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ACTH, the primary secretagogue for corticosteroid biosyn-
thesis, binds to melanocortin 2 receptor (MC2R) and activates
the signaling cascade leading to steroid biosynthesis in the
adrenal cortex. Whereas MC2R regulation has been studied
using mammalian models, little is known about the molec-
ular mechanisms involved in ACTH signaling in nonmam-
malian vertebrates. A full-length cDNA encoding MC2R was
sequenced from rainbow trout (Oncorhynchus mykiss) inter-
renal tissue (analogous to the adrenal cortex in mammals) and
showed about 60 and about 44% amino acid sequence similar-
ity to teleosts and humans, respectively. Phylogenetic analy-
sis confirmed that MC2R from all species clustered together
and was distant from other MCRs. Quantitative real-time PCR
revealed a marked tissue-specific difference in MC2R mRNA
abundance, with the highest levels observed in the interrenal

tissue, ovary, and testis. Acute ACTH, but not �-MSH or [Nle4,
D-Phe7]-MSH, stimulation resulted in a time- and dose-related
elevation in MC2R mRNA abundance in the interrenal tissue.
This corresponded with higher steroidogenic acute regula-
tory protein and cytochrome P450 side-chain cleavage en-
zyme gene expression as well as elevated cortisol production.
An acute stressor transiently elevated plasma ACTH and cor-
tisol levels at 1 h, and this was followed by a significant in-
crease in MC2R mRNA abundance at 4 h after stressor expo-
sure. Taken together, our results demonstrate that ACTH
regulation of MC2R is highly conserved in vertebrates,
whereas the tissue-specific distribution of this receptor tran-
script level leads us to propose a role for ACTH signaling in
the stressor-mediated suppression of sex steroid levels in fish.
(Endocrinology 149: 4577–4588, 2008)

THE SYNTHESIS AND secretion of glucocorticoid hormone
is under the control of the hypothalamus-pituitary-adre-

nal axis. ACTH, the proopiomelanocortin (POMC)-derived
peptide from the pituitary gland, is the primary trophic hor-
mone activating corticosteroid biosynthesis in the adrenal
cortex (1). The sequence of events in the adrenal involves the
binding of ACTH to melanocortin 2 receptor (MC2R), a G
protein-coupled receptor belonging to the family of mela-
nocortin receptors (MCRs), and activation of adenylate cy-
clase and cAMP signaling cascade, leading to the transport
of steroid precursor cholesterol from the outer to inner mi-
tochondrial membrane (2, 3). Although the precise mecha-
nism by which this cholesterol transport is accomplished is
still uncertain, two proteins, the steroidogenic acute regula-
tory protein (StAR) and the peripheral-type benzodiazepine
receptor, are thought to play a key role in this mitochondrial
intermembrane shuttling (4, 5). Corticosteroid synthesis
from cholesterol involves a series of enzymatic steps, includ-
ing cytochrome P450 family proteins, dehydrogenases and
hydroxylases, whereas the rate-limiting step in this cascade

is the conversion of cholesterol to pregnenolone, which is
catalyzed by the cytochrome P450 side-chain cleavage
(P450scc) enzyme (6).

In addition to ACTH, other POMC-derived peptides, in-
cluding �-MSH, �-MSH, and �-MSH activate MCRs (7). So
far, five MCRs (MC1R-MC5R) have been characterized by
molecular cloning in tetrapods, and they play a role in a
variety of physiological processes, including skin pigmen-
tation, steroidogenesis, appetite regulation, and inflamma-
tion (8). The characteristic feature of MCRs is the presence of
seven-transmembrane domains, with a short extracellular
and intracellular domains at the amino- and carboxyl-ter-
minals, respectively (9, 10). The MCRs are all functionally
coupled to adenylate cyclase and their effects are mediated
primarily by activating the cAMP-dependent signaling path-
ways (8).

As in mammals, corticosteroid biosynthesis and secretion
in teleosts is also under the control of the hypothalamus-
pituitary axis, but unlike mammals, fish lack a discrete ad-
renal gland. Instead, the corticosteroidogenic cells are dis-
tributed around the posterior cardinal vein in the anterior
part of the kidney (interrenal tissue) and secrete cortisol, the
principal glucocorticoid in teleosts (11, 12). ACTH regulation
of plasma cortisol levels in vivo, as well as in vitro, using
interrenal tissue preparations and isolated cell suspension, is
well established (11, 13, 14). Recent studies also confirmed
ACTH-mediated molecular regulation of steroid biosyn-
thetic pathway, including up-regulation of StAR and P450scc
mRNA abundance in trout interrenal tissues (15–18).
Whereas most studies in teleosts focused on ACTH stimu-
lation of steroidogenic capacity and cortisol production, little
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is known about the role of MC2R, a key signaling molecule,
in the stress response process.

MC2R was cloned and sequenced only recently in te-
leosts [Takifugu rubripes, Tetraodon nigroviridis (19); Danio
rerio (20, 21); Cyprinus carpio (22)], whereas no sequence
information exists for salmonids. These studies confirmed
ACTH binding and receptor activation using in vitro re-
porter assays (19) and also showed changes in MC2R gene
expression in response to longer-term stressor exposure in
vivo (22). However, no study has addressed MC2R expres-
sion patterns in response to an acute stressor exposure in
fish. Because ACTH signaling is critical for the evolution-
arily conserved cortisol response during stress adaptation,
we hypothesized that the acute stressor-induced MC2R
regulation seen in tetrapods is conserved in teleosts. To
this end, using rainbow trout as a model, we cloned and
sequenced the full-length MC2R cDNA from interrenal
tissue and examined the acute regulation of this receptor
in response to ACTH exposure in vitro and stressor expo-
sure in vivo.

