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Abstract

The melanocortin receptor (MCR) system has been studied extensively for its role in feeding and
sexual behavior, but effects on social behavior have received little attention. a-MSH interacts with
neural systems involved in sociality, including oxytocin, dopamine, and opioid systems. Acute
melanotan-11 (MTII), an MC3/4R agonist, potentiates brain oxytocin (OT) release and facilitates
OT-dependent partner preference formation in socially monogamous prairie voles. Here we
examined the long-term impact of early-life MCR stimulation on hypothalamic neuronal activity
and social development in prairie voles. Male and female voles were given daily subcutaneous
injections of 10 mg/kg MTII or saline between postnatal days (PND) 1-7. Neonatally-treated
males displayed a reduction in initiated play fighting bouts as juveniles compared to control males.
Neonatal exposure to MTII facilitated partner preference formation in adult females, but not
males, after a brief cohabitation with an opposite-sex partner. Acute MTII injection elicited a
significant burst of the immediate early gene EGR-1 immunoreactivity in hypothalamic OT,
vasopressin, and corticotrophin releasing factor neurons, when tested in PND 6-7 animals. Daily
neonatal treatment with 1 mg/kg of a more selective, brain penetrant MC4R agonist, PF44687,
promoted adult partner preferences in both females and males compared with vehicle controls.
Thus, developmental exposure to MCR agonists lead to a persistent change in social behavior,
suggestive of structural or functional changes in the neural circuits involved in the formation of
social relationships.
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Introduction

The melanocortin (MC) system has been studied extensively for its role in coordinating
feeding (Poggioli et al., 1986), stress and anxiety (De Barioglio et al., 1991; Lu et al., 2003;
Chaki and Okuyama, 2005) and sexual behavior (Argiolas et al., 2000; Rossler et al., 2006),
among other physiological and behavioral processes (for review, see Wikberg et al., 2000;
Mountjoy, 2010; Tao, 2010). However, the effects of melanocortin receptor activation on
social behavior have received little attention. Alpha-melanocyte stimulating hormone (a—
MSH) stimulates central OT release from rat hypothalamic slices, an effect that is blocked
by an MC4 receptor (MC4R) antagonist (Sabatier et al., 2003). The MC4R also interacts
with additional systems involved in the regulation of social behaviors, including dopamine
(Lindblom et al., 2001), opioids (Alvaro et al., 1997), and corticotropin-releasing factor
(CRF; Lu et al., 2003).

Recently, we have found that melanocortin signaling promotes social attachment in prairie
voles (Modi et al., Unpublished results). The socially monogamous, biparental prairie vole
(Microtus ochrogaster) exhibits a complex repertoire of social behaviors that have been
associated with oxytocin, dopamine, opioid, and CRF signaling (Young and Wang, 2004;
Aragona et al., 2006; Lim et al., 2007; Bosch et al., 2009; Burkett et al., 2011), and provides
a excellent model to assess the neural underpinnings of social behavior (McGraw and
Young, 2010). Pair bond formation is assessed using the partner preference test, in which a
subject animal’s preference for a cohabitated partner or novel stranger animal is tested
(Williams et al., 1992). In prairie voles, the partially brain penetrant MC3/4 agonist,
melanotan-11 (MTII), activates oxytocin (OT) neurons in the paraventricular nucleus of the
hypothalamus (PVN), potentiates central OT release in response to a physiological stimulus
(hypertonic saline), and facilitates partner preference formation (Modi et al., Unpublished
results). These effects are thought to be mediated via MC4R as the selective, brain penetrant
MCA4R agonist, PF446687, also promotes partner preference formation (Modi et al.,
Unpublished results).

Adult prairie vole sociality is sensitive to early-life manipulations of parental care (Ahern
and Young, 2009). One mechanism by which early social experience, in particular parent-
infant interactions, may be translated into long-term behavioral alterations is through long-
term organizational effects of neuropeptide activation through restructuring neural circuitry
(Carter et al., 2009). For example, neonatal treatment with OT at birth impacts later
socioemotional behaviors in prairie voles (Bales and Carter, 2003b; Kramer et al., 2003;
Cushing et al., 2005; Bales et al., 2007). Interestingly, neonatal administration of a-MSH
and ACTH-like peptides to rats leads to enhancements in adult attention to relevant stimuli
(Champney et al., 1976), learning (Beckwith et al., 1977b; Acker et al., 1985), social contact
in an open field (Beckwith et al., 1977a), and reductions in adult anxiety (Felszeghy et al.,
1993). Early a-MSH treatment also impacts hypothalamic cytoskeletal proteins (Wu et al.,
2006), hypothalamic dopamine neuron development (Egles et al., 1998), and neurite
outgrowth (Joosten et al., 1996), thus leading to functional and structural changes in neural
development. As MC agonists impact a variety of neural systems involved in sociality and
acute MC4R stimulation promotes adult pair bonding, early MC stimulation may also
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stimulate encoding of early social information and lead to long-term organizational changes
in social behavior.

Here, we investigated the effects of daily MTII and the more selective, small molecule
MCA4R agonist, PF446687 (Lansdell et al., 2010) injections during the first week of life on
juvenile play and adult pair bonding in males and female prairie voles. We also assessed the
impact of peripheral MTII on hypothalamic neuropeptide systems using the immediate early
gene, early growth response factor-1, as a marker of neuronal activity. Daily neonatal
treatment with MTII altered juvenile play behavior and both agonists enhanced adult social
bonding, suggesting central MCR stimulation has long-lasting, organizational effects on
social neural circuitry.

