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Abstract

Melanocortins (MC), neuropeptides derived from pro-opiomelanocortin, have been implicated in enhancing neurite outgrowth via an
as yet unknown mechanism. Recently, five MC receptors have been identified, three of which, the MC;-R, the MC-R and the MC;-R,
are expressed in the nervous system. In this study, a-MSH and the melanocortin analog [D-Phe’ JACTH (4-10) were able to stimulate
neurite outgrowth in the neuroblastoma cell line Neuro 2A. ACTH (4-10), y,-MSH and ORG2766 were inactive. In addition, the
MC,-R antagonist [p-Arg®JACTH (4-10), inhibited the a-MSH effect, indicating that the MC,-R mediated stimulation of neurite
outgrowth by a-MSH. Indeed, the presence of MC,-R mRNA in Neuro 2A cells was demonstrated by a RNase protection assay.
Heterologous expression of the MC¢-R in Neuro 2A cells lead to the recruitment of a responsiveness to y,-MSH, but did not increase the
effect of a-MSH on neurite outgrowth. This finding indicated that the function of MC,-R can also be exerted by another MC receptor,
suggesting that the coupling to G,, which they have in common. plays an essential role in the neurite outgrowth promoting effect. This
was further substantiated by the fact that forskolin treatment per se induced neurite outgrowth in a similar fashion. These data imply that

the neurotrophic properties of a-MSH are likely to result from G,-coupled MC receptor activity in neuronal cells.
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1. Introduction

Neuropeptides have been implicated in the regulation of
development, maturation and differentiation of the nervous
system. Melanocortins are neuropeptides derived from
pro-opiomelanocortin (POMC), which is expressed in pitu-
itary lobes. in the arcuate nucleus of the hypothalamus and
in the nucleus tractus solitarius of the brainstem. The
presence of POMC mRNA has been demonstrated in other
tissues in the rat, amongst which are the spinal cord, the
dorsal root ganglion (DRG) and the sciatic nerve [5,20,29].
The function of melanocortins in these tissues is still
unknown.

a-Melanocyte-stimulating hormone (a-MSH) enhances
the recovery of sensorimotor function of the hind leg after
a sciatic nerve crush in rats [4,37,38]. Treatment of these
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rats with daily injections of a-MSH increased the number
of neurofilament positive fibres in the regenerating stump
of the crushed nerves [39], indicating that the enhancement
of recovery of sensorimotor function by a-MSH was due
to a stimulation of the number of sprouts formed in the
damaged nerve. Treatment of primary cultures of avian
embryonic as well as rat embryonic DRG cells and rat
embryonic spinal cord cells with a-MSH increased the
number and length of the neurites formed [16,19,35,36].
These data demonstrated that there may be a direct effect
of a-MSH on the neurons of the DRG and spinal cord.
implicating a role for melanocortin receptors.

To date, five melanocortin receptor (MC-R) subtypes
have been identified [3,7-9,12-15,24-26,30]. Three of
these, MC;-R, MC-R and MC.-R are expressed in the
nervous system. The MC,-R (the MSH receptor) is ex-
pressed in melanocytes, whereas the MC,-R is the ACTH
receptor expressed in the adrenal gland. Although the
expression of the MC;-R is restricted mainly to the hypo-
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thalamus, MC,-R and MC;-R have a more widespread
expression in brain [14,15,24,26,30]. Although all MC
receptors, except MC,-R, are activated by low doses of
a-MSH, the activation of different MC receptors can be
studied by the use of more selective MC ligands such as
v,-MSH which does not activate the MC,-R, but is a
potent activator of the MC;-R [1,30].

MC receptors all couple to the cAMP signal transduc-
tion pathway. Indeed, cAMP has been shown to stimulate
neurite elongation both in vitro as well as in vivo. Daily
injections with dibutyryl cAMP (dbcAMP) enhanced the
recovery of sensorimotor function in rats after a sciatic
nerve crush [28]. cAMP analogs promote neurite out-
growth in cultures of rat sympathetic and sensory neurons
[31). The stimulation of neurite outgrowth by forskolin
and /or dbcAMP has been reported for several neuroblas-
toma cell lines [22,23,27]. These data suggest that modula-
tion of the cAMP signal transduction pathway influences
neurite outgrowth. This implicates G,-coupled receptors in
the regulation of neurite outgrowth.

