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Chapter 1  

General Introduction 
  



 



 

1.1. Lactation and Weaning 

The theory of evolution by natural selection, by Charles R. Darwin, can be simplified in three main 
principles: variation, heredity and selection. These principles ensure that variations acquired by one 
individual that are positively selected by the environment may be perpetuated through the offspring of 
that individual. Several animal species, however, evolved to be sexually immature at birth, requiring a 
development time before they are able to generate their own progeny. Because death of the developing 
offspring before sexual maturation incurs in the loss of that particular set of genes, making it a powerful 
negative selector, several species were positively selected for developing strategies that maximize the 
survival of their progeny. This resulted in the development of a myriad of reproductive strategies, 
including lactation, the hallmark feature of the Mammalia class. 
 Lactation is the process by which the young receive their afterbirth nutrition directly from the 
mother through a secreted substance, milk. Since the offspring’s nourishment comes straight from the 
mother’s reserves, the dam can increase her energy stores during gestation in anticipation of the 
postpartum period. This is achieved through a series of concerted physiological alterations, which include 
increased intestinal villus height in the small intestine and colon expansion (Cripps and Williams 1975), 
increased fat storage (Naismith et al. 1982), steroidal hormone alterations (Morishige et al. 1973), and an 
increase in the ingestions of both food and liquid (Atherton et al. 1982; Cripps and Williams 1975; Shirley 
1984). Nutrition, however, is but one aspect of lactation for most species with altricial progeny, such as 
lab rodents and humans. In those species, the dam must also supply the pups with other inputs, such as 
help to secrete, warmth, sensorial stimulation, play and social organization. Not supplying the litter can 
lead to long-term development problems (Liu et al. 2000). 
 One of the distinctive features of the lactation period is its complex temporal dynamics, since the 
needs of the litter change as the pups develop. Rats provide an excellent example of that dynamicity 
(Cramer et al. 1990; Thiels et al. 1990). On the first day of life, rat pups are virtually immobile, blind, deaf, 
unable to keep their own temperature or to secrete without help. The opening of the ear channel occurs 
by day four of life, and by the end of the first week of life the pups are able to crawl limited distances. By 
the end of the second week of life, however, the pups are able to see and walk without assistance, and 
the emergence of the incisor at day 8 allows then to forage and consume solid food (Altman and 
Sudarshan 1975; Smart and Dobbing 1971). The third week of life of the pups correspond to the period 
of weaning, as the pups become more reliant on solid food and spend less time on the nest (Thiels et al. 
1990). By the end of the third week, the pups are independent and can be separated from the mother, 
as is the usual laboratory practice. 
 The weaning is an important time for the mother physiology, as the metabolic pressure exerted 
by the litter is progressively alleviated. This period allows the dam to prepare to resume sexual functions 
and to reset her homeostatic baselines to pre-gestational levels. To cope with such extensive alterations 
in a short span of time, several concerted brain alterations occur, many of them centered on the medial 
preoptic area of the hypothalamus (MPOA), a region necessary for the onset and maintenance of 
maternal behavior (Numan 1974; Numan et al. 1977). Since the alterations in behavior and physiology 
are so extensive, it is expected that other brain areas must also change in order to ensure proper energy 
homeostasis and awareness. In this process, the hypothalamus plays a major role. 
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1.2. The Parental Hypothalamus 

The hypothalamus, located deep in the forebrain and corresponding to only 0.2% of the total 
human brain mass, is one of the best conserved neural structures. A hypothalamus, or a homologous 
structure, can be found even in some of the most phylogenetically distant animals, such as lancelets 
(Moret et al. 2004). Since its development, the hypothalamus has been fundamentally conserved for its 
role in the maintenance of body homeostasis. This cardinal role cannot be executed without an 
enormous associated complexity, as each organism will find diverse environments and will have to 
respond appropriately to each one of them. It is natural, therefore, that animals with a more robust 
hypothalamus, capable of larger spectrum of responses, will have a fitness advantage against their peers, 
what resulted in a remarkable development in hypothalamus complexity regarding its spatial 
organization, connectivity, and chemical composition. 

The hypothalamus has been implicated on the modulation of several physiological functions. 
Lesions of the hypothalamus lead to eating disorders (Anand and Brobeck 1951), loss of osmotic 
regulation and circadian pace keeping (Stephan and Zucker 1972), increase in thresholds of gustatory 
preference-aversion (Ferssiwi et al. 1987), alteration of basal temperature (Satinoff and Shan 1971), deficit 
of reproductive behavior (Pfaff and Sakuma 1979) and precocious puberty (Donovan and Ten Bosch 
1956), sleep disorganization (Lin et al. 1989), changes in autonomic activity (Yoshimatsu et al. 1984) and 
disturbances in hormone secretion (Bernardis and Frohman 1970), to cite a few. The deleterious effects 
following discreet hypothalamic lesions exemplify well the fundamental actions played by hypothalamic 
neurons, especially on the maintenance of the homeostatic balance. 

During pregnancy and lactation, several homeostatic baselines must be reset to accommodate 
the new temporary needs of the mother (Brunton and Russell 2008). Since the fat storages of the female 
increase several-fold during pregnancy, the hypothalamus became less sensitive to the anorectic effects 
of leptin (Seeber et al. 2002; Trujillo et al. 2011). To promote that increase, the arcuate nucleus sees an 
increase in its orexigenic population (NPY/AgRP) while the anorectic effects of α-MSH are abolished 
(Augustine et al. 2008). To allow the increase in blood volume necessary for placental maintenance, 
vasopressinergic neurons of the paraventricular nucleus have their secretion threshold reduced by 
placental hormones (Sunn et al. 2002). Tuberoinfundibular dopaminergic neurons are suppressed before 
lactation, allowing a surge in prolactin synthesis by the anterior hypophysis (Brunton and Russell 2008). 
The stress responses of the female are attenuated during pregnancy, in a mechanism that involves 
endogenous opioids (Atkinson and Waddell 1995; Brunton et al. 2005). The supraoptic and 
paraventricular hypothalamic nuclei undergo morphological alterations, with glial processes retreating 
to allow widespread communication between oxytocinergic neurons, necessary for milk letdown during 
lactation (Theodosis 2002). The medial preoptic area is recruited by prolactin and estrogen and organizes 
the circuit that will allow the mother to replace an innate aversive response to the pups for the well-
characterized maternal behavior that will ensure the litter survival (Morgan et al. 1999; Numan and 
Stolzenberg 2009). 

Contrasting to the well-known alterations that take place in the medial and periventricular zones 
of the hypothalamus, which includes the MPOA, paraventricular, supraoptic and arcuate nuclei, less is 
known about the role of the hypothalamic lateral zone in pregnancy and lactation. In the current scheme 
of parcellation employed by most atlases, approximately all of the hypothalamus comprehended 
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between the fornix and the internal capsule and between the optic chiasm and the mammillary bodies 
is considered part of the lateral hypothalamic area (LHA), closely following the definition of lateral 
hypothalamus provided by Gurdjian (1927). The LHA is also known as the bed nucleus of the medial 
forebrain bundle, arguably the largest rostrocaudal tract of fibers in the prosencephalon (Nieuwenhuys 
et al. 1982; Veening et al. 1982), as fibers from this bundle are found intermingled with LHA neurons 
(Geeraedts et al. 1990). This confers a remarkable connectivity to the LHA, rivaled only by its varied 
neurochemical composition. Among the neuromodulators synthesized in this area we find the melanin-
concentrating hormone (MCH) and the orexins (ORX), intermingled with a vast population of GABAergic 
and glutamatergic interneurons (Bittencourt et al. 1992; Gao and van den Pol 2000; Peyron et al. 1998). 
These peptides compose the neurochemical signature of two different populations that reside in the 
LHA, since MCH neurons do not synthesize ORX and vice-versa (Elias et al. 1998; Peyron et al. 1998). 
 
1.3. Melanin-concentrating hormone 

Mammalian MCH is a nonadecapeptide with a cyclic structure found in virtually all animals 
belonging to this phylum (Nahon et al. 1989; Vaughan et al. 1989). The MCH-coding gene, called Pmch, 
shows remarkable conservation when compared to its homologue in a cartilaginous fish (Sphyrna lewini), 
suggesting it has been maintained under considerable evolutive pressure along vertebrate evolution. 
This conservation reflects the fundamental roles played by MCH in mammalian physiology. Those roles 
are supported by a complex distribution of MCH-immunoreactive (MCH-ir) neurons, which can be found 
in several subcortical structures, with a particularly high concentration in the LHA. Projections 
immunoreactive to MCH can be found widespread throughout the central nervous system, allowing 
MCH neurons to interact with several different brain circuits and neurochemical populations (Bittencourt 
et al. 1992). 

Melanin-concentrating hormone has been associated with over 12 families of functions, 
including ingestive behavior (Ludwig et al. 2001; Qu et al. 1996; Shimada et al. 1998), energy expenditure 
(Kennedy et al. 2001; Segal-Lieberman et al. 2003; Verty et al. 2010), sleep architecture (Lagos et al. 2011; 
Tsunematsu et al. 2014; Verret et al. 2003), mood modulation (Borowsky et al. 2002; Georgescu et al. 2005; 
Monzon et al. 2001), stress response (Kennedy et al. 2003; Smith et al. 2006), sexual physiology (Gonzalez 
et al. 1996; Murray et al. 2000; Murray et al. 2006; Naufahu et al. 2013), maternal behavior (Knollema et al. 
1992; Rondini et al. 2010), learning and memory (Adamantidis et al. 2005; Monzon and De Barioglio 1999; 
Pachoud et al. 2010), ventricular homeostasis (Conductier et al. 2013a; Conductier et al. 2013b), 
autonomic modulation (Egwuenu et al. 2012; Messina and Overton 2007), immune response (Coumans 
et al. 2007; Kokkotou et al. 2009) and sensory integration (Adams et al. 2011; Miller et al. 1993). Several of 
the functions associated to MCH are altered during pregnancy and lactation, suggesting it is very unlikely 
that MCH does not mediate at least some of the parental brain alterations necessary to maximize the 
litter survival. The precise relationship between MCH and lactation, however, has been hard to pinpoint. 

The first suggestion of an MCH action on the lactating brain comes from the work of Knollema 
et al. (1992), which found expression of Pmch and synthesis of the peptide in the MPOA, periventricular 
preoptic nucleus and anterior paraventricular nucleus exclusively during the late lactation period. This 
expression/synthesis is exclusive to dams, with no signal detected during gestation, early lactation or 
after the weaning of the pups. The proximity between MCH and oxytocin-synthesizing neurons of the 
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paraventricular nucleus and of MCH-ir fibers to oxytocin-ir fibers in the median eminence led those 
authors to speculate a role in hormonal secretion, a possibility further investigated by Parkes and Vale 
(1993). The application of MCH to collected posterior pituitaries increased the amount of oxytocin in the 
collected medium, suggesting MCH acts at the level of the pituitary to promote the release of this 
hormone, thereby contributing to the milk ejection-reflex during lactation. 

