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KEYWORDS Summary Themelanocortin4receptor (MC4R), well-known foritsrole in the regulation of energy
Melanocortin; balance, iswidely expressedinstress-regulatory brain regions, including the paraventricular nucleus
Metabolism; of the hypothalamus (PVH) and the medial amygdala (MeA). In agreement with this, MC4R has been
Stress; implicated in hypothalamic—pituitary—adrenocortical axis (HPA) regulation. The present work
HPA; investigated the role of chronic Mc4r function to modulate basal HPA axis tone and to facilitate acute
Obesity HPAresponsesto psychologicalstress, usinganovelrat model with Mc4rloss-of-function. Inthisstudy,

adult male rats were placed into 3 groups (n = 15/group) according to genotype [wild-type (WT);
heterozygous mutant (HET); and homozygous mutant (HOM)]. Basal (pre-stress) plasma adrenocor-
ticotropic hormone (ACTH) and corticosterone were measured in the AM and PM, and the HPA axis
response to restraint was assessed in the AM. Rats were perfused at 2 h after restraint to assess the
effect of loss of MC4R on stress-induced c-Fos immunolabeling in stress-regulatory brain regions. We
find that basal (non-stress) AM and PM plasma ACTH and corticosterone showed a normal diurnal
rhythm that was not altered according to genotype. Consistent with this, adrenal and thymus weights
were unaffected by genotype. However, the plasma ACTH and corticosterone responses to restraint
weresignificantly reduced by loss of MC4R function. Likewise, stress-induced c-Fosimmunolabelingin
both PVH and MeA was significantly reduced by loss of Mc4r function. These results support the
hypothesis that endogenous MC4R signaling contributes to the HPA axis response to stress. Because
MC4Rplaysacriticalroleintheregulationofenergybalance, the present work suggeststhatitmayalso
serve as an important communication link between brain metabolic and stress systems.
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1. Introduction

The melanocortin-4 receptor (MC4R) is a G-protein coupled
receptor, expressed primarily in the central nervous system
(Cone, 2005; Tao, 2010), that plays a key role in the main-
tenance of energy balance in humans (Vaisse et al., 1998; Yeo
etal., 1998; Faroogi and O’Rahilly, 2000; Faroogqi et al., 2003)
and rodents (Huszar et al., 1997; Mul et al., 2012). MC4R
activity is controlled by the opposing effects of its endogen-
ous agonist, a-melanocyte-stimulating hormone (a-MSH),
and endogenous antagonist, agouti-related protein (AgRP)
(Fong et al., 1997; Ollmann et al., 1997; Shutter et al., 1997).
Additionally, MC4R has an intrinsic constitutive activity on
which AgRP also acts as an inverse agonist (Srinivasan et al.,
2004).

MC4R is expressed in several stress-regulatory brain
regions including the paraventricular hypothalamus (PVH)
and the medial amygdala (Herman et al., 2003; Balthasar,
2006) (MeA), suggesting that MC4R may play an important
role in brain stress integration. In the PVH MC4R co-localizes
with corticotropin releasing hormone (CRH), and its pharma-
cological activation increases CRH mRNA as well as circulat-
ing adrenocorticotropic hormone (ACTH) and corticosterone
(CORT) (Dhillo et al., 2002; Lu et al., 2003). Pharmacologic
activation of MC4R in the MeA also increases circulating CORT
(Liu et al., 2013). Moreover, neurons in the arcuate hypotha-
lamus (ARC) that express pro-opiomelanocortin (POMC), the
pro-hormone cleaved to produce «-MSH, project to MC4R-
expressing neurons in the PVH and MeA (Balthasar, 2006) and
are rapidly activated by acute restraint and forced-swim
stress (Liu et al., 2007).

