right sciatic nerve was exposed. Four ligatures

(4/0 silk) were tied loosely around the nerve with

1-mm spacing until they elicited a brief twitch in the

respective hind limb, which prevented the application

of too strong ligation. Sham operated rats underwent

exactly the same procedure, except for placing the

ligatures around the sciatic nerve.

Immunohistochemistry

Three and 14 days after CCI or sham surgery, the rats

(n = 4 per group) were deeply anesthetized with pen-

tobarbital (100 mg/kg, ip) and transcardially perfused

with 60 mL of saline (0.9% NaCl), followed by

300 ml of 4% (w/v) paraformaldehyde with 0.2%

(v/v) picric acid in 0.16 M phosphate-buffered solu-

tion (pH 6.9) as previously described [13]. The lum-
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bar spinal cord, as well as the ipsilateral and contralat-

eral L4-L5 DRG, were removed and post-fixed in the

same fixatives for 90 min. The tissues were then

placed in a 15% (w/v) sucrose solution at 4°C for 12

h. The tissues were embedded in Tissue Tek (OCT;

Miles Inc. Elkhart, IN, USA), frozen and cut into

14 µm thick sections (spinal cord) or 10 µm thick sec-

tions (DRG) using a Microm cryostat (Zeiss Gruppe,

Microm Laborgeräte GmbH Walldorf, Germany).

Free-floating spinal cord sections or gelatin mounted

DRG sections were incubated overnight with rabbit

polyclonal antibodies against the MC4 receptor

(1:100; Abcam, Cambridge, UK). Further staining

was performed with a Vectastain avidin-biotin peroxi-

dase complex (VECTASTAIN Elite Kit, Vector Labo-

ratories, Burlingame, CA, USA) according to the

manufacturer’s instructions using goat anti-rabbit

biotinylated secondary antibodies and avidin-biotin

peroxidase, as described previously [15]. Finally, the

sections were washed and stained with 3’,3’-

diaminobenzidine tetrahydrochloride (DAB) contain-

ing 0.01% H2O2 in 0.05 M Tris-buffered saline (pH

7.6) for 3–5 min. Then, the DRG and spinal cord sec-

tions were washed in tap water, the floating spinal

cord sections were mounted on gelatin-coated slides,

and all sections were dehydrated in alcohol, cleared in

xylene, and mounted in dibutylphthalate polystyrene

xylene (DPX; Merck, Darmstadt, Germany). To dem-

onstrate the specificity of the staining, the omission of

either the primary antibody, the secondary antibody or

the avidin-biotin complex was performed (data not

shown). The animals that were subjected to immuno-

histochemistry were not behaviorally tested. We

aimed to investigate the status of the melanocortin

system, particularly the MC4 receptor, in response to

neuropathic pain and not to its pharmacological

modulation by MC4 receptor ligands.

Quantification of MC4 receptor immunoreactivity

Immunoreactivity quantification was performed by an

observer blinded to the experimental protocols. The

expression of MC4 receptors in the DRG was quanti-

fied using a Zeiss microscope (20× objective; 10×

eyepiece; Carl Zeiss, Oberkochen, Germany), as pre-

viously described [10, 32]. Briefly, we stained every

fourth section of the DRG that was serially cut at 10

µm. Eight animals per group, four sections per rat and

five squares per section (38.4 mm2 each) were

counted. The total number of MC4 receptor-stained

neurons was divided by the total number of all neu-

rons in each DRG section and the percentage of MC4

receptor immunoreactive neurons was calculated.

In order to analyze the relative optical density

(ROD) in the spinal cord sections stained for the MC4

receptor, we used the Image Analysis and Quantifica-

tion system (MCID™ Elite, Canada). Staining signal

of the MC4 receptor was measured across the dorsal

horn of the spinal cord. Data from bilateral lamina I

and II were collected from at least four sections per

animal. The background signal for each section was

also measured and subtracted from the IR signal in the

regions of interest.