Materials and Methods

Animal care and handling

Subjects were laboratory-bred prairie voles, derived from a field-caught Illinois stock. The
colony was maintained at 22°C and on a 14:10 h light:dark cycle with access to food (Purina
high-fiber rabbit chow) and water ad libitum. Breeder housing consisted of large ventilated
cages (34 x 30 x 19 cm) lined with bedding (bed-o-cob, Maumee, OH, USA). Subjects were
not exposed to subsequent litters. Pups were weaned into same-sex same-treatment pairs or
trios in smaller (30 x 18 x 19 cm) cages at PND21. From each litter, pups were randomly
assigned to treatment groups and no more than 2 animals of the same sex and treatment
group were used for each experiment. All procedures were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Emory University Institutional Animal Care and Use Committee. All efforts
were made to minimize animal suffering, to reduce the number of animals used, and to
utilize alternatives to in vivo techniques, if available.

Experimental design

The timelines of experiments and animal numbers can be found in Figure 1 and the legend.
Experiments 1 and 3 investigated the behavioral consequences of daily nonselective MC
agonist MTII or selective MC4R agonist PF446687 in males and females. Experiment 2
examined the impact of acute MTII injection on hypothalamic systems and plasma
corticosterone.

Experiment 1. Effect of neonatal MTIl on social behavior

Drug Administration—To determine the developmental effects of early-life MTII
administration, neonatal prairie vole pups were subcutaneously injected daily with MTII
acetate (Alpha diagnostics Intl, San Antonio, TX) or 0.9% saline vehicle (sal: Hospira, Lake
Forest, IL) from PND1-7, with PNDO as the day of birth. Pups were toe clipped to identify
treatment groups. Animals were injected with a sufficient volume of drug solution at a 0.08
mg/ml concentration to deliver 10 mg/kg using a 250 pl syringe (Hamilton, Reno, NV) with
a 30 gauge needle. Volumes were adjusted for growth rate and ranged from 35 pl on day 1 to
65 ul on day 7, yielding doses roughly equivalent to the 10mg/kg previously shown to
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facilitate partner preference formation in adults (Modi et al., Unpublished results). Weights
were taken from PND1-7 and at weaning.

Juvenile play and social exploration/affiliation—One cohort of animals was treated
with MTII (n=11 females, 15 males) or saline (n=11 females, 16 males) and tested for
juvenile social play between ages 24-29. As isolation increases play behavior in rodents
(Panksepp and Beatty, 1980), subjects were singly housed and tested daily for 3 d after the
first 24 hr isolation. Between 0700 and 1200 each day, subjects were paired with an age,
weight, and sex-matched colony stimulus animal in a clean arena (37 x 31 x 19cm) and
video-taped for play behavior for 10 min. The frequencies of juvenile play and social
exploratory/affiliative behaviors were coded by a blind observer using Noldus Observer
(Noldus, Sterling, VA). Coat color variations (see results) between treatment groups were
not distinguishable in the video recordings. Behaviors were scored based on ethograms
previously described (Gavish et al., 1983; Chau et al., 2008; Parent and Meaney, 2008;
Veenema and Neumann, 2009; Wang et al., 2012; Branchi et al., 2013). Working definitions
of the play and social exploratory/affiliative behaviors can be found in Table 1.

Partner preference test—A second cohort of males (n=12 MTII, 10 sal) and females
(n=18 MTII, 15 sal) were tested for partner preference (PP). PP is a laboratory proxy for pair
bond formation in which subjects spend significantly more time in immobile social contact
with a previously cohabitated partner than with a novel stranger stimulus animal over a 3 hr
testing period (Williams et al., 1992). Subjects (~65 d of age) were paired with sexually-
experienced, vasectomized or ovariectomized opposite-sex stimulus animals in a clean cage.
Stimulus animals were up to 1 yr of age. Females were videotaped throughout the first 6hr
cohabitation to verify that no mating occurred. In contrast, males were paired with an
ovariectomized female who was not primed with estradiol to prevent mating. The use of
vasectomized males ensured a prevention of pregnancy in experimental females, eliminating
any potential confounds of hormonal changes on neural neuropeptide or receptor expression.

For females 6 hr of cohabitation without mating is not typically sufficient to stimulate PP
(Williams et al., 1992). However, 24 hrs of cohabitation even without mating can lead to PP.
In contrast, in our laboratory, males require longer cohabitation times without mating in
order to develop PP. For this reason, females and males were tested on different schedules at
two different time points (6-, 24-hr for females; 24-, 48-hr for males) to maximize the
likelihood of detecting either enhanced or impaired PP. Subjects were placed in a 3-
chambered arena with “partner” and novel “stranger” stimuli tethered to either end. Time
spent in immaobile social contact (huddling) with each female during this 3 hr session was
scored with an automated system (SocialScan 2.0, Clever Sys Inc., Reston, VA, USA) as
previously described (Ahern et al., 2009). After behavior testing, brains were collected for
analysis of OT receptor, vasopressin V1a receptor and OT mRNA. As no significant
differences were detected in any of these neural variables, these data are not presented.
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Procedure and tissue collection—As MTII stimulates IEG activity in the PVN of
neonates (Glavas et al., 2007), we examined the neuropeptide phenotype of activated
neurons of the PVN 60 min after MTII administration. We also assayed plasma
corticosterone to examine the impact of MC activation of the HPA axis of neonates, as MTII
induces corticosterone release in adults (Lu et al., 2003). At PND6-7, entire mixed-sex litters
were removed from the nest and immediately subcutaneously injected with 65 pl of either
saline (sal; n=4) or 10 mg/kg MTII (n=4), or not injected (handled, H; n=6). Pups were left
isolated in a 30°C incubator (Water-jacketed warmer base, Thermocare, Incline Village,
NV) for 1hr. Pups were deeply anesthetized with isoflourane, euthanized by rapid
decapitation, and brains were removed and acrolein fixed. A second cohort of pups (n= 8
sal, 9 MTII, 8 H) was similarly injected and blood was collected for analysis of
corticosterone response 1 hr after injection. Approximately equal numbers of each sex were
used and combined in the analyses.

