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A B S T R A C T

RT-PCR analysis of gar pituitary and brain indicated that different combinations of gar melanocortin receptor
mRNAs are present in the same tissues with mRNAs for gar mrap1 and gar mrap2. Against this background, an
objective of this study was to determine whether the ligand sensitivity for either ACTH or α-MSH was affected
when gar (g) melanocortin receptors (Mcrs) were co-expressed with either of the accessory proteins gMrap1 or
gMrap2 in Chinese Hamster Ovary cells. The results indicated that gMc2r has an obligatory requirement for co-
expression with gMrap1 in order for the receptor to be activated by hACTH(1–24). In addition, activation of
gMc2r did not occur when the receptor was expressed alone or co-expressed with gMrap2. Furthermore, co-
expression of gMc2r with gMrap1 followed by stimulation with NDP-MSH resulted in a low level of activation
(only at 10−7M and 10−6M). However, gMc1r, gMc3r, gMc4r, and gMc5r responded to stimulation by NDP-
MSH in a more robust manner. Co-expression of gMc1r, gMc3r, gMc4r, and gMc5r with gMRAP1 had no effect on
sensitivity to stimulation by NDP-MSH or hACTH(1–24). Co-expression with gMRAP2 had no negative or po-
sitive effect on ligand sensitivity for gMc1r, gMc3r, and gMc5r, however this treatment did increase the acti-
vation of CHO cells transfected with gMc4r following stimulation with both hACTH(1–24) (p < 0.001), and
NDP-MSH (p < 0.001). Co-expression of gMC5R with either gMRAP1 or gMRAP2 increased trafficking of
gMC5R to the plasma membrane. These pharmacological observations are compared to the response of mela-
nocortin receptors from other neopterygian fishes, cartilaginous fishes, and tetrapods to stimulation by ACTH
(1–24) and forms of α-MSH.

1. Introduction

Subclass Neopterygii is an assemblage of ray-finned bony fishes in
class Actinopterygii that includes order Lepisosteiformes (the gars),
order Amiformes (the bowfin) and division Teleostei (the modern bony
fishes) (Nelson, 1994). The fossil record indicates that this assemblage
emerged during the late Permian, and the Lepisosteiformes may be the
oldest of the three lineages (Carroll, 1988s). Analyses of the mor-
phology of extant and fossil neopterygygians have alternatively placed
the Lepiosteiformes as the sister group to a clade consisting of the
Semionotiformes (a group of extinct neopterygians), the Amiformes,
and the Teleostei, or have placed the Lepisosteiformes as the sister
group to a clade consisting of the Amiformes and the Teleostei, as
summarized by Nelson (1994). Subsequent sequencing (Amores et al.,

2011) and annotation of the genome of Lepisosteus oculatus (Braasch
et al., 2016) favors the latter hypothesis. In addition, analysis of the
slowly evolving gar genome has provided perspectives on the evolution
of several gene families, (e.g., immunity, mineralization, and develop-
ment) for not only their sister group, the teleosts, but also for the cor-
responding human genes (Braasch et al., 2016). Hence the gar genome
appears to occupy a unique phylogenetic position within the bony
vertebrates for analyzing the radiation of gene families (Braasch et al.,
2016). In this regard, an analysis of the pharmacological properties of
gar melanocortin receptors (gMcrs) may be informative with respect to
the functional radiation of this gene family in teleosts and tetrapods.
Melanocortin receptors are unique to the chordates (Vastermark and

Schiöth, 2011), and are members of the rhodopsin family of G protein-
coupled receptors (GPCR; Yang, 2011). This family of receptors usually
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includes five single-exon members (i.e., Mc1r, Mc2r, Mc3r, Mc4r, and
Mc5r) located on autosomal chromosomes, and have evolved novel
functions as reviewed in Cone (2006) and Metz et al. (2006). Melano-
cortin receptors (Mcrs) are activated by the melanocortin peptides
ACTH, and the MSH-sized ligands (i.e., α-MSH, β-MSH, γ-MSH and δ-
MSH; Takahashi et al., 2001; Cone, 2006) which are in turn, derived
from the common precursor protein gene, Pomc (Nakanishi et al., 1979;
Amemiya et al., 2000). The Mcr genes and the Pomc gene have co-
evolved during the radiation of the chordates with two accessory pro-
tein genes (for review see Dores et al., 2016), Mrap1 (melanocortin-2
accessory protein 1; Metherell et al., 2005), and Mrap2 (melanocortin-2
accessory protein 2; Chan et al., 2009). For some of the melanocortin
receptors, the interplay between the receptor and one of these accessory
proteins can influence ligand selectivity, ligand sensitivity, and traf-
ficking of the receptor to the plasma membrane.
For example, the functional expression of human (h) Mc2r is com-

pletely dependent on co-expression with the Mrap1 gene (Metherell
et al., 2005; Sebag and Hinkle, 2007). When hMc2r forms a hetero-
dimer with Mrap1, the complex will traffic from the endoplasmic re-
ticulum to the plasma membrane. As a result, hMc2r will be in the
correct configuration to be stimulated by ACTH, but the receptor
cannot be activated by any of the MSH-sized ligands at physiological
concentrations (Metherell et al., 2005; Sebag and Hinkle, 2007). In
addition, in the absence of this interaction, hMc2r is unable to move to
the plasma membrane. These same trafficking and ligand selectivity
properties have also been observed for three teleost MC2R orthologs;
zebrafish (Agulleiro et al., 2010), sea bass (Agulleiro et al., 2013), and
rainbow trout (Liang et al., 2015). With respect to the gMc2r ortholog,
the prediction would be that this Mc2r ortholog should also have an
obligatory requirement for interaction with gMrap1.
While Mrap1 interaction with hMc2r facilitates trafficking to the

plasma membrane, Mrap1 interaction with hMc5r has the opposite ef-
fect (Sebag and Hinkle, 2009). If the hMc5r/Mrap1 interaction is an
ancestral feature for bony vertebrate Mc5r orthologs, then the predic-
tion would be that formation of a gMc5r/gMrap1 heterodimer will
decrease trafficking of the receptor to the plasma membrane.
Finally, Mrap2 co-expression with either mouse Mc4r (Asai et al.,