Despite the initial development in linking MCH and lactation, the field went then relatively 
quiescent for over twenty years, until Benedetto et al. (2014) described that exogenous MCH application 
in the MPOA decreases the active components of maternal behavior. Considering that Pmch is 
increasingly expressed in the MPOA as lactation progresses (Knollema et al. 1992; Rondini et al. 2010), 
that study was the first to provide compelling evidence that MCH is part of the brain alterations that take 
place during weaning to restore the maternal brain to its non-lactating baseline and interrupt the pup-
directed behavior. Although evidence started to build up for an MCH role in neuroendocrine control and 
maternal behavior, it is still unclear if MCH plays a role in the metabolic aspect of lactation, given its 
important action on energy balance in other physiological states. Furthermore, the signals that inform 
the MCH peptidergic system of the progress of lactation are still unknown, as is the relationship between 
MCH and weaning. This knowledge may help us better understand how MCH neurons connect to a 
broader lactation network. 

 

1.4. Orexins 

The ORX peptidergic system is formed by two peptides, called orexin A and orexin B, also known 
as hypocretin-1 and hypocretin-2 (de Lecea et al. 1998; Sakurai et al. 1998). These two peptides originate 
from a single preprohormone, coded by the Hcrt gene. Orexin A is a cyclic peptide with 33 amino acids, 
while orexin B is a linear peptide with 28 amino acids. Despite the structural disparity, both orexins act 
on the same set of receptors with comparable effects. As is the case of MCH, the amino acid sequences 
of the orexins are also highly conserved among vertebrate species (Tsujino and Sakurai 2009). 

In the rat, ORX-ir neurons are found exclusively in the LHA, with the highest number of neurons 
in the perifornical nucleus, although a continuous of neurons is found from the medial hypothalamus to 
the laterodorsal LHA and the posterior hypothalamic area (Date et al. 1999; Nambu et al. 1999; Peyron et 
al. 1998). Orexin-immunoreactive fibers are found in several subcortical areas of the CNS but are seldom 
found in cortical fields. The densest areas of ORX innervation are, in the rat, the paraventricular thalamic 
nucleus, arcuate nucleus, raphe nuclei, the dorsal tuberomammillary nucleus and the locus coeruleus 
(Date et al. 1999; Nambu et al. 1999; Peyron et al. 1998).  There is no difference between the staining 
pattern of an antibody selective for ORXA and one that stains both ORXA and ORXB, suggesting a high 
degree of colocalization between these two peptides (Peyron et al. 1998). 

The ample distribution of ORX-ir fibers in subcortical areas of the mammalian brain is reflective 
of the numerous functions performed by ORX-synthesizing neurons. The most well-known ORX action is 
on the maintenance of sleep architecture, as animals with deletion of the Hcrt gene display a behavior 
similar to narcolepsy, with impromptu bouts of sleep during the active time (Chemelli et al. 1999; Hara 
et al. 2001; Lin et al. 1999). The orexins have also been associated to arousal, attention and behavioral 
responses to stress  (Furlong et al. 2009; Mahler et al. 2014), reward and hedonic responses (Harris and 
Aston-Jones 2006; Mahler and Aston-Jones 2012) and energy expenditure (Hagan et al. 1999; Wang et 
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al. 2001). Further reinforcing the similarities between the MCH and the ORX peptidergic systems, the 
orexins were also associated to a potent orexigenic action (Edwards et al. 1999; Haynes et al. 1999; Sakurai 
et al. 1998; Volkoff et al. 1999), although more recent works suggest the actions of ORX on feeding may 
be subtler and depend on the physiological state of the animal (González et al. 2016). 

  Regardless of the exact effect of ORX on feeding behavior, it is well-established that the orexins 
play an important role in energy homeostasis. Therefore, the ORX peptidergic system is a prime candidate 
to be modified during the new brain status quo of the lactating female. Previous studies, however, failed 
to reach a consensus about the exact role of orexins during lactation (Brogan et al. 2000; Cai et al. 2001; 
España et al. 2004; Garcia et al. 2003; Sun et al. 2003; Wang et al. 2003). Even more lackluster is the body 
of information available on the participation of orexin neurons in weaning and the re-establishing of the 
normal female brain. 
 
1.5. Aims and Outline of this Thesis 

Given the importance of lactation to mammalian species, the magnitude of transformations that 
take place in the maternal brain, and our lack of knowledge about the weaning period and the processes 
that underlie the return of the lactating brain to the resting state, we proposed with this work to 
investigate the influence of the suckling stimulus on the lateral hypothalamus during weaning, with 
special attention to the MCH and ORX populations. 

In Chapter 2, we review the major morphological aspects of the MCH system, including all 
peptides synthesized from the MCH precursor, and its receptors. The neuroanatomy of the system is 
evaluated in depth, including detailed descriptions of the immunoreactive cell bodies, fibers and 
receptors in the mammalian brain. The need for studies in new animal models is highlighted. 

In Chapter 3 we review the major functions associated to MCH and the underlying connectivity. 
We propose in this review that most MCH functions can be understood as a single process: the 
maintenance of the homeostatic baseline by MCH, which works as a dampener to prevent possibly 
deleterious fluctuations in metabolic parameters. 

In Chapter 4, we investigate the effect of litter size on the MPOA population of MCH neurons. To 
that end, mothers were separated in two groups according to the size of their naturally-occurring litter 
and the number of MCH-ir neurons was evaluated at mid-lactation, early weaning and late weaning. 
Artificial culling of the litter after birth confirmed our results. 

In Chapter 5, we investigate the acute effects of the suckling stimulus on the activation of MCH 
neurons in the whole hypothalamus of weaning rat dams. To suppress the suckling stimulus, a group of 
pups had their vibrissae pads anesthetized and were allowed to return to the home cage. The brain of 
the dams was then examined for the presence of the Fos protein in addition to MCH immunoreactivity. 

In Chapter 6, we investigate if the Fos immunoreactivity in the tuberal hypothalamus of weaning 
dams found in the previous chapter is indicative of the recruitment of the orexin neuronal population 
present in this area. Three-dimensional reconstructions were employed to answer that question. 

In Chapter 7, we discuss the main results found in the aforementioned works, with a focus on 
the perspectives in the field. 
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The melanin-concentrating hormone (MCH) is an important peptide implicated in the
control of motivated behaviors. History, however, made this peptide first known for
its participation in the control of skin pigmentation, from which its name derives. In
addition to this peripheral role, MCH is strongly implicated in motivated behaviors, such
as feeding, drinking, mating and, more recently, maternal behavior. It is suggested that
MCH acts as an integrative peptide, converging sensory information and contributing
to a general arousal of the organism. In this review, we will discuss the various aspects
of energy homeostasis to which MCH has been associated to, focusing on the different
inputs that feed the MCH peptidergic system with information regarding the homeostatic
status of the organism and the exogenous sensory information that drives this system,
as well as the outputs that allow MCH to act over a wide range of homeostatic and
behavioral controls, highlighting the available morphological and hodological aspects
that underlie these integrative actions. Besides the well-described role of MCH in
feeding behavior, a prime example of hypothalamic-mediated integration, we will also
examine those functions in which the participation of MCH has not yet been extensively
characterized, including sexual, maternal, and defensive behaviors. We also evaluated
the available data on the distribution of MCH and its function in the context of animals
in their natural environment. Finally, we briefly comment on the evidence for MCH acting
as a coordinator between different modalities of motivated behaviors, highlighting the
most pressing open questions that are open for investigations and that could provide
us with important insights about hypothalamic-dependent homeostatic integration.

Keywords: MCH, hypothalamus, energy homeostasis, feeding behavior, reward, foraging, metabolism

THE MELANIN-CONCENTRATING HORMONE[S]

The existence of the MCH was postulated in the 1930s as a factor that induces pallor in the skin of
amphibians and participates in these animals’ mechanism of background color adaptation (Hogben
and Slome, 1935). It took almost 50 years, however, for MCH to be isolated for the first time from
the chum salmon (Oncorhynchus keta) hypophysis, where it plays exactly its hypothesized role
in skin pigmentation by triggering a concentration of melanin in melanophores that results in
pallor (Kawauchi et al., 1983). Although the chronology of MCH discovery emphasized its role
in skin pigmentation, it is now proposed that this function only emerged for the first time in the
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last universal common ancestor of teleosts and holoceans,
millions of years after the appearance of MCH synthesis in
chordates (Kawauchi and Baker, 2004) .

It was later discovered that teleosts have two paralogs of
MCH, termed MCH1 and MCH2 (Ono et al., 1988), that have
di�erent patterns of distribution in the CNS. MCH1 corresponds

Abbreviations: 3V, third ventricle; 5-HT, serotonin; 5-HT?, unspecified serotonin
receptor; 7N, nucleus of the cranial nerve VII; A10, ventral tegmental
area dopaminergic group; A13, incerto-hypothalamic dopaminergic group;
A8, retrorubral dopaminergic group; A9, substantia nigra dopaminergic
group; ac, anterior commissure; Acb, nucleus accumbens; AcbC, nucleus
accumbens, core subdivision; AcbSh, nucleus accumbens, shell subdivision;
ACh, acetylcholine; ADX, adrenalectomized; AgRP, agouti-related protein; AH,
adenohypophysis/anterior lobe of the pituitary; AHA, anterior hypothalamic
area; AMPAR, AMPA ionotropic glutamate receptor; AMY, amylin; Amyg,
amygdaloid nuclei; AON, anterior olfactory nucleus; AP, area postrema; Arc,
arcuate nucleus; AV, anteroventral thalamic nucleus; AVP, vasopressin; AVPV,
anteroventral periventricular nucleus; B7, dorsal raphe serotonergic group; B8,
median raphe serotonergic group; BAT, brown adipose tissue; BNST, bed nucleus
of the stria terminalis; CA, catecholamine; CA1, CA1 field of the hippocampus;
CA2, CA2 field of the hippocampus; CA3, CA3 field of the hippocampus; CART,
cocaine- and amphetamine-regulated transcript; CB1, cannabinoid receptor
type 1; cc, corpus callosum; CeA, central nucleus of the amygdala; CG, central
gray of the spinal cord; CgCx, cingulate cortex; CORT, cortisol/corticosterone;
cPPTg, caudal pedunculopontine tegmental nucleus; CPu, caudate putamen; CRF,
corticotrophin-releasing factor; D1, dopamine receptor subtype 1; D2, dopamine
receptor subtype 2; DA, dopamine; DG, dentate gyrus; DMH, dorsomedial
hypothalamic nucleus; DR, dorsal raphe nucleus; DTM, dorsal tuberomammillary
nucleus; Dyn, dynorphins; EB, estradiol benzoate; ERa, estrogen receptor
type a; EW, Edinger–Westphal nucleus; EWcp, centrally projecting Edinger–
Westphal nucleus; f, fornix; FOS, FOS proto-oncogene, AP-1 transcription factor
subunit; GABAA, GABA ionotropic receptor; GIRK, G protein-coupled inwardly
rectifying K+; GLUT3, glucose transporter 3; GnRH, gonadotropin-releasing
hormone; GP, globus pallidus; Hab, habenular nuclei; Hcrt, Orexin/hypocretin
gene; HF, hippocampal formation; HPA, hypothalamus-pituitary-adrenal; HPT,
hypothalamus-pituitary-thyroid; Hyp, hypothalamic nuclei; IC, inferior colliculus;
IHy, incerto-hypothalamic area; ImC, intermediolateral column of the spinal cord;
Ins, insular cortex; IR, insulin receptor; KATP, ATP-sensitive potassium channel;
LD, laterodorsal thalamic nucleus; LDTg, laterodorsal tegmental nucleus; Lep,
leptin gene; LepR, leptin receptor; LepR, leptin receptor gene; LG, lateral geniculate
nucleus; LH, luteinizing hormone; LHA, lateral hypothalamic area; LHAa, anterior
part of the LHA; LHAp, posterior part of the LHA; LM, lateral mammillary nucleus;
LPOA, lateral preoptic area; LS, lateral septal nucleus; mACh, metabotropic ACh
receptor; MAS, masseter muscle; MCH, melanin-concentrating hormone; MCH1,
teleost melanin-concentrating hormone subtype 1; MCH2, teleost melanin-
concentrating hormone subtype 2; MCHR1, MCH receptor type 1; Mchr1, MCH
receptor 1 gene; MCx, motor cortex; MD, mediodorsal thalamic nucleus; ME,
median eminence; MEe, external layer of the median eminence; MEi, internal layer
of the median eminence; mfb, medial forebrain bundle; MG, medial geniculate
nucleus; mGlu, unspecified metabotropic GLU receptor; mGlu1, metabotropic
GLU receptor subtype 1; mGlu5, metabotropic GLU receptor subtype 5; MidThal,
midline thalamic nuclei; ml, medial lemniscus; MM, medial mammillary nucleus;
MnR, median raphe nucleus; MoV, motor nucleus of the V nerve; MPOA, medial
preoptic area; MRt, medullary reticular formation; MS, medial septal nucleus;
MSN, medium spiny neuron; N/OFQ, nociceptin/orphanin FQ; NCX, Na+/Ca2+