Materials and Methods

Chemicals

L-15 medium, porcine ACTH1–39, �-MSH, [Nle4, d-Phe7]-�-MSH tri-
fluoroacetate salt (NDP-MSH), SHU9119 (acetyl-[Nle4, Asp5, d-2-Nal7,
Lys10]-cyclo-�-MSH amide fragment 4–10), 2-phenoxyethanol, and plas-
mid preparation kit were obtained from Sigma-Aldrich (St. Louis, MO).
RNeasy minikit, ribonuclease-free deoxyribonuclease, and Qiaquick gel
extraction kit were purchased from QIAGEN (Mississauga, Ontario,
Canada). Taq polymerase, first-strand cDNA synthesis kit, and DNA
ladder were obtained from MBI Fermentas (Burlington, Ontario, Can-
ada). SMART RACE cDNA amplification kit and iQ SYBR Green Su-
permix were purchased from CLONTECH Inc. (Palo Alto, CA) and
Bio-Rad (Mississauga, Ontario, Canada), respectively.

Fish

Juvenile rainbow trout (Oncorhynchus mykiss, average body mass
150 g) were obtained from Humber Springs trout hatchery, Mono Mills,
Ontario, Canada. Fish were acclimated in 2000-liter tanks with contin-
uous running water at 13 C and 12-h light, 12-h dark photoperiod for
3 wk before the experiment. The fish were fed to satiety (three point
sinking food; Martin Mills Inc., Elmira, Ontario, Canada) once daily for
5 d/wk. The experimental protocol was approved by the animal care
committee, University of Waterloo, and is in accordance with the Ca-
nadian Council for Animal Care guidelines.

Acute stressor exposure in vivo

The details of the experimental protocol were published recently (16).
Briefly, groups of eight fish were distributed in three tanks (100 liter
capacity) and acclimated for 2 wk before the experiment. After 5 d of
feeding, six fish (two fish each from three tanks) were sampled quickly
and killed with an overdose of 2-phenoxyethanol (1:1000), and these
were the unstressed (0 h) control fish. The remaining fish (six fish per
tank from three tanks) were subjected to a standardized stress protocol
of netting and chasing the fish for 5 min after which they were left
undisturbed until sampling. For sampling, all fish in each tank was
quickly netted at 1, 4, and 24 h after stressor exposure. Also, an addi-
tional four tanks (five fish per tank distributed in four tanks) were
maintained exactly as mentioned above as unstressed controls and sam-
pled at 0, 1, 4, and 24 h to take into consideration the effect of sampling
time on the measured parameters. Fish were quickly bled by caudal
puncture into heparinized tubes, and the plasma collected after centrif-
ugation (6000 � g for 10 min) were stored frozen (�70 C) for later
determination of plasma cortisol (see Ref. 16) and ACTH levels. Pieces

of interrenal tissue were dissected and frozen immediately on dry ice for
RNA extraction and MC2R mRNA quantification.

In vitro ACTH exposure

Interrenal tissue slices were stimulated in vitro with porcine ACTH
and cortisol production rate measured exactly as described previously
(23). Briefly, interrenal tissue dissected from juvenile trout was rinsed in
ice-cold L-15 medium and finely minced to approximately 1 mm3. The
incubation consisted of distributing the tissue slices from each fish
equally into ten wells in a 24-well tissue culture plate (Corning Inc.,
Corning, NY). Tissue pieces were allowed to incubate with gentle shak-
ing for 2 h at 13 C (equilibration period), after which the supernatant was
replaced with fresh L-15 media and stimulated with trophic hormones.
Time course studies to establish the effect of trophic hormone stimu-
lation on MC2R mRNA levels in trout interrenal tissues were conducted
using ACTH concentration of 1.3 �m over an 8-h time period. L-15
medium and tissue samples were collected at 0, 1, 2, 4, and 8 h for
determining cortisol production and MC2R mRNA levels. Control in-
cubations were carried out for the same time periods without ACTH in
the medium. Based on the results obtained, concentration response
studies were conducted by incubating interrenal tissue slices for 8 h in
different concentrations of ACTH (0, 0.3, 0.6, 1.3, 2.6, 6.4, 12 �m), and the
medium was collected for later determination of cortisol. Tissue slices
were frozen at �80 C for total RNA extraction and cDNA synthesis.
Tissue wet weight was recorded and cortisol production rate was cal-
culated as nanograms per hour per milligram wet weight and values
reflect the magnitude of increase in cortisol production compared with
unstimulated group. All the in vitro experiments were repeated with at
least four different fish.

In vitro exposure to MCR agonists (�-MSH, NDP-MSH)

and antagonist (SHU9119)

Interrenal tissue slices were stimulated with either �-MSH or NDP-
MSH (MC1R/MC4R agonists) to determine the role of these receptors
in stimulating cortisol production. Interrenals were incubated for 3 h
with various concentrations of �-MSH (10�6, 10�8, and 10�10

m) and
NDP-MSH (10�7, 10�8, 10�9, and 10�10

m) and the media collected for
measuring cortisol concentration. Also, tissue slices were incubated with
SHU9119 (MC4R/MC3R antagonist; 10�6 and 10�8

m) either alone or in
combination with ACTH (1.3 �m) to tease out the role of MC4R/MC3R
in ACTH signaling. The protocols followed were exactly as described in
the section above.

Tissue-specific MC2R expression

For determining the tissue-specific MC2R expression patterns, dif-
ferent tissue samples were collected from four male juvenile rainbow
trout, except ovary samples, which were collected from female fish. The
different tissues collected include, interrenal tissue, pituitary, hypothal-
amus, lens, skin, muscle, gills, testis, liver, posterior intestine, and ovary.
Samples collected were stored at �80 C for later determination of MC2R
mRNA abundance.

Plasma ACTH and medium cortisol analyses

ACTH and cortisol concentrations were measured using a commer-
cially available ImmuChem 125I-labeled RIA kits (ICN Biomedicals, CA)
following the manufacturer’s protocols. These kits were used previously
for measuring hormones in trout plasma (23, 24).