2013) or zebrafish Mc4r (Sebag et al., 2013) enhances ligand sensitivity
of the receptor to activation by NDP-MSH, and in the case of the zeb-
rafish Mc4r, sensitivity for activation by ACTH increases as well (Josep
Agulleiro et al., 2013). For the gMc4r ortholog, the prediction would be
that the ligand selectivity and sensitivity of gMc4r would also be af-
fected by co-expression with gMrap2.
To evaluate these predictions and to determine whether the ligand

selectivity and sensitivity properties of gMc1r, gMc2r, gMc3r, gMc4r,
and gMc5r are influenced by co-expression with gMrap1 or gMrap2,
individual gar melanocortin receptors were transiently transfected into
Chinese Hamster Ovary cells, and stimulated with either hACTH(1–24)
or NDP-MSH, and the effects of these manipulations on activation of the
respective receptor were evaluated by using a cAMP-reporter gene
assay. In addition, an RT-PCR analysis was also done to identify gar
tissues that co-express gmcr and gmrap mRNAs.

2. Materials and methods

2.1. DNA constructs

The cDNA sequences of gMc1r, gMc2r, gMc3r, gMc4r, gMc5r,
gMrap1, and gMrap2 were obtained from the spotted gar genome da-
tabase (http://uswest.ensembl.org/Lepisosteus_oculatus/Info/Index)
and the identification codes for each cDNA were: gMc1r,
ENSLOCT00000001382; gMc2r, ENSLOCG00000009532; gMc3r,
ENSLOCT00000022499; gMc4r, ENSLOCG00000018161; gMc5r,
ENSLOCG00000018340), gMrap1, ENSLOCG00000009184; and
gMrap2, ENSLOCG00000016569). Each cDNA was synthesized by
GenScript (Piscataway, NJ) and inserted into a pcDNA3.1+ vector. The

cAMP reporter gene construct CRE-Luciferase (Chepurny and Holz,
2007) was provided by Dr. Patricia Hinkle (University of Rochester,
NY). An alignment of the gmcr amino acid sequences is presented in
Supplemental Fig. S1, and the amino acid sequences of gMrap1 and
gMrap2 are presented in Supplemental Fig. S2.

2.2. RT-PCR protocol

Spotted gar (Lepisosteus oculatus) were obtained as embryos from
hormone-induced spawns of wild-caught broodstock from bayous near
Thibodaux, LA, USA and then raised in 150-300-gallon tanks in ac-
cordance with approved Institutional Animal Care and Use Committee
(IACUC) protocols at Michigan State University (protocol number AUF
10/16-179-00). Gar tissues (pituitary, hypothalamus, brain minus hy-
pothalamus, liver, heart, immature gonad, and muscle) were dissected
from four sub-adults following euthanasia in 300mg/L MS-222 (Sigma)
from fish at the age of 20months with total/standard lengths between
25.8/20.6 cm and 31.6/25.1 cm.
Total RNA was obtained from the RNAlater-preserved tissues using

Isogen RNA extraction system (Nippongene, Tokyo, Japan) according to
manufacturer’s protocol. One microgram of total RNA of each tissue
was treated with DNase I (ThermoFisher Scientific, Waltham, MA) to
remove genomic DNA, and reverse transcribed using High Capacity
cDNA Reverse Transcription Kit with the random hexamer protocol.
Negative controls for reverse transcription were performed without
reverse transcriptase. The PCR was performed using an ABI 9700
thermal cycler (ThermoFisher Scientific, Waltham, MA) with KAPA Taq
PCR Kit (KAPABIOSYSTEMS, Wilmington, MA). Primer information for
each target gene was provided in Supplemental Table 1. PCR was
performed in a 10 μL reaction volume for 40 cycles with the profile of
20 sec at 95 °C for denaturation, 30 s at 55 °C for annealing, and 30 s at
72 °C for extension. A final 5min extension at 72 °C was given. PCR
products were electrophoresed on 2.0% agarose gels stained by ethi-
dium bromide and photographed using a gel-doc system.

2.3. Tissue culture

Chinese Hamster Ovary (CHO) cells (ATCC, Manassas, VA) were
grown in Kaighn’s Modification of Ham’s F12K media (ATCC) supple-
mented with 10% fetal bovine serum, 100unit/ml penicillin, 100 μg/ml
streptomycin, 100 μg/ml normocin, and maintained in a humidified
incubator with 95% air and 5% CO2 at 37 °C. When reaching 80%
confluence, CHO cells were split into subcultures using 0.05% trypsin/
0.53mM EDTA.

2.4. ACTH analog peptides

Human (h) ACTH(1–24) and NDP-MSH (α-melanocyte-stimulating
hormone) were purchased from Sigma-Aldrich Inc.(St. Louis, MO). For
the cAMP-reporter gene assay, hACTH(1–24) was used to stimulate
transfected cells at concentrations ranging from 10−13M to 10−6M.
NDP-MSH was used at concentrations ranging from 10−12M to 10−6M.