Here we aimed at determining whether MC receptor
activation modulates neurite outgrowth. Therefore, we in-
vestigated the effect of a-MSH on neurite outgrowth in
Neuro 2A cells and the involvement of MC receptors in
this process.

2. Materials and methods
2.1. Peptides and drugs

ORG2766, ACTH (4-10) and [p-Phe’JACTH (4-10)
were provided by Organon International (Oss, The Nether-
lands). ACTH (4-10) and [D-Phe’ JACTH (4-10) have a
free N*-amino group and carboxyl terminus. ORG2766 is
Met(O,)-Glu-His-Phe-D-Lys-Phe. Peptides were dissolved
and diluted in Hanks’ balanced salt solution (HBBS).
Forskolin, geniticin (G418), nerve growth factor ( 8-NGF),
a-MSH and isobutylmethoxyxanthine (IBMX) were from
Sigma (Bornum, Belgium). y,-MSH was from Bachem
(Feinchemikalien, Bubendorf, Switzerland).

2.2. Cells and stable transfection

Mouse neuroblastoma Neuro 2A cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum. Neuro 2A cells stably
expressing the mouse MC;-R were generated by transfec-
tion of Neuro 2A cells with 10 pug of pCMVneo/MC.-R
(encoding the mouse MC;-R [14]), using the calcium-
phosphate precipitation method as described previously
[34]. Stably expressing clones of cells were selected in
G418 supplemented medium for 4 weeks. The expression
of MC,-R was confirmed by measurement of the cAMP
content of cells treated for 30 min with 1 uM a-MSH as
compared to non-transfected cells.

2.3. cAMP assay

Neuro 2A cells (wild-type or expressing the MC-R)
were washed once with HBSS (supplemented with 2 mM
calcium-chloride and 0.1 mM IBMX), and treated for 30
min with ACTH peptides or forskolin in HBSS. Cells were
harvested in 0.5 ml of HBSS supplemented with 0.02%
Triton X-100 and centrifuged for 15 min at 12000 X g. 50
wml of the supernatant was succinylated, and the cAMP
content was determined using the cAMP-RIA-kit from
Sigma [11].

2.4. Quantification of neurite length

Neuro 2A cells were harvested and plated onto poly(L-
lysine)-coated 12-wells cluster plates (Costar, Cambridge,
MA) at a 2% confluency. Cells were incubated with
different doses of a-MSH, ACTH analogs, B-NGF or
forskolin in chemically defined medium (DMEM supple-
mented with 20 ug transferrin, 20 nM progesterone, 100
uM putrescine, 30 nM sodiumselinate and 5 ug/ml in-
sulin) for 24 h. Cells were washed once with phosphate-
buffered saline (PBS), fixed in 2% formaldehyde in water
for 20 min and stained with either Coomassie brilliant blue
in PBS for 3 min to intensify contours of neurites or
immunostained with a neurofilament monoclonal antibody
RT97 (Boehringer, Mannheim, Germany) as described pre-
viously [36). Neurite length of Coomassie brilliant blue
stained cells was measured by an automated system (TIM)
which measures the amount of pixels in the surface area of
neurites [21]. The average and standard error of the mean
were determined in 5 separate wells incubated with the
same concentration of drug.

2.5. Galactosidase assay

Neuro 2A cells (wild-type or expressing the MC-R)
were transfected with pCREGAL [6] as described above.
20 h after transfection, cells were plated onto 96-wells
plates (Costar, Cambridge, MA). The next day, cells were
treated for 6 hours with a-MSH, y,-MSH or forskolin in
DMEM supplemented with 0.5% bovine serum albumin
and 0.1 mM IBMX. Subsequently, galactosidase activity
was determined as described previously [6] and the ab-
sorbance was measured at 405 nm in a microplate reader
(Bio-Rad Laboratories, Richmond, CA).