Isolation and sequencing of full-length rainbow

trout MC2R gene

RNA isolation and first-strand cDNA synthesis. Total RNA was isolated
from interrenal tissue using RNeasy minikit following the manufac-
turer’s protocol and quantified by spectrophotometry at 260 nm. RNA
integrity was determined by 1% agarose gel electrophoresis contain-
ing ethidium bromide. RNA was treated with deoxyribonuclease to
avoid genomic contamination before cDNA synthesis. The first-
strand cDNA was synthesized from 1 �g of total RNA following the
manufacturer’s instructions. Briefly, total RNA was heat denatured
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(70 C) and cooled on ice. The sample was used in a 20-�l reverse
transcriptase reaction using 0.5 �g oligodeoxythymidine primers and
1 mm each deoxynucleotide triphosphate, 20 U ribonuclease inhib-
itors, and 40 U Moloney murine leukemia virus reverse transcriptase.
The reaction was incubated at 37 C for 1 h and stopped by heat
inactivation at 70 C for 10 min.

PCR, cloning, and sequencing. Primers sequences for PCR were designed
based on the conserved regions of MC2R sequences in different species
(Homo sapiens, D. rerio, T. rubripes, T. nigroviridis, C. carpio). The PCR was
carried out with 1 �l of interrenal tissue cDNA as a template, 0.5 �m each
of MC2R forward and reverse primer (Table 1), 10 mm deoxynucleotide
triphosphates (dNTPs), 1.5 mm MgCl2 and 1 U Taq polymerase in a 25-�l
total volume. The PCR conditions include initial denaturation for 3 min
at 94 C, 40 cycles of 30 sec at 94 C, 30 sec at 60 C, and 30 sec at 72 C and
final elongation for 5 min at 72 C. The resultant PCR product was
subjected to 1.2% agarose gel electrophoresis and a single amplicon of
approximately 225 bp was detected. The PCR product was gel extracted,
ligated into a pGEM-Teasy cloning vector (Promega, Valencia, CA) and
introduced into DH5� Escherichia coli cells. After LB-ampicillin selection,
transformed cells were cultured and plasmids isolated using plasmid
preparation kit. The isolated plasmid was sequenced using an Applied
Biosystems 337 DNA sequencer (PerkinElmer, Foster City, CA) at York
University Molecular Core facility.

The 3� and 5�-rapid amplification of cDNA ends (RACE). To isolate 3� and
5� ends of the presumptive trout MC2R cDNA, RACE reactions were
performed using the SMART RACE cDNA amplification kit. To this end,
trout interrenal tissue total RNA was reverse transcribed to 5�- and
3�-RACE ready cDNA, according to the manufacturer’s instructions.
Trout MC2R-specific primers (5�-RACE and 3�-RACE primers; Table 1),
designed based on the sequence information of the presumed trout
MC2R, were used in combination with a universal primer mix (UPM)
for the 5�- and 3�-RACE, respectively. Touchdown PCR was performed
using Advantage 2 PCR kit (CLONTECH). The reaction mix includes 2.5
�l of RACE-ready cDNA, 10 pmol of gene-specific primers, 30 pmol of
UPM, 0.2 �m of dNTP, 1� Advantage 2 Taq polymerase and Advantage
2 PCR buffer in a final volume of 50 �l. The touchdown PCR protocol
consisted of the following: 1) an initial denaturation of 1 min at 94 C; 2)
five cycles of 30 sec at 94 C and 3 min at 72 C; 3) five cycles of 30 sec at
94 C, 30 sec at 70 C, and 3 min at 72 C; and 4) 30 cycles of 30 sec at 94
C, 30 sec at 68 C, and 3 min at 72 C. The PCR products were subjected
to 1.2% agarose gel electrophoresis. 5�-RACE yielded a product of ap-
proximately 650 bp, which was subsequently gel extracted and se-
quenced as described above. The 3�-RACE reaction was followed by
nested PCR using MC2R-specific nested primer (3�-nested primer; Table
1) in combination with the nested universal primer (NUP). The nested
PCR consisted of 2.5 �l of 3�-RACE product, 10 pmol each of 3�-nested
primer and NUP, 0.2 �m of dNTP, and 1� Advantage 2 Taq polymerase
and Advantage 2 PCR buffer in a final volume of 50 �l. The reaction
conditions include initial denaturation for 1 min at 94 C, followed by 25
cycles of 30 sec at 94 C, 30 sec at 68 C and 2 min at 72 C, and a final
elongation for 3 min at 72 C. Both the UPM and NUP were supplied with

the SMART RACE cDNA amplification kit. The PCR products were
analyzed and sequenced as described above. To confirm that the se-
quences determined by 5�- and 3�-RACE were derived from the same
transcripts, we attempted to amplify cDNAs containing the entire cod-
ing region by PCR with primers localized in the 5�- and 3�-untranslated
regions (full-MC2R forward and full-MC2R reverse; Table 1).

Alignment and phylogenetic analysis

Alignment of the predicted full-length amino acid sequence of rain-
bow trout MC2R together with other known fish and tetrapod MC2Rs
was generated with ClustalW 1.8 software (PHYLIP, Seattle, WA).
Transmembrane domains were predicted using TMHMM server version
2, protein kinase phosphorylation sites were predicted using Netphos K
1.0 server, and serine/threonine/tyrosine phosphorylation sites were
predicted using Netphos 2.0 server, provided by the center for biological
sequence analysis, Technical University of Denmark (www.cbs.dtu.dk).