exchanger; NE, norepinephrine; NEI, neuropeptide E-I; NGE, neuropeptide G-E;
NH, neurohypophysis/posterior lobe of the pituitary; NMDAR, NMDA ionotropic
GLU receptor; NOP, nociceptin/orphanin Q receptor; NPY, neuropeptide Y;
NREM, non-rapid eye movement sleep; NTS, nucleus of the solitary tract; Nts,
neurotensin; OB, main olfactory bulb; opt, optic tract; ORX, orexins/hypocretins;
ORXA, orexin A/hypocretin-1; ORXB, orexin B/hypocretin-2; ORXR, unspecified
orexin receptor; ORXR2, orexin receptor type 2; OT, olfactory tubercle; OXT,
oxytocin; OXTR, oxytocin receptor; OVX, ovariectomized; P4, progesterone;
P2?, unspecified purinergic receptor; PAG, periaqueductal gray matter; PAGvl,
ventrolateral periaqueductal gray matter; PAGdm, dorsomedial periaqueductal
gray matter; PB, parabrachial nucleus; Pe, periventricular hypothalamic nucleus;
PaF, parafascicular thalamic nucleus; PHA, posterior hypothalamic area; PI3K,
phosphatidylinositol 3-kinase; PIP3, phosphatidylinositol-3,4,5-trisphosphate;
PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C;
Pmch, Pro-melanin-concentrating hormone gene; PnRt, pontine reticular

to the peptide isolated by Kawauchi et al. (1983) and is mostly
associated with the control of skin pigmentation. Berman et al.
(2009), working with the zebrafish (Danio rerio) hypothalamus,
demonstrated that MCH1 immunoreactivity is largely impacted
by background color, reflecting its role in skin pigmentation,
while only MCH2 displays pronounced alterations in fasted
animals. This correlation between hypothalamic MCH2 and the
energy balance of the organism indicates thatMCHmay be linked
to motivated behaviors and integrative functions at least since
the divergence of tetrapods and ray-finned fishes at ⇠440 million
years ago (Amores et al., 2011).

Six years after the discovery of MCH1 in the salmon
hypophysis, Nahon et al. (1989) and Vaughan et al. (1989)
described for the first time the mammalian MCH coding gene
and structure. Using rat samples, these researchers showed
that there is a single mammalian MCH, with 19 amino
acids and a cysteine bridge that confers it a cyclic structure,
synthesized from a 165 amino acids precursor coded by
the Pmch gene. This precursor also contains the sequence
of two other peptides, NEI and NGE, and although some
functions are now attributed to the former (for a review,
see Bittencourt and Celis, 2008), the biological activity of the
latter is largely unknown. Synteny, genomic structure, and
sequence identity indicate that the mammalian MCH is an
ortholog of teleost MCH2 (Berman et al., 2009) and shows
remarkable conservation when compared to the single MCH of
a cartilaginous fish, the scalloped hammerhead shark (Sphyrna
lewini), with a single substitution at the C-Terminal (Mizusawa
et al., 2012).

ANATOMICAL ASPECTS

The synthesis of MCH shows two remarkably conserved features:
most, if not all, MCH-immunoreactive (MCH-ir) neurons
are found in the hypothalamus, and those neurons have
widespread projections throughout the CNS. The first anatomical
characterization of MCH was made in the male and female
rat by Bittencourt et al. (1992). In this species, most MCH-ir
neurons are found in the LHA and, to a lesser extent, in the

formation; Po, posterior thalamic complex; POMC, proopiomelanocortin;
PPTg, pedunculopontine tegmental nucleus; Pr, prepositus nucleus; PreCBL,
precerebellar nuclei; Pretect, pretectal nuclei; PV, paraventricular thalamic nucleus;
PVH, paraventricular hypothalamic nucleus; PVHp, parvocellular subdivision
of the paraventricular hypothalamic nucleus; PVHm, magnocellular subdivision
of the paraventricular hypothalamic nucleus; Pir, piriform cortex; REM, rapid
eye movement sleep; RIA, radioimmunoassay; rPPTg, rostral pedunculopontine
tegmental nucleus; SAL, salivary glands; SuS, superior salivatory nucleus; SC,
superior colliculus; scp, superior cerebellar peduncle; SHi, septohippocampal
nucleus; SM, supramammillary nucleus; SN, substantia nigra; SpCd, spinal
cord; SpV, spinal trigeminal nucleus; SSCx, somatosensory cortex; st, stria
terminalis; SubThal, subthalamus; TRH, thyrotropin-releasing hormone; TRHR,
unspecified thyrotropin-releasing hormone receptor; TRPC, transient receptor
potential channel; TSH, thyroid-stimulating hormone; UCN1, urocortin 1;
UCN2, urocortin 2; UCN3, urocortin 3; V1a, vasopressin receptor subtype
1a; VDCC, voltage-dependent calcium channel; Vest, vestibular nuclei; VL,
ventrolateral thalamic nucleus; VMH, ventromedial hypothalamic nucleus; VTA,
ventral tegmental area; YR, unspecified NPY receptor; ZI, zona incerta; a-MSH,
a-melanocyte-stimulating hormone; aR, unspecified adrenergic receptor; a2A,
adrenergic receptor type 2A; kOR, opioid receptor type k.
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FIGURE 1 | MCH synthesis is found in discrete areas of the rat nervous system. Sagittal representation of the rat central nervous system illustrating the main
areas where MCH-ir neurons are found. The hypothalamic areas of synthesis in all animals are: the LHA (blue) and the IHy (red). Extra-hypothalamic areas are: the ZI
(yellow), the OT (green) and the paramedian PnRt (orange). Exclusively in female rats, one extra-hypothalamic site can be found, in the laterodorsal tegmental
nucleus (pink). During the lactation period, MCH-immunoreactive neurons can be detected in the medial preoptic area (purple). The four main pathways of MCH-ir
fibers are also represented: 1 – ascending pathway; 2 – periventricular pathway; 3 – descending pathway; and 4 – hypophysaire pathway.

AHA and PHA of the medial zone and in the dorsalmost area
of the periventricular zone. A second group of rostral neurons
is found in the IHy, previously known as rostromedial ZI
(Bittencourt et al., 1992; Murray et al., 2000c), where MCH-ir
neurons are intermingled with the DA neurons of the A13
group (Sita et al., 2003, 2007). Exclusively during the postpartum
period, immunoreactivity to MCH can be detected in neurons
of the MPOA and at the rostralmost aspect of the PVH, with
an intensity that follows the progression of lactation and, with
weaning, disappears (Knollema et al., 1992; Rondini et al., 2010).
Outside the hypothalamus, MCH-ir neurons were described in
the OT, ZI, and paramedian PnRt (Bittencourt et al., 1992)
and in the LDTg of the female rat (Rondini et al., 2007).
Little is known about the role played by MCH in these extra-
hypothalamic areas. Figure 1 summarizes the loci of MCH
synthesis in the rat CNS and the main pathways formed by
MCH-ir fibers.

Contrasting to the highly restricted pattern of MCH synthesis,
MCH-ir fibers are found widespread throughout the whole CNS.
Among the regions that contain fibers are olfactory areas, the
septal nuclei, the basal nuclei, the HF, the neocortex, several
diencephalic nuclei, the mesencephalic and PnRt, the PAG and
all levels of the SpCd. The regions with the sparsest presence
MCH-ir fibers are the cerebellum and some motor nuclei of the
brainstem. In most of these areas, MCH-ir fibers are varicose
and present many boutons en passage and boutons terminaux,
suggesting an extensive synaptic activity (Bittencourt et al., 1992).
Figure 2A is a visual representation of the MCH-ir fiber density
in di�erent areas of the rat CNS.

The distribution of MCH-ir cells has been studied in a wide
range of animals, including agnathans (Mizuno, 1991; Bird et al.,
2001), cartilaginous fish (elasmobranchii) (Vallarino et al., 1989;
Mizusawa et al., 2012), teleosts (Naito et al., 1985; Batten and
Baker, 1988; Powell and Baker, 1988; Bird and Baker, 1989;Minth
et al., 1989; Gröneveld et al., 1995; Mancera and Fernandez-
Llebrez, 1995; Amano et al., 2003; Huesa et al., 2005; Matsuda
et al., 2009; Suzuki and Yamamoto, 2013), anurans (Andersen
et al., 1986; Francis and Baker, 1995; Lázár et al., 2002), reptiles
(Cardot et al., 1994), and birds (Cardot et al., 1998, 1999). In
mammals, in addition to the rat (Bittencourt et al., 1992),MCH-ir
cell bodies have been mapped in the mouse (Elias et al., 2001),
Djungarian hamster (Khorooshi and Klingenspor, 2005), Syrian
hamster (Vidal et al., 2005), tufted capuchin monkey (Bittencourt
et al., 1998), humans (Elias et al., 2001), pigs (Chometton et al.,
2014), sheep (Tillet et al., 1996), and cats (Torterolo et al., 2006).
For a review of the anatomical aspects of MCH in mammals, see
Bittencourt (2011).