Brain processing and immunohistochemistry—Brains were removed and
immersion fixed in 10 ml of 5% acrolein diluted in PBS for 3hr, followed by two 10 min
washes in phosphate buffered saline (PBS, pH 7.4). Brains were transferred to 30% sucrose
at 4 °C for at least 24 hr and sectioned on a microtome at 40 uM. Sections were stored in
cryoprotectant at 4°C until immunohistochemical processing. Every third section was
processed for Early Growth Response Protein-1 (EGR-1) and either OT, vasopressin (AVP)
as described previously (Modi et al., Unpublished results) or corticotropin releasing factor
(CRF). EGR-1 was chosen as a measure of neural activity as it has been reported to be a
more sensitive marker of activity in the hypothalamus than Fos (Polston and Erskine, 1995).
For immunofluorescence, sections were rinsed for 15 min in 0.1% sodium borohydride, pre-
blocked for 1hr with normal goat serum, and then incubated for 47 hr at 4°C in primary
antibody in PBS (pH 7.4) with 0.3% triton-X and 2% NGS (1:8,000 rabbit polyclonal anti-
EGR1, sc-189, Santa Cruz Biotechnology, Santa Cruz, CA,; 1:10,000 mouse monoclonal
anti-OT, mAb5296, Millipore, Billerica, MA). For AVP-EGR1 double labeling, sections
were incubated in primary for 46 hr (1:1,000 mouse monoclocal anti-VP, PS41, generously
donated by Dr. H. Gainer, NIH, USA, (Ben-Barak et al., 1985)). Sections were washed in
PBS and incubated in secondary Alexa Fluor conjugated antibodies for 3hr at 4°C (1:1,000
Alexa Fluor 568 for EGR-1 and Alexa Fluor 488 for OT or AVP, Life Technologies, Grand
Island, NYY). Tissue was mounted and cover slipped with Vectashield mounting medium
with Dapi (Vector, Burlingame, CA), and Z-stack images were taken on a Leica confocal
microscope at 40X magnification. Images were processed in Image J (NIH). EGR-1 positive
nuclei were distinguished by red immunofluorescence, and OT or AVP cell bodies were
labeled with green immunofluorescence.

CRF-EGR1 was processed with diaminobenzidine (DAB) immunostaining as the primary
antibodies were produced in the same host. Sections were rinsed in 0.1% sodium
borohydride for 15min, washed in PBS, rinsed in 0.05% hydrogen peroxide for 30min,
washed in PBS-0.3% triton-X (PBST), preblocked in 5% NGS for 1hr, and incubated in
primary antibody in PBST-2% NGS at 4°C for 45 hr (1:20,000 rabbit polyclonal anti-CRF,
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c-5348, Sigma-Aldrich, St. Louis, MO). Sections were then washed in PBST-2% NGS and
incubated in biotinylated secondary in PBST-2% NGS (goat anti-rabbit, Vector,
Burlingame, CA). An ABC kit (Vector, Burlingame, CA) was used to detect secondary
binding, and a DAB kit was used for visualization (Vector, Burlingame, CA). Sections were
washed and then incubated in anti-EGR-1 antibody for 42 hr at 4°C. EGR-1 was visualized
with Nickel-DAB using the same kit. Sections were mounted, ethanol dehydrated, and
coverslipped with Krystalon mounting media (Thermo Fisher Scientific, Waltham, MA).
EGR1 nuclei were distinguished by purple nickel DAB staining, and CRF cell bodies by
brown DAB staining.

The total number of EGR-1 double-labeled neurons in the PVN were counted in four to six
bilateral sections for OT, two to four for AVP, and two to eleven for CRF from each subject.
The total percentage of EGR-1 positive OT, AVP, or CRF cells was calculated across all
PVN sections for each animal.

Blood collection and corticosterone assay—Plasma was assayed for corticosterone
response to drug injection as previously described (Ahern et al., 2009). Approximately 100
ul trunk blood was collected with heparinized capillary tubes into EDTA-coated tubes with 5
ul aprotinin (Trysol, Fisher Scientific) to prevent protease activity. Blood was spun at
5000rpm for 5min and plasma was collected and stored at -20°C until assayed. Plasma
samples were diluted 1:100 and assayed with a commercially available kit (MP Biomedicals,
Orangeburg, NY) in triplicate (inter-assay CV, 7.2%, intra-assay CV, 10.3%). Assay
services were provided by the Biomarkers Core Laboratory at the Yerkes National Primate
Research Center. This facility is supported by the Yerkes National Primate Research Center
base grant 2P51RR000165-51.