Consistent with this neuroanatomy, a growing body of
pharmacological evidence suggests that central MC4R activ-
ity may play an important role to coordinate behavioral and
hormonal responses to psychological stress. Acute intracer-
ebroventricular (ICV) administration of MC4R agonists
increases anxiety-like behavior (De Barioglio et al., 1991;
Gonzalez et al., 1996; Liu et al., 2013) whereas acute ICV
administration of MC4R antagonists is anxiolytic (Chaki et al.,
2003; Liu et al., 2007, 2013; Kokare et al., 2010; Serova
et al., 2013). Many of these effects can be recapitulated by
acute site-specific injections of pharmacological MC4R ago-
nists and antagonists directly into the MeA (Liu et al., 2013).
Despite pharmacological evidence that MC4R is involved in
the stress response, the effect of chronic Mc4r loss-of-func-
tion on basal and stress-induced hypothalamic—pituitary—
adrenocortical (HPA) axis tone remains to be determined. In
the present study we investigated the hypothesis that tonic
MC4R-signaling facilitates both basal and stress-induced HPA
activity, using a functional Mc4r knockout rat model.

2. Materials and methods
2.1. Rats

Age-matched male rats were generated in-house from breed-
ing pairs that were heterozygous for a loss of function
mutation (K314X) in Mc4r (Mul et al., 2012). Males either
homozygous (HOM, n = 15) or heterozygous (HET, n = 15) for
the mutation, and their wild-type littermate controls (WT,
n=15) were identified with the KASPar SNP genotyping

system (KBiosciences, Hoddesdon, UK). Rats were singly
housed in an AAALAC-approved facility with a 12—12
light—dark cycle (lights on at 0600 h), and allowed ad libitum
access to water and pelleted chow (Harlan Teklad, Madison,
WI). The University of Cincinnati IACUC approved all animal
protocols.

2.2. HPA axis testing

An ‘unstressed’ tail-clip blood sample was collected in the PM
(1600 h) to assess basal HPA axis activity near the peak of the
diurnal rhythm. Briefly, rats were quickly placed into well-
ventilated restraint tubes, the last ~0.5 mm of the tail was
removed with a scalpel, and blood (~100—200 wl) was gently
milked into an EDTA-coated tube by highly trained lab per-
sonnel. Importantly, collection of this sample was completed
within 3 min of first disturbing the rat’s home cage; previous
work from our group (Vahl et al., 2005) indicates this quick
timeframe provides a snapshot of ‘unstressed’ hormones, as
it is completed prior to any increases in ACTH and corticos-
terone that occur in response to handling of the animal. One
week later in the AM (0800 h), another tail-clip blood sample
was quickly collected (as described above) except that the
rats then remained in the restraint tubes for 30 min, with
collection of additional blood samples at 15, 30, 60 and
120 min after the onset of restraint. Plasma ACTH and CORT
were measured by radioimmunoassay as described previously
(Ulrich-Lai et al., 2010).

2.3. Stress-induced neuronal activation

At 120 min after the onset of restraint, rats were given lethal
injections of Pentobarbital and then perfused with normal
saline followed by 4% paraformaldehyde in potassium buf-
fered saline (PBS; pH 7.4). Brains were collected for immu-
nohistochemistry, postfixed at 4°C for 24h in 4.0%
paraformaldehyde in PBS, and stored at 4°C in 30.0%
sucrose/PBS.

c-Fos positive cells were identified using immunohisto-
chemistry. Coronal hypothalamic sections (25 uwm) were
stored in ethylene glycol cryoprotectant at —20 °C until time
of use. Briefly, tissue sections were removed from cryopro-
tectant and washed in 0.1 M potassium phosphate-buffered
saline (KPBS). To block endogenous peroxidases, tissue was
incubated in 1% hydrogen peroxide solution for 10 min and
subsequently rinsed in KPBS. Tissue was then preincubated in
blocking buffer (KPBS +0.2% triton X-100+0.1% bovine
serum albumin (BSA)) for 1 h at room temperature, followed
by incubation with c-Fos-specific antibody (1:5000, Santa
Cruz Biotechnology, #sc-52) in blocking buffer for 24 h at
4 °C. Following washes in KPBS, tissue was incubated for 1 h
in biotinylated goat anti-rabbit antibody (1:500 in
KPBS + 0.1% BSA; Vector Laboratories), and subsequently
washed and incubated in avidin—biotin—peroxidase solution
(1:1000 in KPBS + 0.1% BSA; Vector Laboratories) for 30 min.
c-Fos immunoreactivity was visualized with 3,3’-diaminoben-
zidine.