2.5. cAMP- reporter gene assay

For the cAMP-reporter gene assay (Liang et al., 2011), 3.0× 106

CHO cells were transiently co-transfected with a gMcr cDNA construct
and either a gMrap1 or a gMrap2 cDNA construct, and the CRE-Luci-
ferase cDNA construct (2 μg each) using the Amaxa Cell Line Nucleo-
fector II system (Lonza, Portsmouth, NH) utilizing the Solution T
transfection kit and program U-23 as recommended by the company.
After a 10-minute post-transfection recovery period, cells were then
seeded in white 96-well plate at a final density of 1×105 cells/well.
48 h after transfection, cells were stimulated with concentrations of
hACTH(1–24) or NDP-MSH diluted in serum-free CHO media for 4 h at
37 °C. Following the incubation period, the stimulating media was
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removed, and the luciferase substrate reagent Bright GLO (Promega,
Madison, WI) was added to the wells for a 5min incubation period at
room temperature. Luminescence was immediately measured using a
Bio-Tek Synergy HTX plate reader (Winooski, VT). To determine the
background levels of cAMP production, a set of transfected CHO cells
were stimulated with serum free CHO media for the four hour in-
cubation period, and the average background luminescence reading for
these control wells was subtracted from the ligand-stimulated lumi-
nescence readings. The dose response curves for the stimulated cells
were analyzed using the Michaelis-Menten equation to obtain EC50
values. All assays were done in triplicate. The data were plotted using
the Kaleidograph software (www.synergy.com).

2.6. Cell surface ELISA assay

The Cell Surface ELISA assay was done following the protocol out-
line in Barney et al., 2019 with the following modifications. CHO cells
were plated in a 24-well culture dish (0.75×105 cells/well), and
grown overnight. Cells were transfected with cDNAs encoding gMcrs in
combination with either gMrap1 or gMrap2 using jetPRIME transfec-
tion reagents (Polyplus transfection, Illkirch, France). After 48 hr, cells
were fixed in 4% Paraformaldehyde, washed and then incubated with
polyclonal V5-epitope antibody (Genetex, Irvine, CA, USA), followed by
secondary HRP-conjugated goat anti-rabbit antibody. Cells were wa-
shed and treated with one-step 2,2′azinobis-3ethylbenzthiazoline-6-
sulfonic acid (one-step ABTS) (Thermo Fisher Scientific, Waltham, MA,
USA). An aliquot of supernatant was removed and absorbance at
405 nm was determined using a Spectramax i3 plate reader (Molecular
Devices, San Jose, CA, USA). For this assay, data was analyzed using
either the Student’s T-test or a one-way ANOVA with Tukey’s multi-
comparison post-test using GraphPad Prism software (GraphPad Inc, La
Jolla, CA, USA) and the threshold for significance was set at p < 0.05.

2.7. Statistical analysis of cAMP-Reporter gene assay

Data points are expressed as the mean ± standard error of the
mean (n= 3). Statistical differences between the EC50 value of the
gMcr positive control and the gMcr co-expressed with either gMrap1 or
gMrap2 were evaluated using either the Student’s t-test for equal var-
iance or one-way ANOVA followed by Tukey’s multi-comparison test
using GraphPad Prism 2 (GraphPad Software Inc, La Jolla, CA, USA) for
equal variance as specified in the figure legend for the dose response
curve. Significance was set at P≤0.05.

3. Results

3.1. RT-PCR of gar tissues

RT-PCR analysis of mrap1 and mrap2 indicated that they are ubi-
quitously expressed in all tissues examined (Fig. 1). In many samples,
higher molecular weight bands were observed long with the expected
bands, and sequencing results confirmed that they are the un-spliced
transcripts of mrap1 and mrap2 (Supplementary Figs. S3–S5). In whole
pituitary (i.e., Pars Distalis, Pars Intermedia, Pars Nervosa), the ex-
pression of mc1r, mc2r, mc3r, mc4r, and mc5r was detected (Fig. 1).
While the mc1r was not expressed in the pituitary of two individuals,
mc3r and mc4r were not expressed in one individual (Supplemental
Fig. 3). RT-PCR analysis of the hypothalamus also indicated the pre-
sence of mRNAs corresponding to mc1r, mc2r, mc4r, and mc5r. How-
ever, in this tissue the mc3r band was either very weak or not detect-
able (Fig. 1 and Supplemental Fig. S3). Furthermore, the analysis of the
rest of the brain (i.e., forebrain minus hypothalamus, midbrain, hind-
brain), revealed an mRNA profile nearly identical to that of the hy-
pothalamus.
By contrast, mc1r and mc5r mRNAs were present in liver (Fig. 1),

mc4r mRNA was detected in heart (Fig. 1, Supplemental Fig. S3), mc1r

mRNAs were detected in gonad (Supplemental Fig. 3), andmc1rmRNAs
were detected in muscle (Fig. 1 and Supplemental Fig. S3). It was un-
fortunate that our repeated attempts to identify the glucocorticoid-
synthesizing tissue associate with the head kidney of the gar were un-
successful (data not shown).
To verify the identity of each cDNA band, sequencing analysis was

performed on the RT-PCR products, and for gMc1r, gMc2r, gMc3r,
gMc4r, gMc5r, gMrap1, and gMrap2 published in the spotted gar
genome database (http://uswest.ensembl.org/Lepisosteus_oculatus/
Info/Index). As noted splice variants of gmrap1 and gmrap2 were de-
tected (Supplemental Figs. 4 and 5).

3.2. Co-expression of gar Mcrs and gMraps in CHO cells –cAMP reporter
gene assay

Since the RT-PCR analysis indicated tissues in which gar melano-
cortin receptormRNAs were also detected with garmrap1, and garmrap2
mRNAs, we conducted a pharmacological study to evaluate whether co-
expression of individual gar Mcrs with either gar Mrap1 or gar Mrap2
had an effect on ligand sensitivity. To this end, each gar melanocortin
receptor was separately expressed in CHO cells either in the presence or
absence of the respective gar Mrap paralog, and stimulated with either
human (h) ACTH(1–24) or NDP-MSH. For these experiments hACTH
(1–24) was used because this peptide has 96% primary sequence
identity with gACTH(1–24) (gPOMC: XP_015206930; Supplemental
Fig. S6). NDP-MSH (Nle4, D-Phe7-α-MSH) was used in place of α-MSH
(N-acetyl-SYSMEHFRWGKPV-NH2) because this melanocortin peptide
was used in previous studies on the ligand selectivity of the melano-
cortin receptors of a teleost (Klovins et al., 2004), and human Mc2r
(Mountjoy et al., 1992).