Experiment 3. Effect of Neonatal MC4R agonist PF446687 on Social Behavior

Procedure—To determine if behavioral effects of MTII are attributable to MC4R
activation, pups were injected subcutaneously daily from PND 1-7 with the selective, highly
brain penetrant MC4R agonist PF446687 (Lansdell et al., 2010, supplied by Pfizer Global
Research and Development, Cambridge MA) as described for MTII. Neonates received
vehicle (10% hydroxypropyl-cyclodextrin; Sigma-Aldrich, St. Louis, MO), 0.1mg/kg, or
1mg/kg PF446687.Animals were injected with a sufficient volume of drug solution at a
0.087 mg/ml concentration to deliver 1 mg/kg or 0.0087 mg/ml to deliver 0.1 mg/kg.
Volumes ranged from 32 pl on day 1 to 60 pl on day 7. These doses are roughly equivalent
to the 0.1 mg/kg and 1 mg/kg doses given to adults (Modi et al., Unpublished results) (see
above).

Partner preference test—~PP testing was performed as described above in males (n=9
veh, 15 0.1 mg/kg, 15 1 mg/kg PF44687) and females (n=9 veh, 10 0.1 mg.kg, 9 1 mg/kg
PF446687). However, subjects (~70 d of age) were paired with intact partners rather than
gonadectomized partners as we did not intend to analyze receptor expression levels
following the procedure as in Experiment 1. Partners differed in age by up to 2 months.
Female prairie voles are induced ovulators and take approximately 2 days to go into estrus
and mate (Carter et al., 1988). Thus, female subjects likely did not mate for the entire 24hr
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while males paired with intact stimuli likely began mating toward the end of the 48hr
cohabitation.

Statistical analyses—Data are presented as mean + SEM, unless otherwise noted.
Weights were analyzed with repeated measures (RM) ANOVA with day as a within-subjects
factor and treatment as a between-subjects factor, followed by post-hoc Student’s t-tests. For
play data, the frequency of each individual behavioral event initiated by the subject animal
was summed across each 10 min period into either a “play” or “social exploratory/
affiliative” category as described in Table 1. Statistical analyses for all behavioral outcomes
were estimated with Linear Mixed Models in the PROC MIXED procedure of SAS, unless
otherwise indicated. This procedure allowed us to control for the potentially dependent
nature of individuals from the same litter by including “litter” as a random factor. A within-
subject factor was included in the model for repeated measures. Individual play and social
exploratory/affiliative behaviors were analyzed using a non-parametric Mann-Whitney U
test as data failed to reach normality using the Kolomogoroc-Smirnov test. For PP data a
Bonferroni correction was applied for multiple analyses within each sex (alpha = 0.025 for
Exp 1; alpha = 0.017 for Exp 3). Immunohistochemistry results were analyzed with
univariate ANOVAs with drug treatment as a factor and post-hoc Bonferroni corrected t-
tests between the three treatments. All statistics were performed with SAS version 9.3 (SAS
institute Inc., USA).

Experiment 1. Effect of neonatal MTIl on social behavior

Weight and coloration—MTII treated animals weighed significantly less than vehicle
controls from PND 2-7 (Figure 2A; F 31=17.25, p<0.001). Similar results were obtained
from Cohort 1. MTII treatment impaired weight gain over time (time by treatment

Fs 186=14.92, p<0.001). Weights did not differ at weaning (p > 0.05; Figure 2B). Although
not empirically quantified, MTII treated animals displayed darkened pigmentation as
neonates (Figure 2C) and weanlings (Figure 2D), which was normalized in adults.

Juvenile play and social exploration/affiliation—Initiated play bouts increased over
subsequent testing days (F2 144=6.81, p=0.002). A significant interaction between sex,
treatment and time on initiated play bouts was detected (F2 135=3.22, p=0.043; Figure 3A).
A significant increase in play from D1 to D3 was seen in saline-injected males (p=0.009),
but not in MTII males. In contrast, MTII-treated (p=0.014), but not saline-treated, females
displayed increased play from D1 to D3, but at no time point did MTI1I females differ from
saline females in play. On the last day of testing, there was a main effect of drug
(F1,37=4.97, p=0.032) and a sex by drug interaction (F1 37=4.32, p=0.045; Figure 3B).
Neonatally MTII-treated males, but not females, initiated less play bouts compared with
saline controls (p=0.008; Figure 3B). This effect was driven by a decrease in aggression-like
wrestling/tackling (sal, 3.56 £ 0.97, MTII, 1.33 + 0.61; U=65.5, exact p=0.030) and boxing
(sal, 3.31 £ 0.71, MTII, 1.13 £ 0.39; U=54.5, exact p=0.008) in MTII males (Figure 3C).
Thus, early treatment with MTII reduced male, but not female, juvenile play, but only those
components involving aggressive-like behaviors. In contrast, MTII females initiated
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significantly more bouts of social exploratory/affiliative behaviors than did saline treated
females (sex X treatment, F1 37=8.94, p=0.005; female MTII vs Sal, p=0.026), which was
specifically driven by an increase in sniffing (sal, 2.45 £ 0.72, MTII, 5.64 + 0.65; U=18.5,
exact p=0.004; Figure 3D). There was no effect of MTII treatment on social exploratory/
affiliative behavior in males.