For phylogenetic analysis, trout MC2R was aligned together with all
other known MCRs using ClustalW 1.8 software and analyzed using
phylogenetic inferences using maximum likelihood, with JTT substitu-
tion model (25). Phylogenetic tree was built using TreeDyn software (26).
The following receptor sequences (with their accession numbers) were
retrieved from GenBank for alignment and phylogenetic analysis:
MC1R, H. sapiens (Hsa) (NM_002386), Gallus gallus (Gga) (D78272),
Takifugu rubripes (Tru) (AAO65549), Tetraodon nigroviridis (Tni)
(AAQ55176), D. rerio (Dre) (NM_180970); MC2R, Hsa (NM_000529),
Gga (NP_001026686), Tru (NP_001027936), Tni (AAQ55177), Dre
(NP_851302), C. carpio (Cca) (CAE53845); MC3R, Hsa (XM_009545),
Gga (AB017137), Dre (NM_180972), Squalus acanthias (Sac) (AAS66720);
MC4R, Hsa (NM_005912), Gga (AB012211), Tru (AAO65551), Tni
(AAQ55178), Dre (AY078989), Sac MC4 (AY169401), Carassius auratus
(Cau) (CAD58853); Oncorhynchus mykiss (Omy) (AY534915); MC5R, Hsa
(XM_008685), Gga (AB012868), Tru (AAO65552), Tni (AAQ55179), Dre
(MC5a, AY078990; and MC5b, AY078991), Cau (CAE11349), Cca
(CAH04351), Omy (AY534916), Sac(AY562212). In addition, MCRs
from river lamprey, Lampetra fluviatilis (LflMCa, DQ213059; LflMCb,
DQ213060) and Atlantic hagfish, Myxine glutinosa, (MglMCc, DQ213061)
were also included in the analysis. Human cannabinoid 2 receptor
(CAJ42137) was used to root the phylogenetic tree. A bootstrap con-
sensus tree assessing the robustness of the nodes was made with 1000
bootstrap simulations.

Quantitative real-time PCR (qPCR)

Total RNA isolation and cDNA synthesis from various tissues was
carried out as described above. Tissue-specific expression of MC2R was
determined by qPCR from four different fish. PCR was performed to
amplify the predicted products under the following conditions: initial
denaturation for 2 min at 94 C and 40 cycles of 15 sec at 94 C, 30 sec at
60 C, and 30 sec at 72 C.

TABLE 1. List of primer sequences used to obtain full-length MC2R cDNA as well as mRNA abundance using qPCR

Primer Sequence (5�–3�) Accession no. Product size (bp)

MC2R forward CACCATCTTCCACGCACTGC
MC2R reverse CCTGGTGTGGGATCGAGCC 225
5�-RACE AGCCAGCAGGAACATGTGGACGTA 649
3�-RACE TCCACGCCCTGCGCTACCAC
3�-Nested CGGGGATCTGGGCGCTATGC 836
Full MC2R forward TGTGGACGTTGCTCTGACAC
Full MC2R reverse GGGTCAAAAACTCTGGTGGA
MC2R forward (qPCR) GAGAACCTGTTGGTGGTGGT EU119870 105
MC2R reverse (qPCR) GAGGGAGGAGATGGTGTTGA
StAR forward TGGGGAAGGTGTTTAAGCTG AB047032 101
StAR reverse AGGGTTCCAGTCTCCCATCT
P450scc forward GCTTCATCCAGTTGCAGTCA S57305.1 140
P450scc reverse CAGGTCTGGGGAACACATCT
�-Actin forward TGTCCCTGTATGCCTCTGGT AF157514 121
�-Actin reverse AAGTCCAGACGGAGGATGG
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Construction of plasmid stocks

Plasmid stocks with target sequence inserts were constructed by
amplifying the gene specific products using RT-PCR and subsequently
cloning them using a vector system. Gene-specific products were am-
plified using the primers designed for qPCR. GenBank accession num-
bers and primer sequences for MC2R (MC2R forward, MC2R reverse),
StAR, P450scc, and �-actin are given in Table 1.

Standard curve

Standard curves were generated using a 10� dilution series of the
plasmid stock, ranging from 101 to 108 copies (starting quantity) per
reaction. Each standard reaction mix contained 1 �l of standard, 4 pmol
of each primer and SYBR green super mix (50 U/ml�1 of iTaq DNA
polymerase, 40 mm of Tris-HCl (pH 8.4), 100 mm of KCl, 6 mm of MgCl2,
0.4 mm of each dNTP component (dATP, dGTP, dCTP, and deoxythy-
midine triphosphate), SYB Green I, 20 �m of fluorescein, and stabilizers)
in a total volume of 25 �l. PCR was performed using iCycler iQ (Bio-Rad)
under the following conditions: 2 min at 94 C followed by 40 cycles of
15 sec at 94 C, 30 sec at 60 C, and 30 sec at 72 C. PCR products were
subjected to melt curve analysis to confirm the presence of a single
amplicon. Negative controls either with no template or total RNA was
carried out for each tissue. Master mixes, to reduce pipetting errors,
were prepared at every stage for triplicate reactions (3 � 25 �l) for
each standard. Background subtracted threshold cycle (CT) values
were plotted against log of standard copy numbers to obtain standard
curves. The PCR efficiency (E) was determined using the formula,
E � [10�(1/slope) � 100] and it ranged from 97 to 100%.

Quantification of samples

One microliter cDNA was used as a template for every 25-�l reaction.
For every test sample, qPCR was performed for the gene of interest and
�-actin. The reaction components, PCR conditions and melt curve anal-
ysis were exactly same as the previous section. Background subtracted
CT values were used to determine the absolute quantity of the mRNA
based on the standard curve. �-Actin mRNA levels in interrenal tissue
samples showed little change with treatments and used for the normal-
ization of transcript abundance. MC2R transcript levels in different
tissues are expressed as copy numbers per microgram RNA.