Brightfield images of c-Fos immunolabeling were obtained
using an Axio Imager.M2 microscope (Zeiss) equipped with an
AxioCam MRm camera (Zeiss). The PVH, ARC, and MeA were
identified using a rat brain atlas (Paxinos and Watson, 1998)
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and standard anatomical landmarks to define nuclear bound-
aries (third ventricle, fornix, optic tract). An individual blind
to the experimental treatment groups counted the number of
c-Fos-positive cells in each brain region using Image J soft-
ware (NIH). Display images were adjusted for brightness and
contrast.

2.4. Adrenal and thymus weights

Adrenals and thymus were collected from each rat at sacri-
fice, cleaned and weighed, providing indirect indices of
chronic HPA tone.

2.5. Statistics

Statistical differences were determined using the Kruskal—
Wallis test with Dunn’s post hoc analysis, or by ANOVA (with
repeated measures when appropriate) with Tukey’s post hoc
analysis, or by two-tailed t-test as indicated. In instances
where the variance was not homogenous, analyses were
performed on rank-transformed data, as indicated « = 0.05.

3. Results

3.1. Energy balance

As expected (Mul et al., 2012), HOM rats demonstrated early-
onset obesity, with 9-week old HOM rats being 35% heavier
than WT littermates (Fig. 1, Kruskal—Wallis with Dunn’s post
hoc, p < 0.001). However, 9-week old HET rats were not
significantly heavier than their WT littermates (Fig. 1), con-
firming late-onset obesity with Mc4r haploinsufficiency (Mul
et al., 2012).

3.2. Basal HPA activity

In the absence of stress, basal plasma ACTH and CORT con-
centrations exhibited a typical diurnal rhythm. Both hormones
were lower in the morning (AM) and higher in the late after-
noon (PM) (Fig. 2A and B, 2-way RM ANOVA, p (time) < 0.001),
but there was no significant effect of genotype.

500-
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Figure 1  Loss of Mc4r function was associated with increased
body weight. 9-Week old HOM, but not HET rats were significantly
heavier than their WT littermates (Kruskal—Wallis, p < 0.001).
Data presented as mean + S.E.M. ***P < 0.001 compared to both
WT and HET littermates; n =15 per group.

There were no significant differences among the geno-
types with regard to either adrenal or thymus weight (Fig. 3A
and B, ANOVA, ns). However, when adrenal and thymus
weights were expressed relative to body weight, both organs
were significantly smaller in HOM rats compared to HET and
WT littermates (Fig. 3C and D, ANOVA with Tukey’s post hoc,
p < 0.01), likely as a simple consequence of the different
body weights.

3.3. HPA response to acute restraint stress

The stress-induced increase in circulating ACTH, as measured
by the integrated area under the ACTH: time curve, was
significantly blunted among HET rats compared to their WT
littermates (Fig. 4B, ANOVA with Tukey’s post hoc, p = 0.05).
Consistent with this, the stress-induced increase in circulat-
ing CORT was also significantly blunted in HET rats as well as
HOM rats, relative to their WT littermates (Fig. 5A, 2-way RM
ANOVA, p (genotype x time) < 0.05). Post hoc analysis using
Tukey’s HSD indicated that HET and HOM rats had a lower
concentration of plasma CORT at 60 min after the onset of
restraint (p < 0.05). Furthermore there was a significant
effect of genotype on the integrated CORT response to
restraint, as calculated by the area under the curve
(Fig. 5B, Kruskal—Wallis test, p < 0.05), although there were
no significantly different post hoc comparisons.