Partner preference test—We detected a significant interaction between sex, treatment
and stimulus animal on time spent in social contact (F1 9o=4.63, p=0.034). Females that
received neonatal MTII, but not saline, spent significantly more time with the partner than
the stranger male after a 6hr non-mated cohabitation (Figure 4A; MTII, p<0.001, sal,
p=0.74). After the full 24hr cohabitation, both experimental and control groups displayed a
preference for the partner (Figure 4A; MTII p<0.001, Sal p=0.001). MTII treatment did not
impact male partner preference, and neither experimental nor control groups spent
significantly more time with the partner over the stranger at either point (Figure 4B).

Experiment 2. Effect of neonatal MTIl on IEG expression in peptidergic neurons in PVN and
corticosterone release

Activation of OT, AVP, and CRF neurons—The percent of peptidergic neurons
immunopositive for EGR1 differed significantly between handled, saline, and MTII groups
(OT, Fy,11=51.51, p<0.001; AVP, F, 11=16.63, p<0.01; CRF, F» 11=605.34, p<0.01; Figure
5A-J). A significant increase in EGR1 positive neurons for all neuropeptidergic populations
was observed in the MTII group, in comparison to either saline or handled groups (p<0.005).
Saline-injected neonates displayed a greater percentage of CRF-EGR1 cells (p<0.001), but
not OT-EGR1 or AVP-EGRL1, in comparison to handled controls.

Corticosterone—MTII injected neonates displayed a significant increase in plasma
corticosterone 1hr after the injection in both sexes (Figure 5K; F5 2,=25.73, p<0.001; MTII
vs H, p<0.001; MTII vs Sal, p=0.001, Sal vs H, p=0.201). There was no significant sex by
treatment effect.

Experiment 3. Effect of neonatal selective MC4R agonist PF446687 on social behavior

Weight and coloration—PF446687 treated neonates had slowed weight gain over the
first week of life (Fg 312=2.88, p=0.001) but did not weigh significantly less than vehicle
treated controls at any age (Figure 6A,B). Although we did not quantify pigmentation
objectively, there was no obvious difference in pigmentation following daily PF446687
treatment.

Partner preference—Adult females neonatally treated with either the low (0.1 mg/kg) or
high (1 mg/kg) dose of PF446687, but not the vehicle, spent significantly more time
huddling with the partner over the stranger following a 6hr-cohabitation (Figure 6C; vehicle,
p=0.85, 0.1mg/kg, p=0.02; 1mg/kg, p=0.001). Only the high dose remained significant after
Bonferroni correction (alpha = 0.017). All groups displayed a preference after 24hr of
cohabitation (vehicle, p=0.015; 0.1mg/kg, p<0.001; 1mg/kg, p=0.009). In males, 1mg/kg
PF446687 treatment resulted in significantly more time spent huddling with the partner over
the stranger at both 24- and 48-hour time points (Figure 6D; 24hr, p=0.006; 48hr, p<0.001).
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Vehicle and 0.1mg/kg PF446687 treated males did not show a significant preference at
either time point.

Discussion

Developmental MC agonist administration impacted later juvenile and adult social
behaviors. Daily peripheral injection (PND1-7) with the nonselective MC agonist MTII
reduced later male, but not female, juvenile play behaviors (Figure 3). We previously found
that an acute injection of MTII robustly facilitates partner preference, and this effect is
blocked by pre-treatment with an OT antagonist (Modi et al., Unpublished results). Here, we
found this same compound to lead to persistent changes in social bonding into adulthood
(Figure 4). Females, but not males, given neonatal MTII displayed an enhancement in
partner preference after an abbreviated non-mated cohabitation with an opposite-sex partner.
PND®6-7 neonates injected acutely with MTII mounted a corticosterone response and
displayed robust hypothalamic EGR-1 activity in OT, AVP, and CRF neurons (Figure 5). As
MTII is not specific to the MC4R, future experiments with antagonist treatments are needed
to attribute behavioral and neural effects to the MC4R subtype. However, when given the
more selective, highly brain penetrant MCR4 agonist PF446687, both sexes exhibited
enhanced adult partner preference (Figure 6C,D), also suggesting that females are more
sensitive to MC manipulation. Sex-specific behavioral effects of neonatal alpha-MSH
administration have previously been reported (Beckwith et al., 1977a; Beckwith et al.,
1977b). Activation of MC receptor subtypes other than MC4R may mask the effects of
MCA4R activation on partner preference in MTII-treated males. Although mating was not
analyzed over the abbreviated cohabitation for PF446687 treated animals, it remains
possible that early MC4R stimulation promoted adult sexual activity, however we did not
detect enhanced mating in MTII treated females. Overall, the presence of persistent
behavioral effects in adults resulting from neonatal MTII or PF446687 administration
suggests that MCR activation in neonates developmentally alters the social brain circuitry,
leading to an enhancement of adult social attachment.