3.3. Melanocortin-2 receptor

As predicted, expression of gMc2r alone in CHO cells did not result
in activation of the receptor following stimulation with hACTH(1–24)
(Fig. 2A). However, activation of the receptor was recovered when

Fig. 1. mRNA Distribution of Mcrs and Mraps various tissues of spotted gar. All
the PCR amplifications were carried out for 40 cycles. Black arrows indicate the
sizes of the expected PCR products, while white arrows indicate the unspliced
transcripts found in Mraps. Elongation factor 1 α was amplified to indicate the
integrity of cDNA. RNA sample was reverse transcribed with (+) or without
(−) reverse transcriptase. Pit, pituitary; Hypo, hypothalamus; RoB, rest of
brain; L, liver; H, heart; Gon, gonad; M, muscle; MW, molecular marker.
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gMc2r was co-expressed with gMrap1 (EC50= 5.2× 10−11M
± 1.9×10−11; Fig. 2A). In addition, activation did not occur when
gMc2r was co-expressed with gMrap2 (Fig. 2A). Finally, as shown in
Fig. 2B, when gMc2r was co-expressed with gMrap1 and stimulated
with NDP-MSH, activation was observed, but only at concentrations of
10−7M and 10−6M. The degree of stimulation by NDP-MSH at 10−6M
was roughly 40% of the stimulation observed when activation of hMc2r
reached saturation at 10−9M hACTH(1–24).
A cell surface ELISA assay was used to evaluate the role that gMrap1

plays in the trafficking of gMc2r to the plasma membrane. As shown in
Fig. 2C, when expressed alone, gMc2r could not be detected on the
plasma membrane. However, when co-expressed with gMrap1, the re-
ceptor clearly trafficked to the plasma membrane.

3.4. Melanocortin 1 receptor

As shown in Fig. 3A, stimulation of gMc1r with hACTH(1–24) re-
sulted in an EC50 value of 1.4× 10−10M ± 2.5×10−11. When the
receptor was co-expressed with gMrap1, there was no positive or ne-
gative effect on the sensitivity of the receptor for stimulation by hACTH
(1–24) (EC50 value=1.0× 10−10M ± 2.3×10−11; p= 0.90).
However, co-expression with gMrap1 resulted in a decrease in the

Vmax value when stimulating with hACTH(1–24) (p < 0.001; T-test).
In addition, when gMc1r was expressed alone and stimulated with NDP-
MSH (Fig. 2A), the EC50 value was 4.2× 10−12M ± 1.6× 10−12;
whereas, co-expression with gMrap1 resulted in an EC50 value of
6.0×10−12M ± 1.7×10−12 (p= 0.92). Clearly, co-expression with
gMrap1 had no effect on the sensitivity of gMc1r for stimulation by
NDP-MSH, however, there was a decrease in the Vmax value for the
gMc1r/gMrap1 transfected cells (p= 0.02; T-test), when the receptor
was stimulated with NDP-MSH. Finally, a comparison of the EC50 va-
lues for gMc1r expressed alone and stimulated with either hACTH
(1–24) or NDP-MSH indicated that this receptor is much more sensitive
to stimulation by NDP-MSH than to stimulation by hACTH(1–24)
(p < 0.001).
Similar experiments were done to evaluate the response of gMc1r

co-expressed with gMrap2 (Fig. 3B). In this experiment, when gMc1r
was expressed alone and stimulated with hACTH(1–24), the EC50 value
was 9.1×10−11M ± 3.0×10−11 as compared to an EC50 value of
8.4× 10−11M ± 2.4×10−11 when the receptor was co-expressed
with gMrap2 (p=0.12). In addition, when gMc1r was co-expressed
with gMRAP2 and stimulated with NDP-MSH, the EC50 value was
8.6×10−12M ± 2.0×10−12; whereas, when gMc1r was expressed
alone and stimulated with NDP-MSH the EC50 value was

Fig. 2. Co-expression of gMc2r with either gMrap1 or gMrap2. A. Gar Mc2r was expressed in CHO cells in the presence of absence of gMrap1 and gMrap2, and the
transfected cells were stimulated with hACTH(1–24) as described in Methods. Following stimulation with hACTH(1–24), gMc2r had no activation when expressed
alone, and an EC50 value of 5.6× 10−11M ± 1.9× 10−13 when co-expressed with gMrap1. When gMc2r was co-expressed with gMrap2 and stimulated with hACTH
(1–24) there was no activation. B) Gar Mc2r was co-expressed with gMrap1, and separate sets of transfected cells were stimulated with either hACTH(1–24) or NDP-
MSH. Following stimulation with hACTH(1–24), the gMc2r/gMrap1 transfected cells had an EC50 value of 4.3× 10−11M ± 3.9× 10−11, and when gMc2r/gMrap1
transfected cells stimulated with NDP-MSH which resulted in weak activation only at 10−7M and 10−6M NDP-MSH. C) Cell surface ELISA analysis of gMc2r and
gMc2r/gMrap1. n=3.
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8.1×10−12M ± 1.3×10−12 (p=0.28). Apparently, co-expression
with gMrap2 had no effect, in either a positive or negative manner, on
the sensitivity of gMc1r for stimulation by either hACTH(1–24) or NDP-
MSH. In addition, co-expression with gMrap2 had no effect on the
Vmax value for hACTH(1–24) stimulated cells (P= 0.43; T-test), or the
NDP-MSH stimulated cells (p= 0.42; T-test).