Albeit there are some di�erences between these animals, the
main locus of MCH synthesis in all of them is the hypothalamus
or homologous structures, indicating thatMCH-ir neurons reside
this region at least since the emergence of the last vertebrate
common ancestor. There is also a remarkable conservation in
the widespread distribution ofMCH-ir fibers. The hypothalamus,
through its extensive projections, is a key structure for the
execution of motivated behaviors, as understood as behavioral
programs directed to exogenous factors that are executed by
animals and result in a benefit to the survival of the organism
or of its species (Swanson, 2005). This long phylogenetic history
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FIGURE 2 | MCH-immunoreactive fibers are profusely distributed in the neuroaxis and are found in several areas related to feeding behavior and
energy homeostasis. (A) Flatmap representation of the rat central nervous system illustrating the main areas where MCH-ir fibers can be found. The relative
density of MCH-ir fibers in each area is indicated by the size of the circles. Observe that septal, hypothalamic and brainstem areas are densely innervated by MCH
neurons, while cortical and thalamic areas display a smaller number of fibers. Due to the position of the LHA, most of the MCH-ir fibers leave this region intermingled
to the mfb, with the periventricular pathway as a notable exception to this rule. (B) Schematic representation of the main targets of MCH-ir fibers in the rat CNS.
Dark blue arrows represent projections originated from MCH-ir neurons located in the LHA, while green arrows indicate projections preferentially originated from the
IHy. Purple arrows indicate projections originated from both areas or a lack of hodological studies to pinpoint the origin of such projections. Dark arrows indicate
indirect connections relevant to this circuit. The main targets of MCH innervation can be arranged in three groups: telencephalic projections, in green;
hypothalamic-hypophysaire projections, in yellow; and brainstem projections, in red. Downstream targets of MCH action are represented in gray.

accounts, at least partially, for the numerous functions on which
MCH has been suggested to play a role in, and may explain
how MCH acquired an important integrative role in motivated
behaviors centered on its hypothalamic localization supported by
a widespread fiber distribution.

FEEDING BEHAVIOR

The most thoroughly described function of MCH is on the
modulation of feeding behavior. The injection of MCH in the
ventricle of rats (Qu et al., 1996; Rossi et al., 1997; Della-Zuana

et al., 2002; Clegg et al., 2003; Duncan et al., 2005; Sakamaki
et al., 2005) and mice (Gomori et al., 2003; Glick et al., 2009),
as well as in the PVH (Rossi et al., 1997) or in the Acb of rats
(Georgescu et al., 2005; Mul et al., 2011), provokes an increase
in chow consumption followed by a gain of body weight and
fat mass. Rossi et al. (1997), however, demonstrated that only
acute injections of MCH can induce these e�ects, while chronic
administration is unable to maintain it. Injections of MCH in the
3V also induce an increase in water and saccharin consumption
in rats, independently of chow availability, indicating that MCH
participates in hydric homeostasis processes (Clegg et al., 2003;
Sakamaki et al., 2005; Furudono et al., 2006). This same
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treatment, however, increases alcohol consumption, suggesting
that MCH participates in hedonistic aspects of this behavior as
well (Duncan et al., 2005). Mice deficient in leptin synthesis
[Lepob/ob] with an obese phenotype display a higher expression
of Pmch mRNA in the LHA when compared to WT mice, and
this expression increases following fasting (Qu et al., 1996).
MCH-overexpressing mice display higher chow consumption
and increased body weight, as well as circulating levels of leptin
and insulin resistance (Ludwig et al., 2001).

Data obtained from genetic models started broadening the
roles associated to MCH. Shimada et al. (1998) report that
Pmch�/� mice are leaner than Pmch+ cohorts, but several
evidence point to this leaner phenotype as the result of multiple
physiological alterations. Not only Pmch�/� animals eat less, but
they displayed increased oxygen consumption rates; their ability
to overeat in response to starvation is not a�ected, although
Pmch�/� animals have greater weight loss and higher mortality
rate; and restricted food availability resulted in similar decreases
in food intake between Pmch�/� and Pmch+ mice, but deficient
animals displayed increased weight loss. Another important
evidence came with the work of Marsh et al. (2002), that
reports that MCHR1-deficient mice have increased locomotor
activity and energy expenditure that underlie an apparently
contradictory hyperphagia observed in these animals. Finally,
Lepob/ob Pmch�/� mice are leaner than Lepob/obPmch+, but
their food consumption is not decreased (Segal-Lieberman et al.,
2003). This leaner phenotype is attributed to factors linked
to energy expenditure, with higher motor activity and basal
temperature in response to cold. Taken together, these results
indicate that MCH acts on energy homeostasis through multiple
pathways, including energy expenditure, locomotor activity and
reward, while increases in ingestive behavior promoted by MCH
are secondary in nature. In this section, we will review the
multiple aspects of MCH action over nutritional homeostasis.

Although variations in dietary parameters are capable
of modulating MCH neurons, with fasting increasing Pmch
expression, variations in this expression may also underlie the
preference of some animals for a specific diet. For example,
Morganstern et al. (2010b) identified a subset of Sprague-Dawley
rats that are prone to overconsume a high-fat diet (HFD) when
compared to animals that show a baseline consumption of
HFD. These authors demonstrated that animals that ingest a
higher amount of HFD during a 5-day period (as measured
by caloric intake) have increased levels of Pmch expression
in the LHA when compared to animals that were kept in
the same diet but ingested a lower number of calories. This
di�erence persists even after the animals have been maintained
in regular chow for weeks, suggesting that this intrinsic
variation in Pmch levels may generate the preference of these
animals for the higher fat content or increased palatability
of the diet. This is extremely relevant because a similar
mechanism may underlie human pathologies related to the
excessive consumption of fat-rich foods. To explore alterations
in the MCH peptidergic system in other models of natural
or induced preference may generate important knowledge on
the human physiology of ingestive behaviors (Barson et al.,
2012).

Inputs
Melanin-concentrating hormone neurons are influenced by
many inputs, including other neurons in the LHA, adjoining
hypothalamic nuclei, telencephalic and brainstem areas, in
addition to circulating factors that act as metabolic cues. Figure 3
summarizes the main homeostatic-relevant inputs to MCH
neurons.

Lateral Hypothalamic Area

The LHA is classically characterized by two populations of
neurons, one that is MCH-ir (Bittencourt et al., 1992) and
one that is ORX-ir (Peyron et al., 1998), both intermingled
with GABAergic and GLUergic interneurons (Gao and van
den Pol, 2001) who provide extensive input to MCH neurons
through ionic and metabotropic channels (Gao and van den Pol,
2001; Huang and van den Pol, 2007). These two populations
coexist in the LHA but are almost completely segregated, with
a minimal number of neurons that co-synthesize these two
peptides (Broberger et al., 1998; Elias et al., 1998; Peyron et al.,
1998). There are two orexin peptides, ORXA and ORXB, coded
by the same gene (Hcrt) and involved in multiple functions
related to homeostatic control and arousal (for recent reviews,
see Mahler et al., 2014 and Sakurai, 2014). Both MCH and
ORX neurons have profuse immunoreactive fibers in the LHA,
contacting numerous neighboring cells (Bittencourt et al., 1992;
Peyron et al., 1998). Although the high density of MCH-ir fibers
close to MCH-ir cells could point to a recurrent e�ect of MCH
on MCH cells, probably inhibitory due the nature of MCH
neurons (Gao and van den Pol, 2001), there are no alterations in
the electrophysiological properties of MCH neurons after MCH
application in LHA slices (van den Pol et al., 2004).

MCH-ir neurons are densely contacted by ORX neurons,
with some single MCH-ir cells receiving contacts by up to
30 individual ORX-ir boutons. Both ORXA and ORXB have a
postsynaptic excitatory e�ect over MCH cells, depolarizing their
membrane potential and increasing spike frequency (Figure 4A).
ORXB has also a presynaptic e�ect, increasing GLUergic input
to MCH cells (van den Pol et al., 2004) (Figure 5). The similar
response amplitude of MCH neurons to ORXA and ORXB
suggests that this signaling occurs through ORXR2, as ORXR1
responds poorly to ORXB (Sakurai et al., 1998). Apergis-Schoute
et al. (2015), however, provided evidence that the relationship
betweenORX andMCHmay bemore complex, since optogenetic
stimulation of ORX neurons in LHA slices promoted inhibition
of some MCH neurons through a presynaptic mechanism,
increasing GABAergic input on MCH cells, while other MCH
neurons were excited by ORX stimulus. Regardless, all these
results suggest that these two LHA populations are connected,
with ORX influencing close MCH neurons in multiple ways.

While some MCH neurons co-synthesize the CART (Elias
et al., 2001) and nesfatin (Brailoiu et al., 2007; Fort et al.,
2008), almost all ORX neurons co-synthesize Dyn or N/OFQ,
both endogenous opioids (Maolood and Meister, 2010). The
application of Dyn or N/OFQ hyperpolarizes MCH cells,
increasing their input resistance (Li and van den Pol, 2006;
Parsons and Hirasawa, 2011), probably through k-opioid (kOR)
and NOP receptors present in these cells (Parks et al., 2014)
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FIGURE 3 | MCH neurons receive several inputs relevant to the control of energy homeostasis. Neurons from the telencephalon (green), hypothalamus
(blue), and brainstem (red), in addition to circulating factors (yellow), are capable of modulating electrophysiological and genetic expression properties of MCH
neurons in the LHA. Red arrows with plus signs represent depolarizing inputs, blue arrows with minus signs represent hyperpolarizing inputs, black arrows indicate
relevant indirect connections to the circuit, the purple arrow represents increased expression of the Pmch gene and the orange arrow an input that decreases gene
expression. Dashed lines indicate connections that have ample physiological support but lack morphological demonstration or may be composed of multiple
polysynaptic elements. Some presynaptic modulatory inputs to GABA- and GLUergic neurons were omitted for clarity.

(Figure 4B). These results suggest that MCH neurons could
potentially be stimulated by ORX and inhibited by Dyn and
N/OFQ originated from the same fibers. Li and van den Pol
(2006) and Parsons and Hirasawa (2011) report that MCH cells
quickly desensitize to Dyn and N/OFQ, while the response to
ORX remains largely unaltered after sequential applications.
Through thismechanism, Dyn andN/OFQ could damp theMCH
response to brief spontaneous activation of ORX cells, since only
constant ORX input would surpass the desensitized inhibitory
e�ect of Dyn and N/OFQ and activateMCH cells. In other words,
these endogenous opioids provide the ORX-MCH circuit with a
mechanism for noise filtering.

In addition to the chiefly LHA-centered MCH and ORX
populations, neurons with distinct chemical signatures and
broader distributions are also found in the LHA. One example
is the TRH-ir neuronal population located in the LHA, that
does not co-localize with MCH or ORX (Horjales-Araujo et al.,
2014) and can also be identified in the PVH, VMH, DMH,
suprachiasmatic, Pe and Arc hypothalamic nuclei (Brownstein
et al., 1974). Besides its role in thyroid function regulation
through the AH, TRH is also associated with the control of
energy homeostasis through central pathways: icv injections
decrease feeding and increase thermogenesis and locomotor

activity (for a review on TRH functions, see Lechan and
Fekete, 2006). The central e�ects of TRH are all antagonistic
to MCH actions, suggesting that TRH-mediated inhibition of
MCH neurons could account, at least partially, for the observed
results. Indeed, Zhang and van den Pol (2012) report that TRH
inhibit MCH neurons by increasing presynaptic GABAergic
input to MCH neurons (Figure 5). In conclusion, TRH may
modulate feeding behavior and energy expenditure by inhibiting
MCH neurons in the LHA, and the source of this TRH input
may be from the LHA itself or from other hypothalamic
nuclei linked to energy balance, as the PVH, VMH, DMH,
and Arc.