MTII and PF446687 treatment also had differential effects on weight and pigmentation.
MTII induced neonatal weight loss, likely via MC3 and MC4R (Huszar et al., 1997; Chen et
al., 2000), and darkened pigmentation, via MC1R (Thody, 1999; Figure 1). PF446687
treated neonates did not weigh less than vehicle controls, but displayed slowed weight gain
(Figure 6A). Although the MCA4R system is critically involved in feeding, MC agonists do
not always lead to weight loss (Wu et al., 2006; Muceniece et al., 2007). Additionally,
multiple second messenger pathways activated from the same receptor or from different
MCRA4 agonists (Konda et al., 1994; Nickolls et al., 2005) or additional activation of the
MC3R (Chen et al., 2000) may account for this discrepancy.

Saline-treated males displayed a trajectory of increased initiated play bouts over subsequent
testing days, but saline-treated females displayed consistent levels throughout testing.
Neonatal MTII-treated males fail to show this trajectory, and display significantly reduced
play on the last day of testing compared to saline-treated males. A similar phenomenon is
found in male rats with altered early care, as high levels of licking and grooming or a
simulated tactile stimulation regime reduce juvenile play (Moore and Power, 1992; Parent
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and Meaney, 2008; Edelmann et al., 2013). In contrast, maternal separation increases rough
and tumble play (Veenema and Neumann, 2009). Thus MTII treatment mimicked the effects
of high levels of maternal nurturing. Social play during the juvenile period is part of the
normal development of aggressive and sexual behaviors in males (Taylor, 1980; Spear and
Brake, 1983) and is often higher in males than females (Poole and Fish, 1976; Thor and
Holloway JR, 1983). MTII-treated females did not play more than saline females, although
MTII treatment increased female play over time. Thus, neonatal MTII treatment
differentially impacted male and female play. Of social exploratory/affiliative behaviors,
MTII treated females displayed increased bouts of sniffing during.

It should be noted that isolation was necessary to achieve a significant amount of play in
voles, as has previously been shown in mandarin voles (Wang et al., 2012) and rats
(Panksepp and Beatty, 1980). Home-cage observations of prairie voles do not reveal any
baseline sex differences in play (Chau et al., 2008), thus it is possible that the acute stress of
isolation or the early stress of the saline injections lead to an increase in play. As isolation in
voles increases basal corticosterone, PVN CRF levels, and AVP levels in the supraoptic
nuclei, (Ruscio et al., 2007), it is possible that these systems act to promote play fighting.
Indeed, play fighting in rats increases PVN CRF mRNA, and maternally separated rats
display increased play fighting and increased PVN AVP mRNA (Veenema and Neumann,
2009). However, whether play is ethologically important for the social development of voles
remains to be determined.

Developmental effects of neonatal alpha-MSH and ACTH have previously been reported.
Daily (PND2-7) peripheral administration of alpha-MSH to rat pups improves adult male
learning and visual discrimination (Beckwith et al., 1977b) and increases time spent in social
contact in both sexes (Beckwith et al., 1977a). Melanocortins promote neuroplasticity and
neurotrophin activity (Joosten et al., 1996; Xu et al., 2003; Shen et al., 2013), which may
lead to persistent changes in neural architecture into adulthood. Indeed, alpha-MSH
treatment for the first two weeks of life alters hypothalamic expression of cytoskeletal
proteins involved in synaptic plasticity (Wu et al., 2006). MC4R stimulation also induces
hypothalamic brain derived neurotropic factor release, which exerts effects on feeding and
cardiovascular function, but may also position the system to regulate synaptic plasticity
(Nicholson et al., 2007; Gomez-Pinilla et al., 2008). As pair bond formation requires social
learning, attention to relevant social cues, and the drive to preferentially associate with a
partner (Young and Wang, 2004), these changes in adult behavior would serve to promote
social attachment.

An acute peripheral MTII injection in adult prairie voles results in IEG expression in OT
neurons but not AVP neurons, suggesting a selective response (Modi et al., Unpublished
results). Here, we found an acute injection of MTII robustly activated EGR-1
immunostaining in OT, AVP and CRF neurons in the PVN in prairie vole pups. Thus,
neonatal MC stimulation has a more robust and general activation of hypothalamic
neuropeptide systems, perhaps due to increased permeability of the blood brain barrier
(Glavas et al., 2007). In adult mice, subsets of MC4R neurons in the PVN contain OT, CRF,
and TRH mRNA, but no co-labeling with AVP mRNA was detected (Liu et al., 2003).
However, alpha-MSH increases AVP release in hypothalamic explants (Dhillo et al., 2002).
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MTII has higher affinity for MC4R (Oosterom et al., 1999) and may not be penetrating the
brain of adults at a level high enough to activate the subtype of MCRs on AVP neurons. It is
also possible that neonates display a different developmental pattern of expression of MC
receptors, suggestive of a functional difference in melanocortin systems during
development.