3.4. c-Fos response to acute restraint stress

In agreement with the lower ACTH and CORT responses in HET
rats, neuronal activation in response to acute restraint stress
(indicated by c-Fos positive cells) was blunted by 21% in the
PVH (Fig. 6A, ANOVA with Tukey post hoc, p < 0.05) and by
33% in the MeA (Fig. 6B, ANOVA with Tukey’s post hoc,
p=0.05) of HET rats, relative to WT rats. No significant
differences were observed among the genotypes in the
ARC (Fig. 6C).

4. Discussion

Our data support the hypothesis that MC4R-signaling facil-
itates stress-induced, but not basal, HPA activity. Specifi-
cally, we found that constitutive Mc4r loss-of-function did
not alter basal concentrations of ACTH or CORT, and did not
meaningfully alter adrenal or thymus weights; however it did
significantly blunt the ACTH and CORT response to an acute
psychological stressor. Consistent with this, Mc4r loss-of-
function also blunted stress-induced neuronal activity in
the PVH and MeA, two key stress-regulatory brain regions
that express MC4R and are known to be involved in stress
excitation (Balthasar, 2006; Ulrich-Lai and Herman, 2009).
The data support that melanocortin-signaling, a well-known
pathway important for the regulation of energy homeostasis,
also plays a key role to facilitate HPA activity. These data
further suggest a possible role for the melanocortin system to
link nutrient consumption with stress regulation.

We included rats that were heterozygous for the Mc4r
mutation along with their HOM and WT littermates for two
reasons. First, heterozygous Mc4r loss-of-function is the most
common genetic cause of obesity in humans (Faroogi and
O’Rahilly, 2004). Thus the comparison between WT and HET
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Figure 2 Basal HPA activity was not altered by genotype. (A) ACTH exhibited a normal diurnal rhythm, with significantly greater
plasma concentrations in the PM. This was not affected by genotype (2-way RM ANOVA, p (time) < 0.001). (B) Corticosterone also
exhibited a normal diurnal rhythm, with greater plasma concentrations in the PM. This was not affected by genotype (2-way RM ANOVA,
p (time) < 0.001). Data presented as mean + S.E.M. ?P < 0.05 compared to AM; n = 15 per group.

rats was the most clinically relevant comparison. Second,
increased adiposity per se may influence both basal and acute
HPA function. Unfortunately it was not feasible to account for
differences in adiposity between the WT and HOM rats with
‘pair-feeding’ or caloric restriction, since these have signifi-
cant effects on stress responses (Flak et al., 2011; Guarnieri
et al., 2012) and would influence the stress system unevenly
across the groups. Importantly however, when we performed
these studies at 9 weeks of age, there was no significance
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Figure 3

difference in the body weights of WT and HET rats (Fig. 1).
Consequently any differences observed between the WT and
HET groups provide clear information about the role of MC4R,
whereas comparisons to the HOM group may be confounded
by their different body weights.

Although previous studies (Liu et al., 2007, 2013) have
used acute pharmacological manipulations to interrogate a
potential role for MC4R-signaling in acute HPA responses to
stress, the effect of Mc4r function on basal HPA activity has
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Basal HPA activity was not altered by genotype. There was no significant effect of genotype on thymus (A) or total adrenal

weight (B). However, when normalized to body weight, HOM rats had significantly lower relative thymus (C, ANOVA, p < 0.01) and total
adrenal weights (D, ANOVA, p < 0.001). Data presented as mean + S.E.M. *P < 0.01 relative to both WTand HET littermates; n = 15 per

group.
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Figure 4 The ACTH response to acute restraint was blunted by Mc4r loss-of-function. (A) Rats were placed in a well-ventilated clear
Plexiglas restrainer for 30 min. Blood was sampled from the tip of the tail vein at the indicated times. (B) The stress-induced increase in
circulating ACTH, as measured by the integrated area under the ACTH: time curve, was significantly blunted among HET rats compared

to their WT littermates (ANOVA, p = 0.05). Data presented as mean + S.E.M. *P < 0.05; n = 15 per group.