Statistical analysis

All statistical analyses were performed with SPSS version 14.0.1
(SPSS Inc., Chicago, IL), and data are shown as mean � sem. The data
were transformed (logarithmic), wherever necessary, for homogene-
ity of variance, but nontransformed values are shown in the figures.
Two-way ANOVA followed by Bonferroni post hoc test was used to
determine the effect of acute stressor on temporal plasma ACTH
concentration and MC2R mRNA abundance. Repeated-measures
ANOVA was used to determine temporal and concentration-related
effect of ACTH, and MCR agonists and antagonist, on cortisol pro-
duction and MC2R mRNA levels. One-way ANOVA was used to
determine the MC2R mRNA abundance in different tissues, com-
pared with interrenal tissue. A probability level of P � 0.05 was
considered significant.

FIG. 1. Full-length nucleotide and deduced amino acid
sequence of rainbow trout MC2R cDNA. The deduced
amino acid is shown below the nucleotide sequence. The
start codon is in bold and stop codon is indicated by an
asterisk. The GenBank accession no. is EU119870.
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Results

Cloning and sequencing of MC2R

The full-length MC2R sequence is 1339 bp long, which
contains an open reading frame encoding a protein of 305
amino acids (Fig. 1; GenBank accession no. EU119870). The
overall amino acid sequence of trout MC2R is 61% identical
with D. rerio and 58% identical with T. rubripes, T. nigroviridis,
and C. carpio MC2R. In comparison with tetrapods, the amino
acid identity is 46% to human, mouse, and pig, whereas it

was 41% with chicken MC2R (Fig. 2). There is one potential
protein kinase C (PKC) phosphorylation site in the intracel-
lular domain (Thr136) and three potential phosphorylation
sites each at tyrosine (Tyr53,122,248), serine (Ser69,87,91), and
threonine residues (Thr124,137,284).

Phylogenetic analysis of the full-length amino acid se-
quence of trout MC2R, together with other species of fish and
tetrapod MCRs using maximum likelihood method (Fig. 3),
placed MC2Rs as the earliest branch among all the MCRs. All

FIG. 2. Multiple alignment of MC2R
amino acid sequences of eight differ-
ent vertebrate species. Dots indicate
gaps that were introduced to achieve
maximum identity. Identical amino
acids are indicated in black boxes and
conservative substitutions are in
gray. The predicted seven transmem-
brane regions (TMs) are underlined in
the bottom. The sequences aligned
were retrieved from GenBank and
have accession codes: Homo sapiens
(human; NM_000529), Mus musculus
(mouse; NM_008560), Gallus gallus
(hen; AB009605), pig (Sus scrofa;
AF450083.1); Oncorhynchus mykiss
(trout; EU119870); Takifugu rubripes
(fugu; NP_001027936), Danio rerio
(zebrafish; NP_851302), and Cypri-
nus carpio (carp; CAE53845).
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other MCRs are grouped together, with MC1R branching
from the rest. For each member of the MCR family, all fish
sequences are closely related compared with human and
chicken sequences and are clustered in a separate clade. The
topology of the MC2R clade shows trout MC2R sequence
clustered together with C. carpio and D. rerio and separate
from the modern fugu (T. rubripes and T. nigroviridis).

MC2R tissue distribution

MC2R transcripts were detected in all tissues examined,
including both steroidogenic and nonsteroidogenic tissues
(Fig. 4). qPCR revealed a tissue-specific difference with the
highest MC2R mRNA levels in the interrenal tissue, ovary,
and testis, and these levels were significantly different from
all other tissues tested, including hypothalamus, pituitary

gland, posterior intestine, lens, gills, skin, muscle, and liver
(Fig. 4). Melt curve analysis showed only a single peak con-
firming the absence of any nonspecific amplification. In ad-
dition, there was no product amplification with RNA as a
template confirming the absence of any genomic contami-
nation in the samples.

Acute stressor exposure

In the unstressed control fish, plasma cortisol (16) and
ACTH levels did not change with time (Fig. 5A). Handling
disturbance resulted in a significant transient elevation in
plasma cortisol (16) and plasma ACTH levels at 1 h post-
stressor exposure, compared with the prestressor group,
after which the levels declined and were not statistically
different from the prestressor values at 4 and 24 h (Fig. 5A).
Interrenal tissue MC2R mRNA content also showed no
significant changes in the unstressed control fish over the
24-h period. An acute stressor significantly elevated inter-
renal tissue MC2R mRNA content at 4 h after stressor ex-
posure but not at 1 or 24 h, compared with the prestressor
group (Fig. 5B).

ACTH-induced temporal changes

No significant differences in cortisol production and
MC2R mRNA levels were observed between different time
points in the unstimulated control group (Figs. 6, A and B).
ACTH (1.3 �m) stimulation significantly increased cortisol
production, compared with unstimulated groups at all time
points. There was a significant time-related elevation in cor-
tisol production over a 4-h period, whereas no significant
difference in cortisol production was observed between 4
and 8 h after ACTH stimulation (Fig. 6A).

MC2R mRNA content was also significantly elevated after
ACTH (1.3 �m) stimulation, compared with unstimulated
control at all the time points. Significant temporal change in
MC2R transcripts was initially observed at 2 h after ACTH
stimulation. Thereafter, a time-related increase in MC2R
mRNA levels was observed at 4 and 8 h after ACTH stim-
ulation (Fig. 6B).

ACTH concentration-related changes

All concentrations of ACTH significantly elevated cortisol
production, compared with the control group. Cortisol pro-
duction increased in a concentration-related manner, peak-
ing at 1.3 �m after which the levels dropped slightly but
significantly with higher ACTH concentrations (Fig. 7A).
MC2R mRNA abundance showed a concentration-related
increase at 0.6 and 1.3 �m ACTH, compared with the un-
stimulated group (Fig. 7B). Thereafter MC2R transcript levels
dropped significantly at higher ACTH concentrations but
were significantly higher than the unstimulated group ex-
cept at 0.3 and 12 �m ACTH (Fig. 7B). StAR and P450scc
mRNA levels did not show a concentration-related response
with ACTH stimulation. StAR mRNA level was significantly
higher at ACTH concentrations of 0.6 �m and above, com-
pared with the unstimulated control (Fig. 7C). P450scc
mRNA level was significantly higher at ACTH concentra-
tions of 0.6 and 6.4 �m but not at other concentrations, com-
pared with the unstimulated control group (Fig. 7D).