One possible mechanism by which MC agonists are impacting socioemotional behavior is
through the potentiation of the central OT system. Oxytocin decreases feeding (Arletti et al.,
1989), promotes sexual behavior (Gorzalka and Lester, 1987), and induces the stretching,
yawning, grooming response (Melis et al., 1986), thus may mediate some of the downstream
anorexigenic and behavioral effects of MC stimulation (Sabatier, 2006). Activation of the
OT system during early life, either through endogenous mechanisms or pharmacological
interventions, can have a life-long impact on social behavior and neuroendocrine function
(Carter et al., 2009; Keebaugh and Young, 2011). An injection of OT on the first day of life
promotes adult partner preference in prairie voles (Bales and Carter, 2003a; Bales et al.,
2007), thus our results are in line with an OT-dependent mechanism of MTII. Neonatal AVP
may also modulate adult sociality, as daily postnatal treatment with AVP enhances later
aggression in males prairie voles (Stribley and Carter, 1999). However, the long-term effects
on partner preference formation are unknown. Neuropeptide signaling during infancy,
specifically during parent-infant interactions (Caba et al., 2003), may assign a rewarding
value to social stimulation and shape the neural networks that shape social bonding. The
possibility that a-MSH may endogenously be released during nursing in neonatal animals
and acts to prime OT neurons and promote early social attachment warrants investigation.
We did not detect any effect of MTII treatment on later OT mRNA in the PVN or OTR or
vasopressin 1a receptor binding in any brain region examined (data not shown), suggesting
that early neuropeptide treatment may have led to changes in other neurotransmitter systems.

Prairie vole neonates mounted a corticosterone response and showed CRF neuron activation
after MTII injection. However, saline injection alone induced significant CRF neuron
activation, but not corticosterone release, as described previously in rats (Smith et al., 1997).
Neonatal saline injection has been shown to have behavioral consequences in male prairie
voles (Stribley and Carter, 1999; Bales and Carter, 2003a). It is possible that early CRF
activation impaired control male pair bonding, and MTII did not rescue this behavior.
Although in adulthood MCR activation may promote stress and anxiety (Lu et al., 2003; Liu
et al., 2013), developmental effects may be act in the opposite direction. Neonatal POMC
ablation leads to an anxiogenic phenotype in adulthood (Greenman et al., 2013), whereas
neonate ACTHA4-9 administration reduces later anxiety and depressive-like behavior
(Felszeghy et al., 1993). In a phenomenon known as stress inoculation, a certain amount of
activation of the stress axis early in development can have beneficial effects on emotionality
later in life (Parker and Maestripieri, 2011). However, MTII acting directly on adrenal
MC2R likely increases corticosterone release in comparison to the selective MC4R agonist
PF446687, and the heightened stress activation may counteract effects on adult prosociality
in MTlI-treated male voles. Additionally, MC4R stimulation in the central amygdala leads
to reductions in CRF mRNA (Brunson et al., 2001). It is therefore possible that the
modulation of stress axis by MC4R underlies the observed changes in adult sociality.
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MCA4R are located in multiple limbic brain areas outside of the hypothalamus (see

Mountjay, 2010), including regions mediating sociality in prairie voles including the
amygdala and prefrontal cortex (Modi et al., Unpublished results). In addition to impacting
hypothalamic neuropeptide systems, MC4R signaling has been linked to dopaminergic and
opioid-mediating reward and reinforcement systems, which are critically involved in pair
bond formation (Burkett and Young, 2012). Alpha-MSH or MTII stimulates dopamine
release in the ventral tegmental area through MCA4R activation (Lindblom et al., 2001), alters
dopamine receptor expression in the nucleus accumbens and tegmentum (Lindblom et al.,
2002), modifies accumbal D1R signaling in response to stress (Lim et al., 2012), and
influences hypothalamic dopamine neuron differentiation (Egles et al., 1998). The rewarding
and addictive effects of cocaine and opiates are thought to be mediated by MC4R signaling
(Alvaro et al., 1996; Alvaro et al., 1997; Hsu et al., 2005). The MC4R mediates a pleitropy
of behavioral and neurobiological effects, and future studies will address the mechanism by
which MC4R activation impacts sociality.

Conclusions and future directions

Our findings provide the first evidence that daily neonatal modulation of the melanocortin
system enhances later social relationships. Early activation of the MC system led to
persistent changes in juvenile and adult sociality, indicating that MCR stimulation has long-
term effects on the development of social behavior. The effects of MC activation on both
play and partner preference formation are in the opposite direction of early social
deprivation, suggesting that perhaps MC activation mimics the neural impact of parental
nurturing. MCR activation coordinates a variety of neurobiological and behavioral responses
that are linked to social bond formation in prairie voles. Whether the MC system plays a role
in the transduction of parental nurturing to prosocial neural development warrants further
investigation. Given the enhancement of later social bonding, future experiments will assess
the ability of MCR agonists to buffer against early life disruptions in parental care and
rescue behavioral deficits in social attachment. Elucidation of the factors and mechanisms
mediating normative social behavioral development can ultimately help to shed light on
preventative strategies in the treatment of human disorders of the social domain.
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Abbreviations

oT Oxytocin

OTR Oxytocin receptor

AVP Vasopressin

CRF Corticotropin releasing hormone
MC Melanocortin

MCR Melanocortin Receptor

PVN Paraventricular nucleus of the hypothalamus
BDNF Brain-derived neurotrophic factor
EGR-1 Early-growth factor

MTII Melanotan-11

PP partner preference

IEG immediate early gene
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Figure 1. Experimental design
In Experiment 1, neonates were injected daily from PND1-7 with 10 mg/kg of melanotan-11