Recently, another population of LHA neurons has emerged
an important mediator of energy homeostasis: Nts neurons that
also contain LepR, known as Nts-LepR. These neurons are
found in the LHA (Leinninger et al., 2011) and make synaptic
contacts with local neurons (Louis et al., 2010; Leinninger
et al., 2011). Although Leinninger et al. (2011) have shown
that Nts-LepR neurons make inhibitory synaptic contacts with
ORX neurons, but not MCH neurons, it is possible that a
polysynaptic circuit may link Nts-LepR neurons to MCH. The
selective ablation of LHA Nts-LepR neurons leads to a phenotype
of increased body weight, but these mice have only a slightly
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FIGURE 4 | Multiple factors have postsynaptic effects on MCH neurons. (A) Several neuropeptides increase the excitability of MCH neurons through
postsynaptic mechanisms. AVP depolarizes MCH neurons through NCXs and TRPC; OXT increases Na+ currents through NCXs; ATP in the extracellular medium
increases MCH excitability through unknown mechanisms that may depend on P2?; orexins depolarize MCH neurons with special affinity for ORXB, suggesting an
ORXR2-dependent pathway; glucose increases neuronal excitability in a mechanism similar to pancreatic b-cells: GLUT3 transporters increase the amount of
glucose in the intracellular medium, boosting the amount of produced ATP, what blocks ATP-sensitive potassium channels (KATP); insulin excites MCH neurons and
activates PIP3-dependent pathways. (B) Several neuropeptides decrease the excitability of MCH neurons through postsynaptic mechanisms. ACh and 5-HT, two
important elements of the central arousal system, inhibit MCH neurons; both NE and DA are capable of decreasing MCH excitability through the activation of the
adrenoceptor type 2A and resulting activation of K+ currents through GIRK channels; NPY hyperpolarizes MCH neurons also through GIRK currents; opioids such
as N/OFQ and Dyn hyperpolarize MCH neurons with convergent mechanisms through the blockage of VDCC and an increase in GIRK currents.

increased food consumption when young. On the other hand,
these animals have increased adiposity and decreased VO2 and
ambulatory activity (Leinninger et al., 2011). This phenotype
inversely mirrors that observed in Pmch�/� and Mchr1�/�

mice, that show a reduction in chow consumption that is too
small to explain their weight deficit, increased O2 consumption
and increased ambulatory activity (Shimada et al., 1998; Marsh
et al., 2002). These energy expenditure alterations seen in Nts-
LepR mice are more compatible with overactivity of MCH
neurons than exclusively of ORX. As Nts-LepR neurons are
predominantly GABAergic (Leinninger et al., 2009; Goforth
et al., 2014), synaptic spilling or GABA-mediated decrease of
GLUergic input toMCH neurons may explain how these neurons
modulate MCH neurons. As leptin serves as a metabolic signal
for high energy reserves, the inhibition of MCH neurons by
Nts-LepR neurons may be a mechanism to decrease MCH-
mediated energy conservation in states of positive energy
balance.

Arcuate Nucleus

The Arc is a classical component of the feeding behavior
circuitry, as lesions in this nucleus and the adjoining VMH
by gold thioglucose promote hyperphagia and obesity in mice
(Debons et al., 1962). This nucleus contains neuronal populations
that produce anorectic peptides, such as the POMC-derived
a-MSH (Jacobowitz and O’Donohue, 1978; Elias et al., 1998;
Ludwig et al., 1998) and CART (Koylu et al., 1997, 1998;
Kristensen et al., 1998), as well as orexigenic peptides as the NPY
(Allen et al., 1983; Clark et al., 1984) and the AgRP (Ollmann
et al., 1997; Shutter et al., 1997). This nucleus is also influenced by
insulin (van Houten et al., 1980; Niswender et al., 2003), glucose
(Leloup et al., 1994; Muroya et al., 1999; Parton et al., 2007), and
leptin (Mercer et al., 1996; Schwartz et al., 1996; Cheung et al.,
1997), all of them capable of conveying the short- and long-term
energetic state of the organism from the CSF to the Arc through
the ME (Woods et al., 1979; Banks et al., 1996), positioning the
Arc as the ideal receptor for these circulating metabolic markers.
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FIGURE 5 | Complex presynaptic modulation of MCH neurons. (A) Several neuropeptides increase GABAergic input to MCH neurons acting on the soma of
GABA neurons, such as: TRH, ORX, NE, OXT, AVP, GLU and low levels of DA. ACh increases GABAergic input to MCH neurons acting on axon terminals. High
levels of DA, on the other hand, promote an inhibition of presynaptic GABAergic input through D2 receptors. NPY decreases inhibitory input acting on presynaptic
terminals, while cannabinoids released by the MCH postsynaptic terminal decrease vesicle release (Huang et al., 2007). GABAergic input to MCH neurons is
vehiculated mainly by GABAA receptors. (B) The GLUergic input to MCH neurons is similarly under the control of numerous inputs. GLU, ORX, OXT, AVP, and DA act
on the soma of GLU cells to increase excitatory input to MCH neurons. NE and NPY have the opposite effect, decreasing GLU input to MCH neurons. MCH has an
inhibitory presynaptic effect through an MCHR1-dependent decrease in Ca2+ currents. Cannabinoid activation of CB1 has a similar inhibitory effect on vesicle
release (Huang et al., 2007). GLU input to MCH neurons is conveyed by multiple receptors, including ionic (NMDAR and AMPAR) and mGlu1 and mGlu5. The
activation of mGlu5 in MCH neurons leads to a potentiation of NMDAR responses through protein kinases A and C (PKA and PKC).

Elias et al. (1998) showed that both major populations of
the Arc, NPY/AgRP and POMC/CART, project densely to the
LHA, with immunoreactive fibers in close apposition to MCH
neurons. van den Pol et al. (2004) report that NPY inhibits
MCH neurons, decreasing spike frequency and hyperpolarizing
membrane potential, both postsynaptically through GIRK
currents and presynaptically inhibiting GLU and GABA release
to MCH neurons (Figures 4B, 5). To better understand these
observations, it is important to consider that the LHA and the Arc
present reciprocal connections. Direct injections of MCH in the
Arc promote an increase in food consumption, placing this area
as a site of MCH action (Abbott et al., 2003). Using hypothalamic
cultures, these authors demonstrated that the addition ofMCH to
the culture induces a release of NPY, at the same time decreasing

the amount of the anorectic a-MSH released by a hypothalamic
explant. These data suggest that MCH projections from the LHA
to the Arc may increase the release of the orexigenic peptide
NPY and decrease the anorectic a-MSH, resulting in an overall
increase in food consumption.

The results of Abbott et al. (2003) allow us to speculate that
NPY inhibition of MCH neurons may be part of a negative
feedback loop, with increased MCH activity on the Arc resulting
in a depression of MCH neurons by NPY, avoiding excessive
stimulation of this orexigenic circuit. Another possibility is
that NPY–MCH interactions may be secondary to some other
Arc-LHA circuits, as suggested by Segal-Lieberman et al. (2003)
and van den Pol et al. (2004). Parallel to this negative feedback
loop, a positive feedback loop may exist between MCH and
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the anorectic peptides of the Arc. Although the addition of
a-MSH agonists or antagonists has no major electrophysiological
e�ect on MCH neurons (van den Pol et al., 2004), the selective
deletion of the Pomc gene results in a marked increase in Pmch
mRNA, suggesting that POMC-derived peptides are capable
of inhibiting Pmch expression (Challis et al., 2004). In this
case, inhibition of a-MSH neurons by MCH would result in
decreased inhibition of Pmch expression, potentially increasing
the stimulation of NPY by MCH and reinforcing the negative
feedback loop. It is important to consider, however, that these
circuits may be polysynaptic, since there is little evidence for
NPY and melanocortin receptors in MCH neurons (Liu et al.,
2003; Parks et al., 2014). Therefore, these circuits may employ
interneurons or even ORX neurons, since these are susceptible to
multiple regulatory mechanisms by NPY (Fu et al., 2004). Finally,
another possibility is that Arc projections interact with MCH-ir
fibers at the PVH, a target nucleus that display important e�ector
actions regarding feeding behavior and energy homeostasis.

Paraventricular Hypothalamic Nucleus

The PVH is one of the better-described nuclei in the whole
hypothalamus. It has eight major subdivisions, with three
magnocellular subdivisions containing neurons that primarily
synthesize OXT and AVP, and five parvocellular subdivisions
containing neurons that synthesize CRF and TRH, although
we now know that many other neurochemical populations are
present in the PVH with distinct distributions (Swanson and
Sawchenko, 1983; Simmons and Swanson, 2008, 2009). In many
ways, the PVH can be regarded as the motor nucleus of the
endocrine system, directly releasing OXT and AVP in the NH
and CRF and TRH in the portal circulation to modulate AH
activity and influence two of the major neuroendocrine axis in
the brain, the HPT and the HPA axis. Projections from these
neurons, however, are not restricted to the hypophysis, as they
project densely to other areas of the brain and all of them show,
to some extent, modulatory e�ects.

To investigate if OXT and AVP neurons could exert
e�ects through MCH neurons, Yao et al. (2012) evaluated
the electrophysiological response of MCH cells to these
neuromodulators. AVP directly excites MCH neurons through
the V1a receptor, depolarizing their membrane potential and
increasing spike frequency through NCX and the opening of
TRPC (Figure 4A). AVP also acts presynaptically increasing
GLU- and GABAergic input to MCH neurons (Figure 5). OXT
provides excitatory input to MCH neurons as well, through the
OXTR, depolarizing their membrane potential and increasing
spike frequency through NCX (Yao et al., 2012) (Figure 4A).
In addition to OXT and AVP, neuropeptides from the PVHp
may also contribute to MCH-dependent modulation of ingestive
behavior. As discussed in the previous section, TRH modulates
MCH function and it is not possible, for now, to specify the
exact source of this input to presynaptic GABA neurons in the
LHA. Moreover, little has been described about the e�ects of
CRF-synthesizing neurons over MCH cells albeit that, if such
mechanism exists, it must involve polysynaptic circuits, since
Parks et al. (2014) report that CRF receptors are not significantly
found in MCH neurons.

Limbic and Mesolimbic

The Acb is an important component of the ventral striatum,
participating in several processes, including reward and aversion
(for a review, see Carlezon and Thomas, 2009). The Acb can be
divided into two subdivisions, a core (AcbC) and a shell (AcbSh),
with distinct connectivity, cellular composition and function.
AcbSh activity has been associated with feeding inhibition,
as electrical and optogenetic stimulation of AcbSh MSNs are
capable of quickly interrupting a feeding bout; a subset of
AcbSh neurons decrease their activity immediately before the
onset of a sucrose solution consumption; and photoinhibition
of dopamine-sensitive (D1) MSNs increases liquid fat intake
(Krause et al., 2010; O’Connor et al., 2015).