3.5. Melanocortin 3 receptor

The results for gMc3r (Fig. 4A&B) were similar, but not identical to
the results observed for gMc1r. Co-expression with gMrap1 had no ef-
fect either positive or negative on sensitivity to stimulation by hACTH
(1–24); the EC50 value for the receptor expressed alone was of
2.2×10−10M ± 4.6×10−11, and when co-expressed with gMrap1
the EC50 value was 1.7×10−10M ± 2.5× 10−11 (p=0.49). Co-ex-
pression with gMrap1 also had no effect on the Vmax value for the
transfected cells. Stimulation of the receptor expressed alone with NDP-
MSH resulted in an EC50 value of 2.6×10−11 ± 5.8× 10−12, and
when the receptor was co-expressed with gMrap1 and stimulated with
NDP-MSH, the EC50 value was 2.5×10−11M ± 4.9×10−12

(p=0.98). Once again, co-expression with gMrap1 had no effect on the
Vmax value for the transfected cells. Finally, in terms of ligand efficacy,
gMc3r has a higher sensitivity for stimulation by NDP-MSH than by
stimulation with hACTH(1–24) (p=0.03).
Co-expression with gMrap2 also had no effect either positive or

negative on the sensitivity of gMc3r for stimulation by either hACTH
(1–24) or NDP-MSH. The EC50 values and the result of the one-way
ANOVA analysis appear in the legend for Fig. 4B. In addition, co-ex-
pression with gMRAP2 had no effect on the Vmax value for the trans-
fected cells stimulated with hACTH(1–24) (p – 0.99; T-test); however,
there was a decrease in the Vmax value for the transfected cells sti-
mulated with NDP-MSH (p > 0.001; T-test).

3.6. Melanocortin 4 receptor

Co-expression with gMrap1 had no statistical effect on the sensi-
tivity of gMc4r to stimulation by either hACTH(1–24) or NDP-MSH
(Fig. 5A). The EC50 values and the results of the statistical analyses are
presented in the legend for Fig. 4. In addition, co-expression with
gMrap1 had no effect on the Vmax value for the transfected cells sti-
mulated with either hACTH(1–24) or NDP-MSH. Finally, gMc4r can be
activated with equal efficacy by either hACTH(1–24) or NDP-MSH
(p= 0.11).
However, the response of gMc4r to co-expression with gMrap2 was

quite distinct relative to the other gar Mcrs (Fig. 5B). When gMc4r was
expressed alone and stimulated with hACTH(1–24), the EC50 value was
6.6×10−10M ± 9.7×10−10. However, co-expression with gMrap2
resulted in an EC50 value of 9.6×10−11M+1.9× 10−11. The gMc2r/
gMrap2 enhanced the sensitivity of the receptor for activation by
hACTH(1–24) (p < 0.001; One-Way ANOVA), and the Vmax for the
gMc4r/gMrap2 dose response curve was statistically higher than the
Vmax for the dose response curve when gMc4r was expressed alone
(p < 0.001; T-Test). In addition, when gMc4r was expressed
alone and stimulated with NDP-MSH, the EC50 value was
5.3×10−11M ± 1.0×10−11. Co-expression of the receptor with
gMrap2 resulted in a lowering of sensitivity to stimulation by NDP-MSH
(EC50 value of 4.2×10−10M ± 1.3×10−10; p= 0.003; One-Way
ANOVA), yet the Vmax for the gMc4r/gMrap2 dose response curve was
statistically higher than the Vmax for the dose response curve when
gMc4r was expressed alone (p < 0.001; T-test), and comparable in
magnitude to the Vmax value for the gMc4r/gMrap2 cells stimulated
hACTH(1–24) (Fig. 4B). When the co-expression of gMc4r and gMrap2
was analyzed using a cell surface ELISA protocol (Fig. 5C), there was no
apparent effect on the trafficking of gMc4r in either a positive or ne-
gative manner.

Fig. 3. Co-expression of gMc1r with either gMrap1 or gMrap2. A) Gar Mc1r was expressed in CHO cells in the presence of absence of gMrap1, and the transfected
cells were stimulated with either hACTH(1–24) or NDP-MSH as described in METHODS. The EC50 value for each dose response curve is presented in Results Section
3b. Statistical analysis was done using one-way ANOVA as described in METHODS. B) Gar Mc1r was expressed in the presence of absence of gMrap2, and the
transfected cells were stimulated with hACTH(1–24) or NDP-MSH as described in METHODS. Statistical analysis was done using one-way ANOVA as described in
METHODS. n=3.
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3.7. Melanocortin 5 receptor

For the analysis of gMc5r, we elected to look first at the effect of co-
expression of the receptor with either gMrap1 or gMrap2 on sensitivity to
stimulation with hACTH(1–24) (Fig. 6A). In this experiment, when gMc5r
was expressed alone, the EC50 value was 2.5×10−10M ± 2.0×10−11.
Co-expression with gMrap1 resulted in a negligible shift in sensitivity
(EC50 value=1.1×10−10M ± 2.0×10−11; p=0.5), and no change
in the Vmax value (p=0.44; T-test). Co-expression with gMrap2 also did
not affect sensitivity to stimulation with hACTH(1–24) (EC50
value=1.6×10−10M ± 1.9×10−11; p=0.5), however, there was
an increase in the Vmax value (p=0.001; T-test).
When gMc5r was expressed alone and stimulated with NDP-MSH

(Fig. 5B), the EC50 value was 2.5×10−11M ± 3.9×10−12. This
value was not statistically different from stimulation with hACTH
(1–24) (Fig. 6B), (p= 0.07; T-test). While co-expression of gMc5r with
gMrap1 had no effect on sensitivity to stimulation by NDP-MSH (EC50
value=2.8×10−11M ± 1.2×10−11; p= 0.64), there was an in-
crease in Vmax (p=0.01; T-test). In a similar manner, co-expression
with gMrap2 did not increase sensitivity to stimulation by NDP-MSH
(EC50 value=2.9×10−11M ± 6.9×10−12), however, there was an
increase in Vmax (p=0.007; T-test).
To determine whether interaction between gMc5r and gMrap1 or

gMc5r and gMrap2 has an effect on trafficking, a cell surface ELISA
analysis was done (Fig. 6C). gMc5r will move to plasma membrane
when expressed alone in CHO cells. However, there was a statistically
significant increase in trafficking when the receptor was co-expressed
with gMrap1 (p= 0.009; One-way ANOVA). However, when co-ex-
pression with gMrap2 appeared to increase the trafficking of gMc5r to
the plasma membrane, yet One-way ANOVA analysis indicated that the
apparent increase in trafficking was not statistically significant
(p=0.09).