Statistical analysis

Immunohistochemical data are presented as the mean

± standard error of the mean (SEM). Differences in

the percentage of MC4 receptor-expressing neurons

in the DRG between sham-operated and neuropathic

rats were tested using one-way analysis of variance

(ANOVA) followed by the Bonferroni test. Changes

in MC4 receptor-IR in the spinal cord were analyzed

by two-way ANOVA (time and side (ipsilateral vs.

contralateral) as a source of variation) followed by the

Bonferroni test. Differences were considered signifi-

cant if p < 0.05 were considered significant.

Results

Antinociceptive effects evoked by the blockade

of peripheral MC4 receptors

Nerve injury resulted in mechanical allodynia, as

demonstrated by significantly lower thresholds to von

Frey filaments (from 2 to 21 days after CCI). Nerve

injury also resulted in thermal hyperalgesia, as evi-

denced by a significantly shorter latency of paw with-

drawal from the heat source (from 7 to 16 days after

CCI). These changes were observed only in the paws

ipsilateral, but not contralateral, to the CCI (p < 0.05

and p > 0.05, respectively; Fig. 1).

Dose-response curves for SHU9119 and JKC-363,

both at 15 and 30 min after ipl injection (when the

anti-allodynic effects were maximal), indicate the

scale of the antinociceptive effect of the MC4 recep-

tor antagonists in the von Frey test (Fig. 2).
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In the time-course study, tactile allodynia and ther-

mal hyperalgesia were dose-dependently decreased

by injection of the selective MC4 receptor antago-

nists, SHU9119 (doses ranging from 2.8 to11.2 nmol)

and JKC-363 (doses of 4.0 and 8.0 nmol), into the in-

jured paws (Figs. 3 and 4). The anti-allodynic effects

of the most effective dose of SHU9119 (10.8 nmol)

appeared after 5 min. The anti-allodynic effects of

SHU9119 at this dose were maximal at 15 min (61 ±

11.8% maximal possible effect (MPE), p < 0.001, F3,28 =

11.91; 16.5 g vs. 1.9 g for post-drug and pre-drug,

respectively), remained significantly elevated at 30 min

(p < 0.01, F3,28 = 7.96) and gradually declined by 60 min

after ipl injection (Fig. 3). Significant antihyperalgesic

effects were observed in the injured paws at 15 min

(63 ± 9.4% MPE, p < 0.001, F3,28 = 9.1; 15.1 s vs. 6.8

s for post-drug vs. pre-drug, respectively) and 30 min

(59 ± 10.6% MPE, p < 0.001, F3,28=10.87; 14.7 s vs.

6.8 s post-drug vs. pre-drug, respectively) after

SHU9119 (11.2 nmol) injection (Fig. 4). Both source

of variation, SHU9119 dose and time after its injection,

were extremely significant (parameters mutually

p < 0.001). Analysis data were as follows: for me-

chanical allodynia (drug: F3,140 = 24.5; time: F4,140 = 14.8);

and for thermal hyperalgesia (drug: F3,140 = 14,2;

time: F4,140 = 8.6).

The antinociceptive effects of ipl administration of

JKC-363 were less pronounced, but longer lasting.

The maximal effects of the most effective dose of

JKC-363 (8.0 nmol) appeared between 5 and 15 min

after injection. The maximal effects remained ele-

vated at the maximal level until at least 60 min after

injection in both tests (von Frey test: 75 ± 10.5% MPE,

p < 0.001, F2,21 = 14.64; 17.9 g vs. 2.0 g for post-drug

and pre-drug, respectively; Hargreaves test: 43 ± 8.5%

MPE, p < 0.001, F2,21 = 9.64; 12.3 s vs. 6.4 s for post-

drug and pre-drug, respectively; Figs. 3 and 4). The

ipl administration of SHU9119 (2.8–11.2 nmol) or

JKC-363 (4.0–8.0 nmol) into the injured paws did not

significantly change the nociceptive thresholds of the
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contralateral uninjured paws in response to thermal

stimulation (p > 0.05; not shown). These data validate

the local, but not general peripheral effect, of the

treatment. Both JKC-363 dose and time after JKC-

363 injection affected the results. This effect was

extremely significant for mechanical allodynia (drug:

F2,105 = 42.9; time: F4,105 = 14.4) and very significant

for thermal hyperalgesia (drug: F2,105 = 12.7; time:

F4,105 = 3.7).