2.6. RNase protection assay

RNase protection assays were performed as described
previously [32]. Briefly, a 312 bp fragment of the rat
MC;-R (+592 to +904 relative to the translation initia-
tion codon), a 155 bp fragment of the rat MC,-R (derived
from the 3' end of the 600 bp rat MC,-R fragment isolated
by Mountjoy et al. [26]), a 198 bp fragment of the rat
MC;-R (+402 to + 600 relative to the translation initia-
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Fig. 1. Stimulation of neuritec outgrowth in Neuro 2A cells. A: Neuro 2a
cells treated for 24 h with 10 nM a-MSH (right), as compared to control
celis (left). The cells were stained with Coomassie brilliant blue to
increase the contrast in neurites. Note that upon a-MSH treatment part of
the cells acquire a diffcrent phenotype. Arrows point to the typical
appearance of three of these cells. B: Neuro 2A cells were incubated with
a-MSH, 1 uM forskolin (Fors) or 1 ng/ml B-NGF (NGF). After 24 h,
mean neurite length was measured. Data are expressed as average with
standard error of the mean. An asterisk (=) indicates a statistically
significant (P < 0.05) difference as compared to the control treatment
(incubation medium only) as determined by an ANOVA followed by a
Bonferroni -test.

tion site) and a 55 bp fragment of rat GAPDH (+ 178 to
+ 233 relative to the translation initiation site) were used
for the synthesis of antisense “*P-labelled RNA probes
([ a-*P]CTP, 800 Ci/mmol, Amersham). Antisense la-
belled GAPDH probe was used as internal standard to

Table 1
Neuro 2a cells (wild type) were treated with different doses (1071, 108
or 107 % M) of a- or y,-MSH and ACTH analogs

Peptide Neurite outgrowth
a-MSH 10°1'M
¥,-MSH -

ACTH (4-1) -
[D-Phe’JACTH (4-10) 107* M
ORG2766 -

The lowest dose that stimulated neurite outgrowth statistically signifi-
cantly (as determined by an ANOVA followed by a Bonferroni (-test
(P <0.05)) was determined and is indicated in the table. A minus ( —)
indicates that no statistically significant stimulation of outgrowth was
observed.

control for experimental variability. Total RNA was iso-
lated from the cell lines as described previously by Wilkin-
son [40]. RNA samples (25 ug) were overnight incubated
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Fig. 2. A: Neuro 2A cells were incubated with 10 nM of a-MSH in the
presence of increasing doses of [D-Arg*JACTH (4-10). After 24 h,
neurite length was measured. Data are expressed as average with standard
error of the mean. An asterisk (*) indicates a statistically significant
(P <(.05) difference as compared to the control treatment (10 nM
a-MSH) as determined by an ANOVA followed by a Bonferroni r-test.
Dotted lines indicate the neurite formation after treatment with 10 nM
a-MSH (upper line) or control (lower line) for 24 h. B: RNase protection
assay on 25 ug total RNA prepared from wild-type Neuro 2A cells or
Neuro 2A cells expressing MCq-Rs, using MC-R, MC,-R and MC;-R
probes. Probe lanes show the undigested probe. Arrows indicate protected
fragments.
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at 50°C with 5000 cpm of labelled antisense MC receptor
probe and 50000 cpm of labelled antisense GAPDH probe.
After digestion with RNase A (4 pg/ml) and T, (0.2
ug/ml), samples were analyzed by electrophoresis on a
denaturing 6% polyacrylamide gel and autoradiographed.
These low RNase concentrations were used to prevent
cleavage of occasional nucleotide mismatches between the
rat probes and the highly homologous mouse target RNAs.
In these conditions, no crosshybridisation could be de-
tected between the MC;-R, MC,-R and MC,-R. The
protected mouse target RNAs had the expected length as
could be judged from positive control RNA samples and
molecular weight markers run in parallel.