FIG. 3. Phylogenetic tree of MCR amino acid sequences built using
maximum likelihood method (phylogenetic inferences using maxi-
mum likelihood). The accession numbers of the sequences are listed
in Materials and Methods and human cannabinoid receptor was used
as an outgroup. Numbers at branch nodes represent percentage of
1000 bootstrap simulations.
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Effect of MCR agonists and antagonist

�-MSH stimulation (10�6 to 10�10
m) of interrenal tissue

slices for 8 h did not significantly affect either cortisol pro-
duction or MC2R mRNA abundance (Fig. 8, A and B). Sim-
ilarly, NDP-MSH did not stimulate cortisol production at any
of the concentrations tested (Fig. 9A). In addition, SHU9119
(10�6 and 10�8

m) did not modify ACTH-stimulated cortisol
production in vitro (Fig. 9B).

Discussion

MC2R was cloned and sequenced from a salmonid species,
the rainbow trout, and the deduced amino acid sequence
shows about 60% sequence similarity to other piscine MC2R
and about 44% similarity to tetrapods. For the first time in
teleosts, we demonstrate that ACTH up-regulates MC2R
mRNA levels in interrenal tissue and this corresponded with
enhanced steroidogenic capacity, including higher transcript
levels of StAR and P450scc and elevated cortisol production.
The positive regulation of MC2R expression by ACTH in vitro
was also confirmed in vivo after an acute stressor exposure
in trout. The MC2R regulation seen in trout is similar to that
reported for tetrapods, suggesting that the stressor-induced
ACTH signaling pathway is highly conserved in vertebrates.
Together, MC2R regulation may be a key aspect of the evo-
lutionarily conserved corticosteroid response that is essential
for stress adaptation.

MC2R gene in trout

The trout MC2R amino acid sequence shows about 60%
similarity with other teleosts MC2R (D. rerio, C. carpio, and
T. rubripes) and approximately 44% similarity with tetra-
pod MC2R. The sequence similarity is even higher within
the transmembrane regions (62– 68% with other fish spe-
cies and 46 –50% with tetrapods), compared with the intra-
and extracellular loops and the N- and C-terminal ends.
Similar results were also seen with T. rubripes and D. rerio
MC2Rs (19, 27), and previous studies confirmed this con-
served transmembrane regions as the ligand binding site
(9, 10). Another similarity that trout MC2R shares with
tetrapod and piscine models is that the entire coding re-
gion is in a single exon, the only exception being T. rubripes
MC2R that has a single intron (19). Trout also shares high
degree (45–50%) of amino acid similarity with known
MCRs, suggesting that this receptor family is highly con-
served among vertebrates (28).

Phylogenetic analysis suggests that trout MC2R is an or-
tholog of tetrapod MC2R and that the ancestral MCR gene
may have initially split sequentially into MC2R, MC1R, and
the rest of the MCR family (MC3/MC4/MC5R) (19, 28). This
is supported by the observation that teleost MCRs prefer-
entially bind ACTH peptides over other ligands (19, 29, 30),
suggesting ACTH as a ligand for the ancestral MCR. Fur-
thermore, only ACTH binds to MC2R but not other POMC-
derived peptides in both mammalian and nonmammalian
vertebrates, supporting the notion that this receptor evolved

FIG. 4. Tissue-specific expression of
MC2R in rainbow trout. Quantitative
real-time PCR was used to determine
MC2R mRNA levels in rainbow trout
tissues. MC2R copy numbers in each
tissue were calculated based on the
standard curve generated by serial di-
lution of plasmids with insert se-
quences and expressed as copy number
per microgram RNA. Standard curve
was drawn by plotting CT values
against the logarithm of their known
initial copy numbers (inset figure). Bars
with asterisk are not statistically sig-
nificant from one another but signifi-
cantly different from the rest (one-way
ANOVA, P � 0.05); all values represent
mean � SEM) (n � 4 fish). IR, Interrenal
tissue; Pi, pituitary; Hy, hypothalamus;
Gi, gills; Te, testis; Le, lens; Sk, skin;
Mu, muscle; Ov, ovary; PI, posterior in-
testine; Li, liver.
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earlier than the other members of the MCR family during
vertebrate evolution.

Compared with tetrapods, ray-finned (actinopterygian)
fish possess an extra copy of genes due to whole-genome
duplication that occurred deep in the ray-finned fish lineage
(31). In addition, ancestors of salmonids underwent addi-
tional genome duplication, and therefore, for every gene
copy in tetrapods, one might expect to find two copies in
teleosts and up to four copies in salmonids (32). However,
that is not the case for MC2R because only a singly copy has
been reported in teleosts, including trout. Although teleosts
lack additional copies of MC2R, molecular clock analysis
revealed the presence of two copies of MC2R gene in fish
lineage before the split of Fugu and zebrafish (19, 30). Also,
molecular clock analysis revealed that MC1R and MC2R
evolve faster, compared with other MCRs, which could lead
to either secondary loss of function or their divergence lead-
ing to new ligands and function for duplicated genes (30).