Neuropathy-induced up-regulation of MC4

receptor-IR in the spinal cord

Changes in MC4 receptor-IR in the lumbar segments

were restricted to the dorsal horns of the spinal cord,

similar to previous studies [26, 27]. Photomicro-

graphs show that MC4 receptor-IR in lamina I and II

increased three and 14 days after CCI on the ipsilat-

eral paw compared to the MC4 receptor-IR on the

contralateral paw and to the paws of the sham-

operated rats (Fig. 5A–C). Quantitative analysis three

days after CCI revealed a statistically significant 40%

increase in MC4 receptor-IR on the injured side when

compared to the contralateral side in this group and

compared to the ipsilateral and contralateral paws of

the sham group (p < 0.01; Fig. 5D). Two weeks after

nerve injury, a 20% increase in MC4 receptor-IR was

observed, but the effect was not statistically signifi-

cant (p > 0.05; Fig. 5D). There were no significant

changes in MC4 receptor-IR on the contralateral side

in all groups investigated (Fig. 5A–C). Furthermore,

no significant differences were seen in the sham oper-

ated vs. naive rats (not shown).

Neuropathy-induced up-regulation of MC4

receptor-IR in DRG

Microscopic analysis revealed expression of MC4 re-

ceptors in sham operated animals. MC4 receptor ex-

pression in the sham-operated animals was mostly in

small- and medium-sized neurons. MC4 receptor ex-
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pression increased in number after nerve injury in the

DRG ipsilateral to the CCI (Fig. 6A–C). Quantitative

evaluation showed MC4 receptor-IR in 44.1 ± 2.6%

of all the DRG neurons (Fig. 6A, D control). Three

days after CCI, 53.4 ± 3.0% of all DRG neurons were

MC4 receptor-positive, which represents a relatively

significant increase of 21% on the injured side com-

pared to the sham group (p < 0.05; Fig. 6B, D). Four-

teen days after CCI, 62.0 ± 2.0% of all the DRG neu-

rons were MC4 receptor-positive, corresponding to

a relative increase of 40.5% compared to the sham-

operated animals (p < 0.001; Fig. 6C, D). The F2,21

value for the test was 12.2. No significant changes

were observed in the DRG contralateral to the CCI,

nor in the DRG of the sham operated animals vs. na-

ive rats (data not shown).

Discussion

In the present study, we behaviorally assess the alle-

viation of allodynia and hyperalgesia chronic pain

symptoms after ipl administration of MC4 receptor

antagonists. We demonstrate an up-regulation of MC4

receptor-IR in the dorsal horn of the lumbar spinal

cord and in the L4-L5 DRG in CCI-induced neuro-

pathic pain. The correlation between behavioral and

biochemical changes suggests the possibility that

blocking MC4 receptors that are activated by injury

may attenuate neuropathic pain.