3. Results

3.1. Stimulation of neurite outgrowth

In order to investigate the mechanism via which a-MSH
stimulates neurite outgrowth and functional recovery after

Neuro2A-MC5
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nerve damage, we investigated whether a-MSH was able
to stimulate neurite outgrowth in neuroblastoma cell lines.
In the neuroblastoma cell line Neuro 2A, a-MSH stimu-
lated neurite outgrowth 70% above the spontaneous out-
growth that occurs after removal of fetal calf serum from
the incubation medium. «-MSH clearly stimulated the
number of neurofilament positive sprouts (Fig. 1A). Fig.
1B shows the effect of a-MSH on the mean length of
neurites of the Neuro 2A cell line as compared to treat-
ment with 1 ng/ml B-NGF (nerve growth factor) and 1
uM forskolin. In these cells, a-MSH and B-NGF had a
similar effect. Higher doses of 8-NGF (3 and 10 ng/ml)
did not increase the effect of 3-NGF on neurite outgrowth.

3.2. Melanocortin receptor involuement in neurite out-
growth

To investigate which melanocortin receptor subtype
mediated this effect of «-MSH on Neuro 2A cells, we
compared the activity of different melanocortins (ACTH
(4-10), [D-Phe’JACTH (4-10), y,-MSH, ORG2766 and
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Fig. 3. A: Neuro 2A cells, stably expressing MCq-R, were treated with 10 nM o-MSH, 10 nM y,-MSH (y-MSH) or 1 uM forskolin (Fors). After 24 h
ncurite outgrowth was measured. An asterisk ( +) indicates a statistically significant (P < 0.05) difference as compared to the control (CON) treatment as
determined by an ANOVA followed by a Bonferroni t-test. B: Wild-type Neuro 2A cells (WT) and Neuro 2A cells stably expressing MC-Rs (MCS) were
transfected with the pPCREGAL plasmid to measure activation of the cAMP signal transduction pathway by y,-MSH (y-MSH). An asterisk (*) indicates a
statistically significant (P < 0.05) differcnce as compared to the control treatment as determined by an ANOVA followed by a Bonferroni r-test.
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a-MSH) in this assay (Table 1). This set of melanocortins
enabled us to discriminate between the activation of differ-
ent MC receptor subtypes. The structure activity relation-
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Fig. 4. A: Neuro 2A cells were incubated with forskolin. Neurite length
was measured as described in the materials and methods section. Data are
cxpressed as average with standard error of the mean. B: Neuwro 2A cells
were treated with forskolin and whole cell extracts were prepared to
measure the cCAMP content. C: Neuro 2A cells were transfected with the
pCREGAL plasmid to measure activation of the cAMP signal transduc-
tion pathway by forskolin. An asterisk ( * ) indicates a statistically signifi-
cant (P < 0.05) difference as compared to the control treatment (incuba-
tion medium only) as determined by an ANOVA followed by a Bonfer-
roni f-test.

ship (SAR) of melanocortins able to stimulate neurite
outgrowth in Neuro 2A cells fitted best with the SAR of
the MC,-R [1]: a-MSH (10™'" M) and [p-Phe’]JACTH
(4-10) (107* M) stimulated neurite outgrowth, whereas
the EC,, values for these ligands on stimulating cAMP
levels in 293 HEK cells were 107" and 10 7 M, respec-
tively. Furthermore, ACTH (4-10), v,-MSH and
ORG2766 were inactive on neurite outgrowth. These com-
pounds were inactive (ORG2766) or only poorly activated
the MC,-R [1,33]. In order to further investigate the
involvement of the MC,-R, we incubated Neuro 2A cells
with 10 nM a-MSH in the presence of increasing doses of
the MC,-R antagonist [p-Arg*}}ACTH (4-10) [2]. Fig. 2A
shows that this antagonist inhibited the effect of a-MSH
dose dependently. A RNase protection assay demonstrated
that wild-type Neuro 2A cells express the MC,-R at low
levels (Fig. 2B). Although 25 ug of total RNA was used in
the RNase protection assay, we had to expose films for 2
wecks with intensifying screens to visualize this signal.