MC2R distribution in trout

The MC2R in mammals is predominantly expressed in the
adrenal cortex, including zona fasciculata and glomerulosa
regions, and this receptor activation by ACTH leads to cor-
ticosteroid biosynthesis (33, 34). However, lower transcript
levels, compared with the adrenals, have also been reported
in other tissues, notably skin, adipose tissue, hypothalamus,
pituitary, and liver (35–37). In teleosts, MC2R genes were
primarily expressed in the interrenal tissue region, and low
levels were also reported in the hypothalamus and pituitary
(19, 22), suggesting a role for this receptor in the functioning
of hypothalamus-pituitary-adrenal axis among vertebrates.
Using quantitative real-time PCR, we show for the first time
that there is a clear tissue-specific distribution of MC2R
mRNA abundance in rainbow trout. As in mammalian mod-
els, we did see lower MC2R transcript levels, compared with
the interrenal tissue in extraadrenal tissues, including hy-
pothalamus, pituitary, skin, liver, gills, lens, muscle, and the

A

B

FIG. 5. Acute-stressor-induced elevation in plasma ACTH concen-
trations and MC2R mRNA levels in rainbow trout. Plasma ACTH
level (A) and interrenal tissue MC2R mRNA abundance (B) in fish
that were either unstressed (control) or subjected to a standardized
handling stressor (5 min repeated netting and chasing). Plasma and
interrenal tissue samples were collected at 0 (before stress), 1, 4, and
24 h after handling stressor. All values represent mean � SEM (n �

5–6 fish); time points with different letters are statistically significant
(two-way ANOVA; Bonferroni post hoc test; P � 0.05).

B

A

FIG. 6. Temporal changes in ACTH (1.3 �M)-induced cortisol produc-
tion (A) and MC2R mRNA abundance (B) in rainbow trout interrenal
tissue slices in vitro. Interrenals were incubated either with (F) or
without ACTH (�) and sampled at 0, 1, 2, 4, and 8 h and L15 medium
sampled for measuring cortisol concentration. Tissue slices were sam-
pled for quantifying MC2R mRNA content. Both cortisol production
and MC2R mRNA levels are expressed as percent unstimulated con-
trol; all values represent mean � SEM (n � 4–5 fish); sampling time
with different letters are statistically significant (repeated measures
ANOVA followed by Bonferonni post hoc test; P � 0.05).
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posterior intestine. Even though the functional significance
of this extraadrenal expression is not known, recent studies
suggest a possible link between ACTH signaling and fetal
development (38, 39), immunomodulation in human skin
keratinocytes (35), and localized stress response in hair fol-
licles (40). These results along with the tissue-specific MC2R
mRNA abundance in the present study leads us to propose
an extracorticosteroidogenic role for ACTH in teleosts,
whereas the specific pathways activated and their implica-
tions in nonsteroidogenic tissues remains to be determined.

Interestingly, MC2R was abundantly expressed in the tes-
tis and gonads, similar to that seen in the interrenal tissue,
leading to the hypothesis that ACTH may be playing a role
in sex steroid modulation during stress. Whereas no study
has addressed this possibility, recent studies points to an
involvement of MC2R signaling in testosterone production
in fetal testis (38, 39). Also, we observed significant reduc-
tion in the acute gonadotropin-induced estradiol production
by ACTH in zebrafish ovarian follicles in vitro (Alsop, D.,
J. Ings, and M. M. Vijayan, unpublished data). Based on these
observations, we propose a direct role for ACTH signaling,
in addition to a cortisol-mediated effect, in the stressor-me-
diated modulation of sex steroid production in fish (41–44).

MC2R regulation

Our results agree with previous observations from mam-
malian and fish studies that ACTH is the only endogenous
agonist of MC2R, compared with other MCRs, which bind
other POMC-derived melanocortin peptides (19, 22, 45).
Whereas �-MSH, another POMC-derived peptide did show
corticotropic activity in tilapia (46), we were unable to ob-
serve any significant effect of this peptide on either MC2R
mRNA abundance or cortisol production in trout interrenal
tissue in vitro. Indeed, �-MSH showed no significant binding
to either Fugu or mammalian MC2R (19, 47) and failed to

induce cortisol production in common carp interrenals (22).
We did not use a heterologous expression system to confirm
ligand binding and activation of trout MC2R because of the
differences in ambient temperature between the trout (�11
C) and mammalian cell systems (37 C). However, NDP-MSH,
an MC4R agonist, failed to stimulate cortisol production,
despite the presence of MC4R in trout interrenals (48). This
was further confirmed by the lack of SHU9119, an MC4R/
MC3R antagonist, to modulate ACTH-induced cortisol pro-
duction. Together, these results support MC2R activation by
ACTH as the primary signaling pathway leading to cortico-
steroid biosynthesis in teleosts.

In mammals, autoregulation of MC2R by ACTH is well
documented, but the results are equivocal (45, 49–51). For
instance, stimulation of mouse Y1 adrenocortical carcinoma
cell lines with ACTH up-regulated MC2R transcripts in a
time and dose-dependent fashion. Whereas MC2R mRNA
abundance was higher within 4–7 h, maximum (6-fold) in-
duction was attained only around 19–27 h after ACTH ex-
posure (45). Similarly, ACTH-induced MC2R mRNA up-
regulation was seen at 12 h in human adrenocortical cells
(51), whereas in human H295 adrenocortical carcinoma cell
lines and bovine adrenal fasciculate-reticularis cells, the max-
imal induction was observed only after 24 h (45, 49). Based
on these temporal differences, it is unclear whether there is
desensitization and/or receptor regulation of MC2R after
ACTH exposure.

Similar to mammalian cell models, we show for the first
time a positive regulation of MC2R by ACTH stimulation in
trout interrenal tissue in vitro. However, whereas changes in
MC2R mRNA abundance were reported only after longer-
term ACTH incubation in mammalian cell system, we ob-
served MC2R transcript up-regulation with acute (2–4 h)
ACTH stimulation in vitro. Whereas the reason for the tem-
poral differences in gene expression is unknown, it may be

A

C

B

D

FIG. 7. Effect of ACTH on steroido-
genic gene expression and cortisol pro-
duction. Interrenal tissue slices were
incubated with either control (no
ACTH) or varying concentrations of
ACTH for 8 h and medium cortisol lev-
els (A), and tissue mRNA levels of
MC2R (B), StAR (C), and P450scc (D)
determined by qPCR. Values are shown
as percent control and represent
mean � SEM (n � 4–5 fish); different
letters denote statistically significant
differences between different ACTH
concentrations (repeated measures
ANOVA, followed by Bonferonni post
hoc test; P � 0.05).
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either a species-specific effect or related to the cell system. For
instance, unlike the mammalian studies, we used tissues
from in vivo treatments for our in vitro incubations. This was
further confirmed by MC2R gene expression in the interrenal
tissue in vivo after a stressor exposure, which mimicked the
response seen in vitro.