not yet been reported. Here we find that constitutive Mc4r
loss-of-function does not alter basal HPA tone. Specifically,
we observed a normal circadian rhythm for circulating ACTH
and CORT, with equivalent plasma levels regardless of geno-
type at both the nadir (AM) and peak (PM) of the circadian
rhythm (Fig. 2A and B). Other indices of tonic HPA activity
include adrenal hypertrophy, commonly observed as a con-
sequence of chronic stress-induced ACTH release, and thymic
atrophy, triggered by prolonged glucocorticoid exposure.
Consistent with the basal hormones, we did not observe
any meaningful differences in adrenal or thymus weights.
Specifically, when we compared absolute adrenal and thymus
weights at sacrifice, there were no significant differences
among the genotypes (Fig. 3A and B). However, when normal-
ized to total body weight, both organ weights were reduced
in HOM rats (Fig. 3C and D). We interpret this as an artifact of
the greater adiposity induced by the HOM mutation. Indeed,
if Mc4r loss-of-function influences basal HPA tone, we would
expect adrenal and thymus weights to be affected in opposite
directions.

Consistent with previous acute pharmacological experi-
ments (Liu et al., 2013), constitutive loss of Mc4r-function
was associated with blunted HPA responses to acute psycho-
logical stress. Specifically, we observed that, compared to
WT littermates, HET rats exhibited a significantly blunted
ACTH and CORT response, and HOM rats exhibited a signifi-
cantly blunted CORT response to restraint. These data sup-
port the hypothesis that endogenous MC4R-signaling
facilitates the HPA response to psychological stress. In agree-
ment with this, a recent study using human genetic loci to
understand the relationship between adiposity and psycho-
logical distress in a Danish population concluded that, when
Mc4r genotype was used as an instrumental variable, adip-
osity was inversely associated with distress (Lawlor et al.,
2011). This suggests that diminished Mc4r function associates
with both increased body weight and diminished stress.
Intriguingly, when these authors applied conventional multi-
variable analyses to the same dataset, adiposity was posi-
tively associated with distress (Lawlor et al., 2011),
suggesting there may be additional opposing effects of body
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Figure 5 The corticosterone response to acute restraint was blunted by Mc4r loss-of-function. (A) The corticosterone response was
blunted in both HET and HOM rats, relative to WT littermates, at 60 min following the onset of acute restraint (RM ANOVA, p
(genotype x time) < 0.01). (B) There was a significant effect of genotype to reduce the integrated area under the CORT: time curve
(Kruskal—Wallis, p < 0.05), though none of the post hoc comparisons were significant. Data presented as mean + S.E.M. *P < 0.05
compared to WT littermates; n =15 per group.
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Figure 6 The c-Fos response to acute restraint in the PVH and MeA was blunted by Mc4r loss-of-function. The c-Fos response to acute
restraint was significantly blunted in the PVH (A) and MeA (B), but not in the ARC (C), of HET rats compared to their WT littermates
(ANOVA with Tukey’s post hoc, p < 0.01). Data presented as mean + S.E.M. *P < 0.05 relative to WT littermates; n = 15 per group. (D—
F) Representative images of PVH c-Fos in WT (D), HET (E), and HOM (F) rats at 2-h following the onset of restraint; scale bar = 100 pM.
(G—1) Representative images of MeA c-Fos in WT (G), HET (H), and HOM () rats at 2-h following the onset of restraint; scale

bar =200 uwM; opt = optic tract.

fat compared to Mc4r genotype per se on these endpoints.
Consistent with this, there is some evidence to suggest that
increased adiposity is associated with an exaggerated cortisol
response to psychological stress (Francis et al., 2013; Lu
et al., 2014).