We further tested the hypothesis that MC receptors
mediated MSH-induced neurite outgrowth in Neuro 2A
cells, by stably expressing another MC receptor subtype
(the mouse MC-R) in Neuro 2A cells. This enabled us to
determine: (1) whether a higher level of MC receptor
expression would increase the effect of a-MSH on neurite
outgrowth; (2) whether a selective MC ligand, y,-MSH,
that does not activate the MC;-R and which was inactive
to stimulate neurite outgrowth in wild-type Neuro 2A cells,
would now stimulate neurite outgrowth in MC;-R trans-
fected cells. We confirmed the expression of the MC;-R in
these stably transfected cells by a RNase protection assay
(Fig. 2B). In wild-type Neuro 2A cells, we could not detect
MC,-R expression. The amount of MC;-R mRNA in
stably transfected Neuro 2A cells was 9-fold higher as
compared to the amount of MC,-R mRNA in both wild-
type and stably transfected Neuro 2A cells after correction
for the total amount of RNA using the GAPDH signal as
internal reference. However, the effect of a-MSH on
neurite outgrowth in transfected Neuro 2A cells was not
higher than the effect of «-MSH on wild-type Neuro 2A
cells (Figs. 1 and 3A). But y,-MSH now stimulated neu-
rite outgrowth in stably transfected Neuro 2A cells ex-
pressing the MC-R (Fig. 3A). This is in line with the fact
that y,-MSH was able to stimulate the cAMP signal
transduction pathway in Neuro 2A cells expressing the
MC.-R (Fig. 3B). y,-MSH did not activate the cAMP
signal transduction pathway in wild-type Neuro 2A cells
that express MC,-Rs nor did it stimulate neurite out-
growth.

3.3. Activation of the cAMP signal transduction pathway
and neurite outgrowth

To investigate whether direct stimulation of the cAMP
pathway in wild-type Neuro 2A cells was able to stimulate
neurite outgrowth, these cells were treated with forskolin.
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Forskolin stimulated neurite outgrowth in Neuro 2A cells
(Fig. 4A). Forskolin stimulated ¢cAMP accumulation in
Neuro 2A cells dose dependently (Fig. 4B). However, the
dose necessary to increase cAMP levels (1 uM) was
100-fold higher as compared to the dose necessary to
stimulate neurite outgrowth (10 nM). This discrepancy was
also found for «-MSH. 1 uM a-MSH did not stimulate
cAMP accumulation in wild-type Neuro 2A cells whereas
0.1 nM a-MSH already stimulated neurite outgrowth.
Therefore, Neuro 2A cells were transfected with a CRE-
LacZ plasmid and galactosidase activity was measured
following treatment with forskolin. This is a more sensitive
method for determining activation of the cAMP pathway
[6]. Fig. 4C shows the dose response curve of forskolin on
galactosidase activity in Neuro 2A cells. 10 nM forskolin,
which was the lowest dose able to stimulate neurite out-
growth, was also the lowest dose to increase galactosidase
activity.

4. Discussion

Melanocortins stimulate neurite outgrowth, as has been
reported both in in vivo as well as in in vitro models
[4,16,19,35-38]. The mechanism via which melanocortins
mediate their effect on neurite outgrowth is unclear, one
reason being that the expression of melanocortin receptors
in putative target tissues involved in the regeneration
process (amongst which are spinal cord motoneurons and
sensory neurons of the dorsal root ganglion) is still un-
known. In addition, we do not know what function
melanocortin receptor expression has, when expressed and
activated in neurons. Therefore, we studied the effect of
melanocortin receptor activation in a neuronal cell line.
We here demonstrate that a-MSH stimulates neurite out-
growth in a neuroblastoma cell line, Neuro 2A. The stimu-
latory effect of 10 nM a-MSH on neurite outgrowth in this
cell line was of the same magnitude as that of 1 ng/ml
B-NGF. In other systems, higher doses of B-NGF (up to
15 ng/ml) were needed for a maximal response on neurite
outgrowth in DRG cultures [36]. This indicates that Neuro
2A cells are sensitive for B8-NGF at a relatively low dose.
v,-MSH, ORG2766 and ACTH (4-10) were inactive,
whereas [D-Phe’JACTH (4-10) was active in stimulating
neurite outgrowth in Neuro 2A cells (Table 1), suggesting
the involvement of MC ,-Rs, since the SAR of MCs on the
activity of this receptor expressed on 293 HEK cells fits
exactly [1]. This was confirmed by inhibition of a-MSH
stimulated neurite outgrowth by a MC,-R antagonist and
by demonstration of endogenous MC,-R expression using
a RNase protection assay (Fig. 2). ORG2766, which is an
ACTH (4-9) analog with no activity on the MC receptor
[1,30] was not able to stimulate neurite outgrowth in Neuro
2A cells. This underscores the selectivity of melanocortins
for stimulating melanocortin receptors in neuronal cell

types.