AcbSh MSNs are GABA cells that project to the rostral parts
of the LHA, suggesting the inhibition of orexinergic neurons of
this area (MCH and ORX) as a putative mechanism for AcbSh-
mediated inhibition of feeding. It is now understood, however,
that AcbSh input to the LHA does not reach MCH or ORX
neurons directly. Sano and Yokoi (2007) identified a group of
GLU neurons in the anterior part of the LHA (LHAa) that receive
dense projections from the AcbSh and project to the posterior
part of the LHA (LHAp), suggesting that a GLU node exists
between accumbal projections and neurons in the LHAp, where
MCH neurons are located. O’Connor et al. (2015) identified a
second pathway, reporting that D1-MSNs from the AcbSh project
to the LHA and inhibit GABA interneurons in this area to
promote accumbal inhibition of feeding. As an AcbSh|GABA-
LHA|GABA-LHA|MCH circuit would be ultimately excitatory
for MCH neurons, it is likely that additional nodes are present in
this pathway. Further experiments will be necessary to elucidate
the intra-LHA circuit that conveys accumbal information to
MCH and ORX neurons.

The inhibition of MCH neurons by accumbal projections
agrees well with the theory proposed by Kelley et al. (2005) that
the AcbSh functions as a “sensory sentinel,” quickly inhibiting a
feeding bout in response to an environment cue that may need
the animal to respond to, such as a predator approaching, even if
the animal’s metabolic state would drive him to continue feeding.
Since MCH neurons project to the MCx (Elias et al., 2008) and
decrease locomotor activity, an inhibition of these neurons could,
at the same time, decrease the drive to feed and disinhibit the
MCx, prompting the animal to show a motor response to the
environmental cue.

Amygdaloid input to MCH neurons may also pay a role
in the inputs to this system. Nakamura et al. (2009) report
that anterograde tracer injections centered in the CeA reveal
numerous varicose fibers in the LHA, chiefly on its dorsolateral
most area. These fibers often make contact to MCH-ir and
ORX-ir neurons and these terminals are immunoreactive for a
GABA marker, suggesting an inhibitory property for these CeA
projections.

Midbrain and Hindbrain

The midbrain contains some of the most important nuclei
containingDA-synthesizing neurons in the whole CNS, including
the A8, SN – A9, and VTA – A10 groups (Dahlström and Fuxe,
1963). These groups project densely to the forebrain, including
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the neocortex, the striatum and the diencephalon (Andén et al.,
1966). Leibowitz and Brown (1980) showed that ventral A8 and
A9 cells provide an important CA input to the perifornical area,
and lesions of the A8 and A9 deplete the LHA of CA-ir, reduce
the anorectic e�ect of the DA presynaptic drug amphetamine
and potentiate the anorectic e�ect of DA itself. Alberto et al.
(2011) and Conductier et al. (2011) report that DA produces
hyperpolarization of MCH neurons through GIRK mediated
outward currents, but DA receptors (D1 and D2) antagonists
failed to induce similar currents, suggesting that the observed
DA actions are not mediated by DA receptors (Figure 4B).
Conductier et al. (2011) also found that DA can alter the
presynaptic input to MCH neurons, with low concentrations of
DA (1 µM) potentiating both GABA and GLU release through
presynaptic D1 receptors, while high concentrations of DA
(100 µM) inhibits GABA release through D2 receptors, with
GABA e�ects more pronounced than GLU e�ects suggesting
a predominantly inhibitory action for DA over MCH neurons
(Figure 5). Both Alberto et al. (2011) and Conductier et al.
(2011) found as well that the postsynaptic e�ect of DA depends
on the adrenergic receptor a2A, since specific antagonists blocks
DA-induced currents and a2A is present in MCH neurons
(Modirrousta et al., 2005).

These results are particularly noteworthy because the a2A
is also the receptor through which NE inhibits MCH action.
The LHA is moderately innervated by NE terminals originated
from the brainstem (Palkovits et al., 1974), with an important
contribution from the lateral tegmental NE system (Moore and
Bloom, 1979). The work of van den Pol et al. (2004) has provided
evidence that NE promotes a hyperpolarization of the membrane
potential and a decrease in spike frequency of active MCH
neurons by mobilizing GIRK currents, and this e�ect is blocked
by a selective a2A antagonist (Figure 4B). NE also acts on
the synaptic input to MCH neurons, decreasing GLUergic and
increasing GABAergic input, resulting in an overall inhibitory
action (Figure 5). Taken together, the results of van den Pol et al.
(2004), Alberto et al. (2011), and Conductier et al. (2011) point to
a synergistic convergence of both DA and NE systems through
the a2A. This convergence may limit how much synergistic
inhibition acts over MCH neurons, since DA inhibition would
desensitize the receptors for NE inhibition and vice-versa. The
DA and NE systems are, therefore, competitive elements instead
of synergistic, even though both have inhibitory properties over
MCH neurons.

Serotonin is a monoamine neurotransmitter synthesized
in numerous groups of neurons of the brainstem and with
widespread projections throughout the CNS (Dahlström and
Fuxe, 1963; Steinbusch, 1981). Hypothalamic injections of 5-HT
have been extensively correlated to a decrease in feeding (for
a review, see Leibowitz and Alexander, 1998) through multiple
receptors and di�erent mechanisms (for a review, see De
Vry and Schreiber, 2000). van den Pol et al. (2004) report
that 5-HT hyperpolarizes MCH neurons and decreases spike
frequency through postsynaptic mechanisms (Figure 4B). Taken
into consideration, these data indicate that 5-HT may decrease
feeding through the inhibition of MCH neurons in addition to
5-HT interactions with DA, although further experimental work

is necessary to confirm this hypothesis and detect the specific
5-HT receptor subtypes responsible for this action.

The urocortins (UCN1, UCN2, and UCN3) are members
of the mammalian CRF family, with a special a�nity for the
CRF receptor subtype 2 (Vaughan et al., 1995; Lewis et al.,
2001; Reyes et al., 2001). UCN1 has been mapped in the albino
rat by Kozicz et al. (1998) and Bittencourt et al. (1999), who
have shown that the main sites of Ucn1 mRNA expression and
UCN1 synthesis are the EW and the superior olivary nucleus,
both brainstem structures, with a broad distribution of UCN1-ir
fibers throughout the CNS. Although the EW was initially
recognized as amotor nucleus for vision relatedmuscles, it is now
recognized that the EW has two components: a preganglionic
EW, responsible for this cholinergic motor control, and the
centrally-projecting EW, involved in a series of functions such
as feeding, stress and addiction (for a review in EW structure
and function, we point the reader to Kozicz et al., 2011). Of
special importance to us is the role of UCN1 in feeding behavior,
as UCN1 acts as a powerful anorectic peptide in nanomolar
concentrations (Spina et al., 1996) and diet/fasting can regulate
Ucn1 mRNA expression (Legendre et al., 2007; Xu et al., 2009).
Júnior et al. (2015) have shown that UCN1-ir neurons or
the EWcp send projections to the LHA and these fibers are
in close proximity to MCH-ir neurons, so this UCN1|EWcp-
MCH|LHA circuit could represent the pathway through which
UCN1 influences feeding behavior. Although the low levels of
CRF receptors in MCH could be taken as an evidence against this
particular pathway, it is noteworthy that these receptors are found
on the LHA (Chalmers et al., 1995), so the action of UCN1 could
involve the modulation of GABAergic or GLUergic interneuronal
input to MCH neurons. Further studies will be necessary to
elucidate the physiological aspects of this circuit.

Circulating Factors

The MCH peptidergic system appears to be heavily influenced
by leptin, a major circulating factor of satiety produced by
adipocytes (Zhang et al., 1994; Campfield et al., 1995; Halaas
et al., 1995; Pelleymounter et al., 1995). Qu et al. (1996) were
the first to identify a relationship between MCH and leptin,
reporting that Lepob/ob mice have twice the level of Pmch
mRNA than WT animals, suggesting a leptin inhibition of
Pmch expression. Agreeing to that, obese rats with a point
mutation in the long form of the LepR gene (Zucker rats
LepRfa/fa) display higher levels of Pmch mRNA and decreased
levels of Mchr1 mRNA in comparison to lean rats, suggesting
that deficient leptin signaling can upregulate the MCH system
(Stricker-Krongrad et al., 2001). Likewise, Gavrila et al. (2005),
studying humans, report that fasting (with a concomitant fall of
circulating leptin levels) significantly increases serum levels of
MCH, and supplementation with r-metHuLep prevents the raise
of seric MCH. The mechanism through which MCH responds to
leptin, however, must be polysynaptic, as studies using a reporter
associated to the Lepr gene indicate that Lepr-expressing neurons
are not MCH or ORX (Leinninger et al., 2009; Louis et al., 2010).

Other important factors for metabolism regulation are glucose
and insulin. Although the periphery holds the machinery for
glucose-mediated insulin production, and this machinery works
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e�ciently to keep the blood levels of glucose in a strict range, we
now include the CNS as an important sensor for these metabolic
cues and as an e�ector to keep their physiological levels (Myers
and Olson, 2012). The IR is widely distributed in the CNS (Mayer
et al., 1978), with deleterious e�ects on energy homeostasis
occurring after its specific deletion (Brüning et al., 2000). Hausen
et al. (2016) provide evidence that MCH neurons can respond
to insulin, reporting that 200 nM of it is capable of activating
PIP3-dependent pathways and invoking action potentials in 6 of
13 neurons tested, while 3 neurons displayed a decrease in firing
and the remaining neurons showed no alteration, suggesting that
subpopulations of MCH neurons are responsive to insulin with
di�erent dynamics (Figure 4A).

In addition to insulin, Burdakov et al. (2005) provided
evidence that glucose is also able to modulate MCH neurons.
Although not as high as plasma levels, the brain is subjected
to variations in glucose concentration that mirror those of the
plasma, with a physiological range that goes from ⇠0.7–2.5 mM
and may reach as low as 0.2 mM in conditions of hypoglycemia
and 5 mM in hyperglycemia (Routh, 2002). A subset of
approximately 70% ofMCH-ir neurons is excited by high levels of
glucose (5 mM) and dose-dependently hyperpolarizes as glucose
levels reach 0.2 mM (Burdakov et al., 2005; Kong et al., 2010).
Kong et al. (2010) demonstrated that glucose sensing by MCH
neurons works in a similar fashion to pancreatic b-cells, in which
an increase in intracellular glucose (driven by an increase in
extracellular glucose carried by the GLUT3 transporter) results in
increased ATP production which, in turn, induces the closure of
KATP with consequent depolarization, and this e�ect is dependent
of SUR1-containing KATP, establishing the SUR1 protein as a
marker for glucose-sensitive MCH neurons (Figure 4A).

Although the activation of MCH in conditions of high glucose
may seem counterintuitive, it is possible to fit it in a larger
role for MCH in energy homeostasis. MCH is suggested to be
involved in energy conservation, decreasing locomotor activity
and metabolic parameters and increasing sleep in conditions of
positive energy balance, thus its activation in response to high
glucose (Burdakov et al., 2013). This led us to hypothesize that
the orexigenic activity of MCH is not incompatible with that
suggestion, when we consider the probable environment of an
animal regarding food availability. It would be dangerous for
animals to wait for their energy levels get low, as this could impair
their capacity to obtain food, so it is beneficial for animals to eat
periodically, even when their energy balance is positive. In most
situations, animals have some awareness of their surroundings,
and sources of food probably have been scouted, with animals
preferentially occupying areas with abundant food availability. In
that case, animals do not have to explore for food, so they may
display decreased locomotor activity and longer periods of rest.
Still, they must have some drive to feed periodically, and MCH
could account for this e�ect, integrating not only glucose levels
but also the other input discussed in this section. Food depletion
of their environment or hazards (such as predators) may impair
their ability to keep this constant state, in a situation that would
lead to decreased levels of glucose. In this case, MCH would
need to be shut o� (low-glucose induced hyperpolarization) and
a system that promotes food-seeking could be activated.