4. Discussion

The rationale for selecting the spotted gar for this study on mela-
nocortin receptor/Mrap interactions was based on the phylogenetic
position of the gar lineage relative to the teleost and the tetrapod
lineages (Carroll, 1988). Since the number of melanocortin receptors in
this gene family was the result of at least two genome duplication
events and one local gene duplication event that occurred prior to the
diversification of the ancestral gnathostomes (Schiöth et al., 2003;
Vastermark and Schiöth, 2011), the eventual dichotomy of the ancestral
gnathostomes into ancestral cartilaginous fishes and ancestral bony
fishes has led to parallel yet distinct trajectories for at least Mc2r or-
thologs and Mc5r orthologs. This is a topic that has been recently ad-
dressed from the perspective of the cartilaginous fishes (Dores et al.,
2018; Barney et al., 2019). Hence, this study analyzed the pharmaco-
logical properties of melanocortin receptors from a bony vertebrate
perspective. Within the bony vertebrate radiation, the spotted gar
lineage (order Lepisosteiformes, subclass Neopterygii) is one of the
older lineages in which the genome has been sequenced, and the gar
lineage is at a position that precedes the emergence of the teleost and
tetrapod lineages. Hence, studies on this species may reveal traits that
are ancestral for both teleosts and tetrapods. This type of relationship
has been shown for genes associated with immunity, mineralization,
and development (Braasch et al., 2016). Against this background, one
of the objectives of this study was to see if gar melanocortin receptor
networks have retained features that can be considered ancestral for
both teleosts and tetrapods with a particular focus on the interactions
between gar melanocortin receptors and the gar accessory proteins,
Mrap1 and Mrap2.
To this end, an RT-PCR analysis of selected tissues was done to

identify tissues that co-express melanocortin receptor mRNAs and mrap
mRNAs. Previous studies on elephant shark interrenal tissue and

Fig. 4. Co-expression of gMc3r with either gMrap1 or gMrap2. A) Gar Mc3r was expressed in CHO cells in the presence of absence of gMrap1, and the transfected
cells were stimulated with hACTH(1–24) or NDP-MSH as described in Methods. The EC50 value for each dose response curve is presented in Results Section 3c.
Statistical analysis was done using one-way ANOVA as described in METHODS. Following stimulation with hACTH(1–24) for Mc3r alone vs. gMc3r/gMrap1,
p= 0.49. Following stimulation with NDP-MSH for Mc3r alone vs. gMc3r/gMrap1, p=0.98. B) Gar Mc3r was expressed in CHO cells in the presence or absence of
gMrap2, and the transfected cells were stimulated with hACTH(1–24) or NDP-MSH. Statistical analysis was done using one-way ANOVA as described in METHODS.
Following stimulation with hACTH(1–24), gMc3r expressed alone had an EC50 value of 1.0×10−10 ± 1.5 e−11, and when the receptor was co-expressed with
gMrap2 the EC50 value was 2.2× 10−10 ± 1.2×10−10 (p=0.98). When gMc3r was stimulated with NDP-MSH and expressed alone, the EC50 value was
2.4× 10−11 ± 8.6×10−12, and when the receptor was co-expressed with gMrap2 the EC50 value was 6.3× 10−11 ± 1.3×10−11 (p= 0.98). n=3.
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chicken adrenal tissue indicated that multiple melanocortin receptors
are present in these tissues along with Mrap1. In addition, pharmaco-
logical studies indicated that co-expression of a species specific Mrap1
with the corresponding Mc2r and Mc5r orthologs of these species en-
hanced sensitivity to stimulation by ACTH (Thomas et al., 2018; Dores
et al., 2018; Barney et al., 2019). We attempted to analyze the gluco-
corticoid tissues (head kidney) of the gar, but were not successful in
obtaining the correct tissues. However, an analysis of the spotted gar
pituitary and hypothalamus did reveal the presence of multiple mela-
nocortin receptor mRNAs, as well as mRNAs for mrap1 and mrap2 in the
respective tissues (Fig. 1). These observations provided a rationale for
the pharmacological studies on gar Mcr/Mrap interactions presented in
Figs. 2–6. In addition, the detection of multiple mcr and mrapmRNAs in
the pituitary and hypothalamus of the spotted gar raised some inter-
esting issues with respect to the extent of melanocortin signaling net-
works in this species.
RT-PCR analysis of the spotted gar pituitary (Fig. 1) detected mc1r,

mc2r, mc4r, and mc5r mRNAs as well as mRNAs for mrap1 and mrap2.
Since the analysis was done on whole pituitary (i.e., Pars Distalis, Pars
Intermedia, Pars Nervosa) it is not possible to determine which

pituitary cell types are making these mRNAs. For example, melano-
cortin receptors may be playing an autocrine/paracrine role in spotted
gar corticotropes (Pars Distalis; ACTH synthesizing cells) or melano-
tropes (Pars Intermedia; MSH synthesizing cells). A recent study on the
pituitary of the elephant shark yielded similar results (Barney et al,
2019). Collectively, these observations raise the possibility of a mela-
nocortin peptide hypophysiotropic network for both these species. This
possibility is not unprecedented. In a recent study on the hypotha-
lamus/pituitary network of the zebrafish, melanocortin peptides im-
munoreactivity was detected in neurosecretory cell terminals located in
close proximity to Pars Distalis cells expressing zebrafish MC4R (Zhang
et al., 2012). Thus, the presence of a melanocortin hypophysiotropic
system may be more widespread in vertebrates than previously sus-
pected.
The RT-PCR analysis of the spotted gar hypothalamus also detected

mRNAs for mc1r, mc2r, mc4r, and mc5r as well as mrap1 and mrap2
(Fig. 1). Multiple melanocortin receptor mRNAs (i.e., mc3r, mc4r, and
mc5r) and mrap2mRNA have also been detected in the hypothalamus of
the elephant shark (Barney et al., 2019), and several species of teleosts
(Cerdá-Reverter et al., 2011). Among tetrapods, multiple melanocortin