The apparent discrepancy observed by Lawlor et al. (2011)
is consistent with the present findings. That is, our work
supports a model in which loss of Mc4r function per se is
associated with blunted indices of psychological distress,
which is partially masked by much greater adiposity in
HOM individuals. In contrast to the “dose dependent” effect
of the Mc4r gene on obesity (Huszar et al., 1997; Vaisse et al.,
1998; Farooqgi and O’Rahilly, 2000; Mul et al., 2012), the
effect of Mc4r function on stress reactivity in this study was
generally more apparent in HET compared to HOM rats. For

example, we compared the activation of neuronal popula-
tions in key stress-regulatory regions in response to restraint
by immunolabeling for the immediate-early protein, Fos. In
the MeA, we observed a significant effect of genotype to
blunt the Fos response, and this was most apparent in the HET
group relative to WT littermates (Fig. 6A). The MeA is essen-
tial for processing emotions, including anxiety, and is espe-
cially sensitive to stressors with a predominantly emotional
component, such as restraint (Ulrich-Lai and Herman, 2009).
Lesions of the MeA attenuate the HPA response to stress
(Dayas et al., 1999). Conversely, direct stimulation of the
MeA, either globally via electrophysiology (Dunn and White-
ner, 1986; Feldman et al., 1990), or via direct pharmacolo-
gical stimulation of MC4R-expressing MeA neurons (Liu et al.,
2013), increases plasma CORT. Our data suggest, therefore,
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that constitutive loss of Mc4r function reduces stress-induced
neuronal activity in the MeA, likely contributing to the
blunted hormonal response to restraint.

Intriguingly, MeA lesion not only attenuates the HPA
response to stress, but also is remarkably effective to attenu-
ate stress-induced c-Fos in the PVH (Dayas et al., 1999). In
agreement with this, and with the blunted ACTH and CORT
response to restraint, we also observed a significant effect of
genotype to blunt the Fos response to restraint in the PVH.
Also consistent with the previous findings, and with a poten-
tially confounding role of excess adiposity per se, this was
more apparent among the HET rats compared to their WT
littermates. The PVH is a key region for integrating the HPA
response to stress, and it receives inputs from the MeA
indirectly via the bed nucleus of the stria terminalis
(Ulrich-Lai and Herman, 2009). Additionally, the PVH itself
expresses MC4R, and these neurons receive direct inputs
from ARC «-MSH and/or AgRP neurons. In this way, melano-
cortin signaling directly in the PVH may also contribute to HPA
activation following stress (Dhillo et al., 2002; Lu et al.,
2003). The pronounced reduction in c-Fos induction in the
MeA and PVH, relative to the somewhat more modest reduc-
tion in the HPA hormonal response, likely reflects that the
MeA and PVH are just two important players among a complex
HPA regulatory system that includes numerous other neuro-
transmitter systems acting across multiple brain regions
(Ulrich-Lai and Herman, 2009).

Importantly, metabolic diseases like anorexia, obesity,
and diabetes, and stress-associated psychological disorders
like anxiety and depression, have a high incidence of co-
morbidity (Dixon, 2010). This relationship likely arises from
complex interactions, and overlap, between brain stress and
feeding circuitry, as well as associated receptor-signaling
pathways (Ulrich-Lai and Ryan, 2014). Arcuate melanocorti-
nergic neurons expressing AgRP or «-MSH play a well-
described, critical role to integrate peripheral signals regard-
ing energy needs and availability (Schwartz et al., 2000; Ryan
et al., 2012). These neurons signal via MC4R in the PVH, MeA
and elsewhere to regulate feeding behavior and energy
expenditure. Additionally, «-MSH neurons are activated in
response to psychological stress. The present findings empha-
size that MC4R signaling facilitates stress-induced, but not
basal, HPA axis activity, and suggest a potentially key role for
MC4R-signaling to integrate and coordinate energy balance
and stress regulatory responses.
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