(MTI) and either tested for juvenile play behavior (Sal, n = 11f, 16m; MTII, n = 11f, 15m)
or adult partner preference (Sal, n = 15f, 10m; MTII, n = 18f, 12m). In Experiment 2,
PNDG6-7 neonates were sacrificed 1-hr after an acute injection of 10mg/kg MTII or saline, or
handling only (H, handled). Either immunohistochemistry (IHC) for hypothalamic
neuropeptide activation (n = 6H, 4 sal, 4MTII) was performed or plasma corticosterone was
assayed (n = 8H, 8sal, 9MTII). In experiment 3, neonates were injected daily with a
melanocortin-4 agonist (MC4R-A, PF-446687, Pfizer) and tested for partner preference in
adulthood (Vehicle, n = 9f, 9m; 0.1 mg/kg, n = 10f, 15m; 1 mg/kg, n = 9f, 15m). Animal
numbers are outlined in tables on the right. F, female; M, male. PPT, Partner preference test.
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Figure 2. Daily neonatal MTII treatment reduced weight gain and induced darkened
pigmentation
Prairie voles injected with MTII from PND1-7 weighed less than saline controls on PND2-7

(A), which was normalized by weaning at PND21 (B). Although not empirically quantified,
daily MTII led to fur darkened pigmentation in neonates (C, left Sal, right MTII). Darkened
pigmentation from early MTII injections was still observed at weaning (D, left Sal, right
MTII). Asterisks in A indicate post-hoc Student’s t-tests with p<0.05
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Figure 3. Daily neonatal MTII reduced male juvenile play bouts
Between PND24-29, juvenile prairie voles injected with MTII or saline from PND1-7 were

singly housed and tested for play behaviors for 10min with a novel untreated stimulus
animal over a 3d period. Bouts of initiated play increased over time in saline males, but
remained stable in MTII males (A). On the third testing day, MTII male play was
significantly lower than saline male play (B), which was driven by a decrease in boxing and
wrestling/tackling (C). MTII treated females displayed greater levels of sniffing than saline
females on the third day of testing (D). Asterisks in A-B indicate post-hoc Student’s t-tests
with p<0.05 and in C-D indicate Mann-Whitney U tests with p<0.05. AG, aggressive
grooming; B, boxing; C, chasing; Pi, Pinning; Po, pouncing; PB, pulling/biting; Su, supine;
WT, wrestling/tackling; Allo, allogrooming; GI, genital investigation; H, huddling; Sn,
sniffing; SC, social contact.
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Figure 4. Daily neonatal MTII facilitated adult female partner preference
In females, early MTII treatment facilitated adult partner preference after an abbreviated 6

hr cohabitation without mating (A). MTII treatment had no effect on male partner preference
after 24- or 48-hr of cohabitation with an unprimed female (B). Asterisk indicates planned
Student’s t-tests with p<0.025.
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Figure 5. MTII-induced neuropeptide activation in the PVN
PND®6-7 neonates were euthanized 1hr after an acute peripheral injection of 10mg/kg MTII

and representative images of brains processed for immunohistochemistry for OT-EGR1
(A,B,C), AVP-EGR1 (D,E,F), and CRF-EGR1 (G,H,1) are shown. The left panel was
handled (A,D,G), the middle was injected with saline (B,E,H), and the right received MTII
(E,F,D). In fluorescent images, OT and AVP positive cell bodies are green and EGR1-labeled
nuclei are red. In DAB processed slices, CRF cell bodies are brown, and EGR1 nuclei are
black. MTII elicited significant activation in OT, AVP, and CRF neurons, whereas saline
only activated CRF cells in comparison to handled controls (J). MTII injected neonates
mounted a corticosterone response (K). H, handled. Color channels were adjusted in Image J
(NIH) for fluorescent images. Asterisks indicate Student’s t-tests with p< 0.05. Scale bar
represents 50 uM.
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Figure 6. Daily neonatal treatment with the specific MC4R agonist PF446687 facilitated partner
preference in both sexes

Daily injection with either 0.1mg/kg or 1mg/kg PF446687 did not lead to a significant
weight loss in neonates (A) or juveniles (B) in comparison to vehicle (Veh)-injected
controls. Prairie vole females injected with the either dose of PF446687 from PND1-7 spent
significantly more time huddling with the partner over the stranger after an abbreviated 6hr
cohabitation (C). Only those males injected with the high dose of PF446687 spent more time
with the partner at both 24 and 48hr of cohabitation with an unprimed female (D). Asterisks
indicate planned Student’s t-tests with p < 0.017.
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Table 1

The frequency of juvenile play and social exploration/affiliation with a novel conspecific was coded using the
above working definitions of behaviors. Behaviors initiated by the subject animal over a 10min period for 3d
were coded by a blind observer.

Category

Behavior

Definition

Play

Aggressive grooming (AG)

Boxing (B)

Chasing (C)
Pinning (Pi)

Pouncing (Po)

Pulling/biting (PB)
Supine (Su)

Wrestling/tackling (WT)

one animal violently grabs at the fur of another and grooms, usually in the back
region

both animals stand on the hind legs and use only their forepaws to attack
repeatedly

active following

the action of one animal holding another down overhead and the other is
typically on its back or supine

jumping on another animal making contact with forepaws and a common play
initiation behavior

mouth to body contact

subject on its back, commonly a result of physical attack or pinning or can be
independently induced

ventrum-to-ventrum embracing with biting without inflicting wounds

Social Affiliation/Exploration

Allogrooming (Allo)
Genital investigation (GI)
Huddling (H)

Sniffing (Sn)

Social Contact (SC)

received or directed grooming to another subject

Sniffing or grooming directed towards other animal’s genital region
immobilized and in close contact

general sniffing the stimulus animal

passive bodily contact
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