In Neuro 2A cells expressing the MC-R, y,-MSH was
able to stimulate neurite outgrowth whereas this compound
was ineffective in wild-type Neuro 2A cells (Fig. 4B). This
indicates that MC,-Rs can be substituted by other MC
receptors for the mediation of a-MSH-stimulation of neu-
rite outgrowth. Although the transfected cells expressed
high levels of MC;-R mRNA, the effect of a-MSH on
neurite outgrowth was not increased as compared to its
effect on wild-type cells. Apparently, the neurite out-
growth response by melanocortin receptor activation was
already maximal and could not be increased by raising the
expression of melanocortin receptors. We reasoned that
above a certain cAMP level, neurite outgrowth would not
be increased any further. Therefore, it was investigated
whether forskolin, which activates adenylate cyclase di-
rectly, was also able to stimulate neurite outgrowth in
Neuro 2A cells. This was indeed the case, but the dose
necessary to stimulate neurite outgrowth (10 nM) was
much lower than the dose necessary to increase ¢cAMP
levels as determined by radioimmunoassay (1 uM). This
is in line with the reports of Hol et al. [17,18] who
demonstrated that cAMP levels were increased in embry-
onic DRG cultures only by high doses of a-MSH, whereas
lower doses of a-MSH already elicited an effect on neurite
outgrowth. Thus, it may be that in the studies of Hol et al.,
the level of MC receptor expression was high enough to
mediate effects of a-MSH on neurite outgrowth, but not
high enough to detectably increase cAMP levels at low
concentrations of «-MSH. Using the CRE-LacZ as a
reporter gene, 10 nM was the lowest dose of a-MSH that
increased galactosidase levels in wild-type Neuro 2A cells
statistically significant above basal levels. This indicated
that although the cAMP signal transduction pathway was
activated, it did not raise cAMP levels above basal in
whole cell extracts of wild-type Neuro 2A cells. However,
using the galactosidase assay, the concentration of a-MSH
(10 nM) necessary to activate MC receptors was closer to
the concentration (0.1 nM) necessary to increase neurite
outgrowth.

There may be several reasons for the discrepancies that
we observed in the dose of a-MSH necessary to increase
cAMP levels, galactosidase activity and neurite outgrowth
in Neuro 2A cells: (1) local rises in cAMP levels in
neurites may be relevant to the process of neurite elonga-
tion rather than the whole cell content of cAMP; these
local increases in cAMP level are not detected when
measuring the whole cell content of cCAMP by a radioim-
munoassay; (2) the dynamics of the activation of the
cAMP signal transduction pathway may be important for
the effect on neurite outgrowth; note that cAMP levels
were measured 30 min after treatment of Neuro 2A cells
with drug, whereas galactosidase activity and neurite out-
growth were measured after 6 and 24 h, respectively; (3)
there may be a threshold level of cAMP above which
neurite outgrowth is stimulated; note that overexpression
of MC;-R in Neuro 2A cells did not increase the effect of
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a-MSH on neurite outgrowth (Fig. 3B). Taken together,
these data suggest that there is no linear correlation be-
tween cAMP levels and neurite outgrowth. However, the
presence of MC receptors is necessary for MSH to stimu-
late neurite outgrowth.

It has been demonstrated that local application of «-
MSH near the crush lesion site is effective in stimulating
nerve regeneration [10]. Since cAMP levels were raised in
cultured neurons, but not in cultured Schwann cells, upon
treatment with a-MSH [18], this effect is probably medi-
ated via MC receptors present on neurons. In analogy with
what we describe here for Neuro 2A cells, it may be that
the regenerating neurons in the crush model that originate
in the DRG, have MC receptors on their neurites that are
stimulated by «-MSH, leading to local activation of the
cAMP signal transduction pathway which in turn may
stimulate neurite elongation. Future studies are directed to
answer this question.
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