A possible component of this food circuit is ORX, as ORX-ir
cells are excited by low levels of glucose (Burdakov et al., 2005)
and their activation is also implicated in arousal (Alexandre
et al., 2013), a necessary condition for active food-seeking. In
this model, these two peptides could act in di�erent aspects
of feeding behavior: MCH is responsible for keeping a positive
energy-balance state, while the ORX system “kicks in” when
the animal reaches a negative energy balance and must return
to a safer range. Since MCH is a “baseline stabilizer,” avoiding
big fluctuations in energy homeostasis, MCH inactivation would
not promote big alterations in feeding, since other ingestive-
controlling systems would act nevertheless when the animal
entered deficient energy states, possibly consuming an amount of
food similar to that of anMCH-preserved animal. This appears to
be the case, since the selective ablation of MCH-neurons in adult
mice by diphtheria toxin promotes leanness and hyperactivity,
but the animals display only a non-significant tendency to eat less
than control mice (Whiddon and Palmiter, 2013).

Another possible peripheral signal that may influence MCH
neurons is CORT, a glucocorticoid produced by the adrenal
gland that freely crosses the BBB to influence the regulation
of energy balance, with central and systemic administration of
glucocorticoids promoting an increase in food intake and body
weight (Freedman et al., 1986; Green et al., 1992; Tataranni et al.,
1996; Zakrzewska et al., 1999). Drazen et al. (2004) have shown
that, in ADX animals, the icv injection of MCH has a less potent
e�ect than in sham animals regarding both food and fluid intake,
and this e�ect is reversed in ADX animals that receive CORT
supplementation in their water. These authors also report that
hypothalamic expression of Pmch mRNA is decreased in ADX
animals. This is in good agreement with the results of Viale
et al. (1997) that showed the partial sequence of a glucocorticoid
response element in the 50-flanking region of the Pmch gene,
which could account for the mechanism through which the
absence of CORT after ADX promotes a decrease in PmchmRNA
expression.

Amylin is a pancreatic peptide hormone, co-synthesized with
insulin by b-cells in response to feeding (Le�ert et al., 1989),
although central AMY has been described as a lactation-related
peptide synthesized in the MPOA (Dobolyi, 2009). AMY has
an anorectic action, suppressing feeding in both rats and mice,
suggesting a post-prandial satiety e�ect and long-term lipostatic
signaling (Lutz et al., 2001; Rushing, 2003). The intraperitoneal
injection in rats of salmon calcitonin, an AMY receptor agonist,
decreases the levels of LHA Pmch mRNA (Barth et al., 2003).
This e�ect is probably not direct, since there is little evidence for
AMY binding in the LHA (Sexton et al., 1994), suggesting that
AMY signaling reaches MCH neurons through circuits that may
include the AP (Lutz et al., 2001), VTA (Mietlicki-Baase et al.,
2013, 2015) and LDTg (Reiner et al., 2017).

Outputs
The regulation of feeding by MCH neurons is a complex
mechanism that involves many aspects of this behavior, including
the energy balance of the organism, metabolic rate, rewarding
circuits, locomotor activity, arousal, spatial memory, olfactory
cues and complex interactions with other peptidergic systems. In
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this section, we will highlight the main actions of MCH and its
underlying connectivity, illustrated in Figure 2B.

Locomotor Activity

MCH-ir neurons project di�usely to numerous areas of the
isocortex, including the SSCx, MCx, infralimbic, and Ins, as
shown by Saper et al. (1986) using an antibody for a-MSH that
was, as we now know, cross-reacting to MCH. This pattern of
MCH projections was confirmed by Cvetkovic et al. (2003) using
an antibody for salmonid MCH and further explored by Elias
et al. (2008), that showed extensive innervation of the MCx by
MCH neurons of the LHA. These authors also reported that a
subset of these MCH-ir MCx-innervating neurons also innervate
the PPTg, what may also contribute to a motor regulation
through the mesencephalic locomotor region of this area. This
circuit supports an action of MCH decreasing locomotor activity
as reported in Pmch�/� and Mchr1�/� mice (Segal-Lieberman
et al., 2003; Willie et al., 2008), as well as progressive (Alon and
Friedman, 2006) and sudden (Whiddon and Palmiter, 2013) adult
ablation of MCH neurons. Through this pathway, MCH neurons
decrease locomotor activity and energy expenditure to revert
states of negative energy balance or sustain states of positive
energy balance.

Energy Expenditure

Locomotor activity is not the only way the CNS can modulate
energy expenditure, since thermogenesis also play an important
role in this aspect of homeostatic balance. The first link between
MCH and energy expenditure control was drawn by Shimada
et al. (1998), that noticed a reduction in body weight that
surpassed the reduction in food intake in Pmch�/� animals.
Although these animals did not have a lower rectal temperature
when compared to WT mice, their rate of O2 consumption
normalized for body weight was 20% higher. Mice lacking
MCHR1 also display higher metabolic rates during the dark
phase as measured by indirect calorimetry (Marsh et al.,
2002).

Using a model of cold exposure, Pereira-da-Silva et al.
(2003) showed that MCH is increased by almost 60% in cold-
exposed animals. These animals display a series of physiological
adaptations to the challenging temperature that include an
increase in food consumption, fall of body weight and
thermogenesis. These authors report that cold-exposed animals
with impaired MCH synthesis have an increase in the molecular
machinery necessary for BAT-dependent thermogenesis when
compared to control animals, suggesting that MCH inhibits
BAT thermogenic activity, potentially conserving energy for
homeostatic purposes. To investigate the chemical signature
of the hypothalamic circuits modulating BAT activity, Oldfield
et al. (2002) injected a polysynaptic viral tracer in the BAT
of adult rats combined to immunohistochemistry for di�erent
neuropeptides synthesized in the hypothalamus. Third-order
MCH-ir neurons were found in the LHA, suggesting that
MCH neurons provide input to the BAT through brainstem
nuclei.

These results are reinforced by the works of Guesdon et al.
(2009) and Chung et al. (2010). Guesdon et al. (2009) report that

intraventricular injections of MCH decrease lipid oxidation and
Chung et al. (2010) demonstrated that Mchr1�/� animals are
resistant to weight gain when exposed to HFD due increased lipid
metabolism. Furthermore, Verty et al. (2010), using temperature-
sensitive telemetry probes, registered a significant increase in
BAT temperature after intraventricular injection of an MCHR1
antagonist. All these data suggest that LHA MCH neurons
polysynaptically decrease thermogenesis in BAT to reduce lipid
metabolism and energy expenditure, an important mechanism to
sustain a positive energy balance or revert a scenario of negative
energy balance.

Autonomic Modulation

Saper et al. (1976) have shown that LHA neurons project both
to autonomic centers of the brainstem, such as the dorsal
motor nucleus of the vagus and the NTS, and directly to
the SpCd, including the ImC in thoracic levels, suggesting
a descending hypothalamo-autonomic pathway that access
directly the preganglionic cells of the parasympathetic and
sympathetic systems. Since MCH-ir fibers from the LHA also
sparsely innervate the autonomic nuclei of the brainstem
and all levels of the SpCd (Kohler et al., 1984; Bittencourt
et al., 1992; Bittencourt and Elias, 1998), this represents a
possible pathway through which MCH may integrate ingestive
behavior to autonomic function, although further evidence is
necessary to establish if there is a direct contact between
ganglionic cells and MCH neurons, possibly through specific
viral tracers. More recently, Pérez et al. (2011) injected a
polysynaptic viral tracer in the SAL and MAS of mice and
discovered that MCH-ir neurons of the LHA provide inputs
to brainstem nuclei involved in the control of these structures
(MoV – MAS innervation; 7N and SuS – SAL innervation).
Through this innervation, LHA MCH-containing neurons can
gate two important preparatory responses to feeding: salivation,
an autonomic response necessary for bolus formation and
swallowing, and mastication, a motor response which involves
complex coordination between muscles of the jaw, face, and
tongue. Another interesting aspect of this MCH input is
the fact that both salivation and mastication are under the
control of higher-order cortical centers (Thexton, 1992; Hubschle
et al., 1998), and MCH could potentially integrate this higher-
center input and provide the output to lower brainstem
nuclei.

An indirect mechanism for this feeding-autonomic coupling
is through the PVH. An important number of labeled cells are
found in the PVH after retrograde tracer injection in the SpCd,
suggesting that this nucleus also acts over autonomic systems
(Hancock, 1976; Saper et al., 1976; Ono et al., 1978; Blessing
and Chalmers, 1979; Hosoya and Matsushita, 1979). The PVH
neurons that project to the SpCd and to the dorsal vagal complex
are concentrated in the dorsal, lateral, and medial parts of the
PVHp (Swanson and Kuypers, 1980), regions that receive more
MCH-ir innervation than the PVHm (Bittencourt et al., 1992).
Since injections of MCH restricted to the PVH without spilling
to the ventricular system promote an increase in feeding behavior
(Abbott et al., 2003), this could represent another node through
whichMCH integrates feeding behavior and autonomic function,
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triggering the necessary autonomic preparatory processes to
feeding.

Thyroid Modulation

Kennedy et al. (2001) suggest that MCH could be part of the
peptidergic modulation of the HPT axis. After icv injections of
MCH, there is an in vivo decrease in the plasmatic levels of
TSH (10 and 60 min after injection). In vitro, the addition
of MCH and NEI in hypothalamic cultures promotes a decrease
in the levels of TRH, and MCH co-applied with TRH decreases
the secretion of TSH in cultures of hypophysaire cells when
compared to TRH alone. MCH may act both through a direct
and an indirect pathway to control the HPT axis activity. Directly,
MCH-ir fibers from the LHA could innervate TRH-ir neurons
in the PVH, decreasing their secretory activity. In the indirect
pathway, MCH-ir projections to the Arc could potentially act
over the a-MSH/CART and NPY/AgRP systems to promote
downstream alterations in TRH synthesis. There is anatomical
support for both pathways. Both MCH-ir fibers and MCHR1
immunoreactivity are found in the PVH of rats (Bittencourt et al.,
1992; Hervieu et al., 2000; Saito et al., 2001) and a reporter to
associated to Mchr1 can be detected in TRH-ir cells of the PVH
(Chee et al., 2013). An Arc mediated pathway is supported by
the observation that the neonatal ablation of the Arc abolishes
the decrease in PVH| TRH resulting from fasting (Legradi et al.,
1998). NPY-ir and AgRP-ir nerve terminals contact TRH-ir
neurons in the PVH, and the main source for this innervation is
the Arc (Legradi and Lechan, 1998, 1999). A similar innervation
of pro-TRH mRNA expressing-neurons is also observed for
a-MSH and CART fibers (Fekete et al., 2000). Regardless of the
pathway, considering the energy conservation e�ects of MCH, it
is likely that this peptide acts on the HPT axis to decrease energy
expenditure.