Recent data suggest that melanocortin receptor an-

tagonists are antinociceptive in certain conditions,

1092 �����������	��� 
������ ����� ��� ���������

Fig. 6. H		�� �	 ����� ���������� ��.��� �� ��� ����� ���'� �� ���
�) �������������������'��� �� ��� ����������� � ��@ ��� �N48 N���
���������'� ��������������� �	 ������ ������� ������� ��� ����
1�� ������ ��� ���$��� �) ���������N ������� �� �������������
������� 9A:� ����� ���� �	��� ))� ��.��� 9B: ��� � ���� �	��� ))� ���
.��� 9C:8 �) ���������N �� ���� ������ �� ��� ������ ��� �������
��(�� �N4 �������8 ���� 1��� ��������� �� �2 O�8 9D: P�����	���
���� �	 �) ��������������� ����8 =�� ��������� �	 ��� �����
��������� �) ������� ������� �������� ��������� 	����$��� ���
.���8 A����� ��� ��������� �� ��� ���� �H�K � J ; ��� �����8 ? �����
���� � M 282@ ��� ??? �������� � M 2822� ������� �� ��� ���� ���
������ ������� 9�� ���������� 1� ����$�� ��&A� 	����$�� 1� -���
	������ ����:

A

B

CC

D
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ipsi

contra*
*

^^

sham 3 days 14 days

CCI

M
C

4
re

c
e
p
to

r-
IR

[R
O

D
*
1
0
0
]

*
**

ipsi contra

Fig. 5. H		�� �	 ����� ���������� ��.��� �� ��� ����� ���'� �� �) 
������� �����������'��� �� ��� ��� ������ ���8 9A–C: ���$� ���
������������'� ������ �	 �) �������������������'��� 9�N: �� ���
����������� 9����: ��� ������������ 9�����: ������ ��� �� �����
�������� ������� 9A:� ����� ���� �	��� ��.��� 9B: ��� � ���� �	��� ���
.��� 9C:8 9D: P�����	������ �	 �) ���������N �� �>������� �� ���
������'� ������ ������� 9N&�:8 ))� �������� �� �� ������� �� �) 
���������N ����������� �� ��� ��.��� 9B, CK ����$�: $��� $�� ��� ����
	����$��� ���� ������� 9A:8 ���� 1�� ���������� �� �2 O�8 ?? �����
���� � M 282� ������� �� ��� �������'� ������� $���� QQ �����
���� � M 282� �� ��� ����������� ��� ��� ������������ ���� $����� ���
����� 9���������� 1� ����$�� ��&A� 	����$�� 1� -��	������ ����:



while melanocortin receptor agonists (such as

�-melanocyte-stimulating hormone (�-MSH)) are hy-

peralgesic. Early reports by Williams et al. [30] dem-

onstrated that a component of the melanocortin sys-

tem, adrenocorticotropic hormone (ACTH), caused

hyperaglesia, as determined by a decrease in ear with-

drawal latency in response to heat stimuli in rabbits.

In addition, Sandman and Kastin [18] showed that

centrally administered �-MSH produced an enhanced

response to painful thermal stimuli, as measured by

the tail-flick test. In contrast, MC4 receptor antago-

nists injected intrathecally in animals without tissue

injury did not significantly change the nociceptive

thresholds measured by either the tail-flick test or the

paw pressure test [21]. Our present findings indicate

that MC4 receptor activity is increased after pro-

longed painful stimulation evoked by CCI. These data

further supports the hypothesis that the melanocortin

system requires constant noxious stimulation to reveal

its action.

Painful stimuli activate peripheral endings of pri-

mary sensory neurons whose cell bodies are present in

the DRG. In the present study, we found that nerve in-

jury resulted in a time-dependent increase in MC4

receptor-IR in the DRG and in the superficial laminae

of the spinal cord. These findings demonstrate an up-

regulation of the MC4 receptor at the protein level,

substantiating previous gene expression data [1, 20].

MC4 receptor protein expression found in this study

is in line with our previous reports that demonstrate

MC4 receptor mRNA in the DRG, spinal cord and su-

praspinal regions is important for nociception [13, 14,

20]. These data also agree with the up-regulation of

the MC4 receptor transcript and with increased bind-

ing of [125I]-NDP-MSH in the spinal cord of neuro-

pathic animals [1, 27]. However, MC4 receptor mRNA

level in the DRG decreased at late time points (be-

yond two weeks) after CCI, which was consistent

with data in one of our previous studies [20]. A de-

crease in MC4 receptor mRNA may represent an

adaptive down-regulation of MC4 receptor transcrip-

tion in response to high levels of receptors and possi-

bly their endogenous ligands at time points earlier

than two weeks after CCI. Furthermore, alterations in

post-translational mechanisms regulating protein sta-

bility, such as phosphorylation and ubiquitination,

may account for the enhanced accumulation of the

MC4 receptor protein in the DRG during neuropathy.