In teleosts, acute stressors elicit significant elevation in
plasma ACTH and cortisol levels within 1 h of stimulation
(11, 52, 53) and is in agreement with our results (16) (Fig. 2A).
The rapid elevation in cortisol levels in response to an acute
stressor is due to the positive trophic effects of ACTH, in-
volving cAMP production and activation of steroidogenic
enzyme system (14, 50). This agrees with our previous find-
ings in trout that the steroidogenic capacity is enhanced
rapidly in response to ACTH stimulation, including signif-
icant elevation in cortisol production and up-regulation of
steroidogenic enzyme machinery (StAR protein and P450scc)
in trout interrenal tissues (16). Here we demonstrate for the
first time that elevation in MC2R mRNA abundance at 4 h

after stressor exposure follows the hormonal response in vivo.
This was also the case in vitro in which ACTH-stimulated
cortisol production was observed at 1 h, whereas MC2R
increase occurred only at 2 h after stimulation. The lag time
in MC2R expression in response to either acute ACTH stim-
ulation in vitro or acute stressor exposure in vivo, unlike StAR
and P450scc mRNA levels that increased at 1 h (16), leads us
to propose additional molecular events, in addition to direct
ACTH signaling, involved in MC2R transcript regulation.

For instance, mammalian studies points to a down-regu-
lation of MC2R in response to ACTH stimulation as a mech-
anism of regulating stress signaling (54–56). Indeed, MC2R
protein down-regulation was observed within minutes after
ligand binding, and it involves uncoupling from the ade-
nylate cyclase, followed by internalization (54). This is ini-

A

B

FIG. 8. Effect of �-MSH on in vitro cortisol production (A) and MC2R
levels (B) in rainbow trout interrenal tissue preparations. Interrenal
tissue slices were incubated with either control (no �-MSH) or �-MSH
(10�6 to 10�10

M) for 8 h, and both medium and tissue slices were
sampled for determining cortisol production and MC2R mRNA levels,
respectively. Values are shown as percent unstimulated control and
represent mean � SEM (n � 4–5 fish); no significant differences were
observed between different MSH concentrations (repeated measures
ANOVA, followed by Bonferonni post hoc test; P � 0.05).

A

B

FIG. 9. Effect of NDP-MSH (A) and SHU9119 (B) on in vitro cortisol
production in rainbow trout. Interrenal tissue slices were incubated
with either control or different concentrations of NDP-MSH (10�7 to
10�10

M) for 3 h and cortisol production determined (A). Similarly,
interrenal slices were treated with SHU 9119 (10�6 and 10�8

M) either
alone or in combination with ACTH (1.3 �M) for 3 h and cortisol
production determined (B). Cortisol production is expressed as per-
cent control and values represent mean � SEM (n � 4–5 fish); no
significant differences in cortisol production were observed with NDP-
MSH, whereas bars with different letters were statistically significant
(one-way ANOVA, followed by Bonferonni post hoc test; P � 0.05).
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tiated by receptor phosphorylation by second messenger-
regulated kinases such as protein kinase A or PKC, with
subsequent binding of proteins referred to as arrestins, lead-
ing to down-regulation of the protein (56). This is generally
followed by increased transcription of MC2R and new pro-
tein synthesis to replenish the receptors on the cell surface
(56). Indeed, in bovine primary cultures of fasciculata cells,
short-term ACTH treatment desensitized MC2R and cAMP
response, and this was followed by an increase in the number
of ACTH-binding sites (57) as well as MC2R mRNA abun-
dance (49). Together, these results suggest an increased
MC2R turnover as a key aspect of the stress adaptation pro-
cess, including autoregulation of the receptor by ACTH, but
the mechanism(s) involved are far from clear. Indeed, the
recent discovery of MC2R accessory protein (58), and its role
in the regulation of MC2R signaling (59, 60) suggests addi-
tional mechanisms modulating receptor function. The pres-
ence of putative PKC and protein kinase A phosphorylation
sites in trout MC2R, similar to that in mammals, suggests that
the mechanism for receptor regulation is highly conserved in
vertebrates, underscoring a key role for this receptor in stress
adaptation. Specifically, we propose receptor cycling as a
possible mechanism to maintain interrenal responsiveness to
ACTH stimulation during subsequent stressor exposures,
whereas the mechanism(s) of action remains to be elucidated.

Conclusions

In conclusion, MC2R was cloned and sequenced from a
salmonid, the rainbow trout, and based on the sequence
alignment, phylogenetic analysis, and tissue distribution can
be categorized as ortholog of mammalian MC2R. ACTH
stimulation, the primary ligand for MC2R, elevated MC2R
mRNA abundance in trout interrenal tissue, supporting a
highly conserved receptor autoregulation by its ligand in
vertebrates. This MC2R up-regulation along with enhanced
steroidogenic capacity observed in vitro was also evident in
vivo in response to an acute stressor exposure, underpinning
a critical role for MC2R dynamics in the evolutionarily con-
served cortisol response essential for stress adaptation in
vertebrates. A key finding was the tissue-specific distribution
of MC2R transcripts in extraadrenal tissues, especially in the
gonads of trout. Because acute stressor exposure has been
linked to altered circulating sex steroid levels in teleosts, we
hypothesize a role for ACTH signaling in the stressor-me-
diated reproductive dysfunction. Taken together, our results
suggest a highly conserved ACTH signaling system in ver-
tebrates, whereas tissue-specific distribution suggests an ex-
traadrenal role for ACTH in teleosts.
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