Fig. 5. Co-expression of gMc4r with either gMrap1 or gMrap2. A) Gar MC4R was expressed in the presence of absence of gMRAP1, and the transfected cells were
stimulated with hACTH(1–24) or NDP-MSH as described in Methods. Statistical analysis was done using one-way ANOVA as described in METHODS. Following
stimulation with hACTH(1–24), gMc4r had an EC50 value of 9.3× 10−11M ± 1.5× 10−11 when expressed alone, and an EC50 value of
5.7× 10−11M ± 1.2× 10−11 when co-expressed with gMrap1 (p= 0.49). When gMc4r was stimulated with NDP-MSH, the EC50 value was
3.8× 10−11M ± 8.0× 10−12 when expressed alone, and the EC50 value was 2.8×10e−11M ± 2.6× 10−11 when co-expressed with gMrap1 (p=0.98). B) Gar
Mc4r was expressed in the presence or absence of gMrap2, and the transfected cells were stimulated with either hACTH(1–24) or NDP-MSH. Statistical analysis was
done using one-way ANOVA as described in METHODS. The EC50 values and the results of the statistical analyses are presented in Results section 3.d. n=3. C) Cell
surface ELISA analysis of gMc4r and gMc4r/gMrap2. n=3.
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receptor mRNAs (i.e., mc1r, mc3r, mc4r) and mrap2 mRNA have been
detected in an avian hypothalamus (Thomas et al., 2018), and mc3r,
mc4r, and mrap2 mRNA have been detected in adult mammalian brain
(Mountjoy, 2010). Interestingly, during stages of mammalian brain
development other melanocortin receptors, such as MC2R have also
been detected in the hypothalamus (Mountjoy, 2010). In zebrafish and
mouse hypothalamus, Mc4r and Mrap2 are playing a role in feeding
behavior (Asai et al., 2013; Sebag et al., 2013; Zhang and Tao, 2017),
whether the melanocortin network in the hypothalamus of the spotted
gar plays a role in feeding behavior has yet to be experimentally de-
termined. In addition, the physiological role of Mc5r in gar liver cells,
Mcr4 in heart cells, and Mc1r in muscles is also unknown (Fig. 1). Fi-
nally, a recurrent feature of the RT-PCR analysis was the detection of
mrap1 and mrap2 mRNA in every tissue analyzed. In mammals, mrap1
mRNA and mrap2 mRNA tend to have more restrictive expression
patterns. In the hypothalamus, mrap2 mRNA is present but not mrap1
mRNA is not detected (Chan et al., 2009). Conversely, in the adrenal
cortex mrap1 mRNA is, but not mrap2 mRNA is not detected (Metherell
et al., 2005; Mountjoy, 2010). That said, in the tissues of the teleost,
Oncorrhynchus mykis (rainbow trout) a similar expression pattern to the
spotted gar for mrap1 and mrap2 mRNAs has been observed (Mathi-
lakath M. Vijayan, University of Calgary, personal communication).
The pharmacological experiments presented in this study set out to

address the predictions made in the INTRODUCTION with respect to
the interaction between Mc2r and Mrap1, Mc5r and Mrap1, and Mc4r
and Mrap2, respectively. As shown in Fig. 2A, gMc2r has an obligatory
requirement for co-expression with gMrap1 in order for the receptor to
be activated by hACTH(1–24). This interaction includes the trafficking
of gMc2r to the plasma membrane (Fig. 2C). In addition, gMrap2 did
not facilitate activation of gMc2r. These same properties have been
observed for Mc2r/Mrap1 interactions of teleosts (Agulleiro et al.,
2010; Liang et al., 2015; Zhang and Tao, 2017) and tetrapods (Sebag
and Hinkle, 2007; Davis et al., 2013; Thomas et al., 2018). Hence, it
would be reasonable to assume that these properties for Mc2r/Mrap1
interaction were established relatively early in the radiation of the
ancestral bony vertebrates. Hence, it would be reasonable to predict
that when the glucocorticoid tissue of the spotted gar is identified, this
species will have a Hypothalamus/Pituitary/Interrenal axis that func-
tions in the same manner as the HPI/A axes of other bony vertebrates.
A surprising observation was that gMC2R/gMrap1 interaction could

be activated to a limited degree by NDP-MSH at concentrations of
10−7M and 10−6M. While the stimulation by NDP-MSH is not phy-
siologically relevant, the Mc2r ortholog of the teleost, Oncorhynchus
mykis (rainbow trout) was not activated under the same experimental
conditions (Supplemental Fig. S7), and in our hands, incubation of
hMc2r/mMrap1 with NDP-MSH also did not evoke a response (Liang

Fig. 6. Co-expression of gMc5r with either gMrap1 or gMrap2. A) Gar Mc5r was expressed alone or in the presence of either gMrap1 or gMrap 2, and each set of
transfected cells was stimulated with hACTH(1–24). The EC50 value for each dose response curve, and the results of the statistical analysis of the EC50 values (one-
way ANOVA) are presented in Results Section 3e. B) Gar Mc5r was expressed alone or co-expressed with either gMrap1 or gMrap2 and the sets of transfected cells
were stimulated with NDP-MSH. The EC50 values for each dose response curve was analyzed by one-way ANOVA as described in Methods. The EC50 values and the
results of the statistical analyses are presented in Results Section 3e. n=3. C) Cell surface ELISA analysis of gMc5r, gMc5r+ gMrap1, and gMc5r+ gMrap2. n= 3.