To address the functional implications of the con-

current development of neuropathic pain and the in-

crease in MC4 receptor protein levels, we used the se-

lective MC4 receptor antagonists, SHU9119 and

JKC-363 [9, 19]. Expression of MC4 receptors in the

DRG suggests the presence of these receptors in pe-

ripheral nerve endings of primary afferents and points

at a possible novel route of ligand administration.

The recommended local, intraplantar route of ad-

ministration determined whether peripheral MC4 re-

ceptors (as postulated herein synthesized in the

DRGs) modulate nociceptive responses in neuro-

pathic rats. Local injection of the drug has a safe phar-

macological profile and when comparing effective ipl

and ip doses, the latter has to be much higher in order

to accomplish comparable analgesic effects and CNS

penetration. Centrally-mediated effects of the drugs

cannot be ruled out. Indeed, injection of SHU9119

and JKC-363 directly into the injured paws or other

peripheral parts of the body with pain sensitivity

changed as result of neuropathy, resulted in substan-

tial antinociceptive effects (as measured with the von

Frey test and the Hargreaves test). Furthermore, pre-

synaptic localization of the MC4 receptor may indi-

cate the involvement of melanocortins in the modula-

tion of pro-nociceptive transmitter (such as glutamate

and substance P) release from the primary afferent

terminals and contribution to the attenuation of neuro-

pathic pain. Moreover, the above-described effects of

melanocortins may be the reason for the loss of mor-

phine efficacy in neuropathic pain. This loss of mor-

phine efficacy could be the result of the postulated

functional antagonism between the melanocortin and

opioid systems [4, 22, 28]. Endogenous melanocortin

and the opioid peptide, �-endorphin, are both derived

from the same prohormone molecule, POMC. There

is evidence that endogenous melanocortin and �-e-

ndorphin regulate nociception in the opposite manner.

MC4 receptor antagonists administered intrathecally

have been previously shown to alleviate neuropathic

pain [3, 22, 27], decrease opioid-induced antinocicep-

tion and prevent the development of tolerance to the

antinociceptive effects of morphine [21, 23]. In addi-

tion, the central MC4 receptor has been demonstrated

to be involved in the mechanism of developing de-

pendence following chronic morphine administration

[12]. Our present data suggest that an interaction be-

tween the melanocortin system and the opioid system.

Such an interaction has been reported in the literature

[28] and is important for neuropathic pain therapy.

The interaction between melanocortin and opioids

may occur at the level of the peripheral nervous sys-
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tem. Melanocortins and opioid peptides are products

of posttranslational modifications of the POMC pro-

hormone. These posttranslational modifications lead

to the production of different POMC-derived peptides

by different cell types and provide an opportunity for

the control of multiple physiological functions by en-

zymatic cleavage of the same prohormone. Interplay

between the melanocortin and the opioid system has

received more attention recently in terms of their in-

volvement in nociceptive processes.

In conclusion, we show that MC4 receptors are

up-regulated in the spinal cord and the DRG. This

up-regulation of the MC4 receptor highlights the

functional contribution of melanocortins to neuro-

pathic pain. We also demonstrate that MC4 receptor

blockade abolishes allodynia and hyperalgesia. Our

study provides a rationale for the therapeutic use of

a blockage of peripheral MC4 receptors to alleviate

neuropathic pain. Thus, we have demonstrated that

MC4 receptors are an important target for potential

antinociceptive drugs.
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