E.A. Wolverton, et al. General and Comparative Endocrinology 282 (2019) 113215

8



et al., 2011). Perhaps stimulation of Mc2r orthologs by α-MSH-related
peptides is an ancestral gnathostome trait. Studies on cartilaginous
fishes indicate that these Mc2r orthologs when co-expressed with a
cartilaginous fish Mrap1 do respond to stimulation by α-MSH-related
peptides at concentrations in a physiologically relevant range (Reinick
et al., 2012; Dores et al., 2018;, Barney et al., 2019).
While the interaction between bony vertebrate Mc2r orthologs and

their corresponding Mrap1 orthologs is fairly uniform, the same cannot
be said for the interaction between Mc5r orthologs and Mrap1 ortho-
logs. As shown in Fig. 6A and 6B, co-expression of gMc5r with gMrap1
gMrap2 had no effect, either positive or negative, on the sensitivity of
the receptor to stimulation by either hACTH(1–24) or NDP-MSH.
However Cell Surface ELISA analysis, indicated that co-expression with
gMrap1 increased trafficking of gMc5r to the plasma membrane
(Fig. 6C). These results are in sharp contrast to what has been observed
for hMc5r. Co-expression of this receptor with mouse Mrap1 resulted in
a decrease in trafficking of the receptor to the plasma membrane (Sebag
and Hinkle, 2009). In addition, co-expression of Gallus gallus (chicken;
c) Mc5r with cMrap1 significantly increased the sensitivity of gMc5r to
stimulation by hACTH(1–24) (Thomas et al., 2018). Currently, data is
not available for the effects of co-expression of a teleost Mc5r ortholog
with a teleost Mrap1 on ligand sensitivity or trafficking. In any event, a
comparison of the amino acid sequences of gar, mouse, and chicken
Mrap1 orthologs (Fig. 7) does not reveal distinctive amino acid motifs
in the Mrap1 orthologs that might explain these observations, and a
uniform mechanism to explain Mc5r/Mrap1 interaction may not exist
for the bony fishes and tetrapods.
Co-expression of gMc5r with gMrap2 also did not affect ligand

sensitivity (Fig. 6A & B); however, this interaction did enhance the
trafficking of gMc5r to the plasma membrane (Fig. 6C). The same
outcome was not seen in mammals. For example, co-expression of
human (h) Mc5R with hMrap2 decreased trafficking of the receptor to
the plasma membrane (Chan et al., 2009). Since the transmembrane
domain of Mrap2 is responsible for trafficking, and these domains are
identical in gMrap2 and hMrap2 (Fig. 7), it is not clear why the two
accessory proteins produce different effects with their respective Mc5r
ortholog.
Finally, orthologs of Mrap2 have been shown to influence the ligand

selectivity and trafficking of Mc4r in a teleost (zebrafish; Agulleiro
et al., 2013; Sebag et al., 2013; Zhang and Tao, 2017) and a mammal
(mouse; Asai et al., 2013), and this interaction in the hypothalamus
affects feeding behavior for both species. Gar mc4r and gmrap2 mRNAs
were both detected in the hypothalamus of the spotted gar (Fig. 1). Co-
expression of gMc4r with gMrap2 statistically increased sensitivity to
stimulation by both hACTH(1–24) and NDP-MSH (Fig. 5B), and the
amplitude of stimulation (Vmax) also increased for both ligands
(Fig. 5B). In this regard, the ability of Mrap2 to influence the func-
tionality of Mc4r orthologs appears to be a feature common to bony
vertebrates. For gMc4r, the increase in stimulation does not appear to
be due to more efficient trafficking of the receptor to the plasma
membrane (Fig. 5C).
In summary, gar melanocortin receptors display properties with

respect to ligand selectivity that are nearly identical to the properties of
melanocortin receptors in teleosts and tetrapods. In this regard, the
strict requirement for interaction with Mrap1 makes this receptor very
selective for activation by ACTH, and is a common feature of bony

Fig. 7. Amino Acid Alignment of Mrap1 and Mrap2 Sequences. The amino acid sequences of gar Mrap1 (gMrap1), mouse Mrap1 (mMrap1; NP_084120), chicken
Mrap1 (cMrap1; NP_416703.1), gar Mrap2 (gMrap2) chicken Mrap2 (cMrap2; NP_001346884.1), and human Mrap2 (hMrap2; NP_001333473.1) were aligned. [A] is
the location of the activation motif in Mrap1 orthologs. [B] is the location of the reverse topology motif in Mrap1 and Mrap2 paralogs. [C] is the location of the
transmembrane domain in Mrap1 and Mrap2 paralogs. Positions that are underlined are identical in either the Mrap1 orthologs or the Mrap2 orthologs. (*) indicates
a putative N-linked glycosylation site. Note that the transmembrane domain for the three Mrap2 orthologs have identical amino acid sequences.
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vertebrate melanocortin receptors. In addition, the need for interaction
with Mrap1 for the trafficking of Mc2r orthologs to the plasma mem-
brane is also a feature common to all bony vertebrate Mc2r orthologs
that have been studied. Finally, the interaction between gMc4r and
gMrap2 also appears to be a feature common to bony vertebrates. Thus,
at least for the Mc2r/Mrap1 mediated network and the Mc4r/Mrap2
mediated network, the studies on the spotted gar did reveal common
evolutionary features in both teleosts and tetrapods.
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