Circulation

There are few studies that examined the levels of MCH in the
bloodstream. Evaluating the possibility that MCH was produced
and released by adipocytes, Bradley et al. (2000) did not detect
PmchmRNA in these cells, but they detected MCH in the plasma
through a RIA. Stricker-Krongrad et al. (2001) evaluated the
amount of MCH in the serum of Zucker rats and found that
MCH levels were increased in the obese animals compared to
the lean ones. On the other hand, in Wistar rats with obesity
resulting from electrolytic VMH or PVH lesions, there was a
decrease in the intensity of MCH staining in the LHA (9.3% for
VMH lesions and 21.9% for PVH lesions), but the decrease in
serumMCH levels did not reach statistical significance (Sun et al.,
2004). It is important to consider, however, that Sun et al. (2004)
used densitometry in LHA slices after immunohistochemistry
to quantify the alterations in MCH immunofluorescence, a
method that allows the detection of general di�erences but
renders impossible to define if subsets of neurons had alterations.
Therefore, it is still possible that some neurons displayed a
decrease in MCH synthesis in response to the lesions, but the
neurosecretory neurons kept stable levels of synthesis.

Gavrila et al. (2005) examined serum levels of MCH in
humans, evaluating correlation factors for diverse parameters

such body fat, leptin, estrogen and testosterone, dietary patterns
and fasting. These authors found a direct correlation between
serum MCH and fat mass and fat percentile, but no correlation
could be drawn between MCH levels and estrogen, testosterone
or dietary parameters. Working also with humans, Carnier et al.
(2010) evaluated obese adolescents with eating disorders after
6 months and 1 year of interdisciplinary therapy, and observed
a short-term increase of MCH in the blood of these patients
followed by a decrease after 1 year of therapy. These authors
suggest that the short-term increase in energy demand upregulate
the release of MCH and the long-term correction of dietary
habits promote a lower MCH baseline. During the preparation
of this review, a new study about circulating MCH in humans
was published by Naufahu et al. (2017). In this study, a reliable
RIA was developed and tested in over 200 humans of both sexes
and di�erent body fat profiles, revealing a plasma MCH baseline
of 19.5–55.4 pg/ml and some di�erential regulation of MCH that
depends on both gender and adiposity, although further studies
are necessary to fully elucidate how that regulation occurs.

The data regarding circulating MCH must be examined with
caution. One major caveat is that Waters and Krause (2005),
in a letter to the editor addressing the work of Gavrila et al.
(2005), report that the commercial RIA used in most of these
studies for MCH has non-specific reactivity with serum elements,
since samples from Pmch�/� mice resulted in a positive signal.
However, it is now hard to dispute that MCH is found in
physiological levels in the bloodstream after the experiments
ran by Naufahu et al. (2017). Another important aspect about
circulating MCH is that its source is still unknown. Several
peripheral tissues synthesize MCH (Hervieu and Nahon, 1995),
and the role of this synthesis is, in many cases, still not associated
with specific functions. Viale et al. (1997) showed that peripheral
MCH has a di�erent structure when compared to central MCH,
as it is processed di�erently and its sequence combines central
MCH and NEI. Since many peripheral tissues display MCHR1
mRNA (Saito et al., 1999; Hill et al., 2001), it is highly likely that
MCH released in the bloodstream from one or more sources can
reach those tissues and play modulatory roles. The study of MCH
as a secreted factor in the bloodstream represents, therefore, a
prolific field of MCH study.

Reward

In an oversimplification, feeding behavior is stimulated by two
main drives: a metabolic drive, guided by homeostatic cues
aiming to keep the energy balance of the animal, and a reward
drive that involves complex emotional aspects and is directly
linked to the subjective experience of pleasure. The reward aspect
of feeding is a major component of that behavior, playing a
preeminent role in our modern society. Rats are willing to expose
themselves to aversive stimuli, such as foot-shock, painful heat
and intense cold to obtain palatable food, such as candies and
soda (Cabanac and Johnson, 1983; Foo andMason, 2005; Oswald
et al., 2011). As the complex relationship between metabolic and
reward aspects has been thoroughly examined by others (Saper
et al., 2002; Berthoud, 2011; Ferrario et al., 2016), in this review,
we will focus on the role that MCH may play coordinating these
di�erent drivers.
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The motivation and reward system involves a complex circuit
with many relevant nodes, including the prefrontal cortex,
striatum/Acb and the VTA. One of the regions with highest
Mchr1 mRNA expression is the Acb (Hervieu et al., 2000;
Saito et al., 2001) and MCH fibers are found in this area
(Bittencourt et al., 1992), especially numerous in the septal pole
of the AcbSh (corresponding to the dorsocaudomedial AcbSh)
(Haemmerle et al., 2015). Haemmerle et al. (2015) also report that
accumbal MCH-innervation originates from neurons in all major
hypothalamic areas containingMCH-ir neurons, with the highest
rate of neurons simultaneously labeled for MCH and retrograde
tracer found in the IHy. These results are in good agreement
to those of Kampe et al. (2009) that report AcbSh-projecting
MCH neurons in the lateral hypothalamus that also project to the
CgCx/Ins.

MCH influences feeding behavior through the AcbSh, asMCH
injected in this area promotes an increase in chow consumption,
while an MCHR1 antagonist injected in this area decreases
feeding (Georgescu et al., 2005). These authors also report that
MCHR1 co-localizes to enkephalin and Dyn in the AcbSh,
suggesting that MCH may influence the opioid system through
these cells, a possible crossroad between MCH and the reward
system (Holtzman, 1974; Frenk and Rogers, 1979). These results
are supported by the work of Mul et al. (2011) that, using the
only published model of Pmch�/� rat, found that the MCH
signal on the AcbSh is important to keep the motivational
aspects of the feeding behavior. Therefore, this hodological aspect
between the LHA, the AcbSh and limbic areas is fundamental
for the characteristic control of energy balance and to increase
motivational or incentive-related aspects of food consumption.

A new facet of MCH actions on reward was provided
by Karlsson et al. (2012). Using an MCHR1 antagonist
combined with self-administration of sucrose (caloric and
sweet) or saccharin (just sweet), these authors found that
antagonist administration reduces sucrose self-administration,
but not saccharin-reinforced lever-pressing, indicating that
MCH conveys rewarding signals from the caloric content of
consumed food. The antagonist administration also decreased
cue-induced reinstatement of sucrose seeking, confirming that
MCH participates in the rewarding properties of sucrose.

Domingos et al. (2013) extended these result employing
optogenetic manipulation of MCH neurons in mice.
Photostimulation of MCH neurons is able to revert the
innate preference of mice for sucrose over saccharin and
stimulate DA release in the striatum. A similar e�ect is observed
in sweet-blind mice, suggesting that taste is not necessary for
MCH-dependent preference for caloric ingestion. Contributing
to these e�ects may be an activation of DA neurons in the
VTA, as MCH ablation reduced FOS synthesis in this area. The
VTA is densely innervated by MCH (Bittencourt et al., 1992)
and MCHR1 is found in low (Saito et al., 2001; Pissios et al.,
2008) to moderate (Hervieu et al., 2000) numbers in this area.
CART/MCH terminals are found in the VTA, and CART-ir
fibers contact DA neurons, suggesting that MCH and CART
may work in tandem to modulate DA release by VTA neurons
(Dallvechia-Adams et al., 2002), although electrophysiological
data suggests otherwise (Korotkova et al., 2003). One possible

explanation is that CART and MCH may not act directly on
DA neurons, but modulate their auto inhibition. CART impairs
DA-D2 binding when co-applied with stimulatory substances
(Jaworski et al., 2003; Kim et al., 2003; Mo�ett et al., 2011),
and DA neurons are auto inhibited through D2 (Johnson and
North, 1992; Momiyama et al., 1993), suggesting that CART may
decrease DA-dependent inhibition of DA neurons, increasing
their activity. Since MCH can depress the presynaptic machinery
of release (Gao and van den Pol, 2001), MCH released with
CART in the synapse could depress further CART release,
preventing too much disinhibition of DA neurons. A similar
mechanism to this has an experimental basis in the work of Yang
and Shieh (2005), on which MCH impaired CART stimulation of
DA activity in the Acb. Further experimental evidence, however,
is necessary to test if this is the mechanism of action for MCH,
CART, and DA in the VTA.

The interactions between MCH and DA are not limited to the
VTA, however, as these two may also interact directly on the Acb.
When Chung et al. (2009) applied MCH or D1 and D2 agonists
separately in the AcbSh, there was no change in animal behavior,
but when the three were co-applied there was a potentiation of the
cocaine rewarding response. Furthermore, Mchr1�/� animals
displayed resistance to the rewarding e�ects of cocaine, in a
similar way to the pharmacological blockade of this receptor.
More work will be necessary to fully elucidate the interaction
between MCH and DA, however, as Smith et al. (2005) observed
upregulation of D1 and D2 in the AcbSh of Mchr1�/� mice
and hyper sensibility to amphetamine, while methamphetamine
responses were attenuated after injections in the AcbSh of MCH
and amplified after MCHR1 agonists injections (Sun et al.,
2013). Albeit Chung et al. (2009) suggest that these apparent
contradictions can be explained by the di�erent mechanisms of
cocaine and amphetamine action, more evidence is necessary to
confirm this and to allow us to understand the role that MCH
may play in reward and addiction.

As a final consideration about MCH and reward, although
alcohol consumption is not the theme of this review, both drug
and food consumption have a common ground that is the reward
motivation. Alcohol is a particularly interesting model, as it is
both a stimulatory factor of the reward system and a source of
caloric nutrient. Duncan et al. (2005) found an increase in 10%
alcohol and isocaloric sucrose solutions intake after 3V MCH
injections, suggesting that MCH may drive the pursuit of these
substances for their rewarding or caloric value. Morganstern
et al. (2010a) developed on these results, demonstrating that
injections of MCH restricted to the PVH and Acb were able
to increase alcohol consumption, suggesting those nuclei as
downstream targets of MCH action on alcohol consumption. The
exact mechanism by which this MCH modulation happens was,
however, contentious, as some reports suggested that MCHR1
was not involved in the alcohol consumption-promoting e�ect
of MCH (Duncan et al., 2006, 2007), while others found
a potent decrease in alcohol consumption and reinstatement
after an MCHR1 antagonist treatment (Cippitelli et al., 2010).
Recently, Karlsson et al. (2016) reported that MCH and
MCHR1 have a dual role in the regulation of alcohol intake
through mechanisms related both to caloric intake and reward
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motivation. Further experiments on MCH alterations linked to
alcohol consumption, however, are still necessary to provide an
overarching explanation for all results reported in the literature.
Understanding the mechanisms through which MCH modulates
alcohol consumption may provide insightful views on addictive
and excessive behaviors.

Foraging/Predation

The participation of MCH in the pre-ingestive steps of feeding is
perhaps its most elusive aspect so far. Albeit the ad libitum diet
used in most experimental designs is convenient to standardize
parameters, it also creates a highly artificial setup for the animal.
In its natural environment, the animal must constantly make
decisions regarding food acquisition while factoring elements
such as its current energetic availability compared to other
needs, foreseen energetic necessity, proximity to food sources
and the risk of being eaten by a predator or injured by another
environmental hazard. Some animals must also decide when to
hunt for prey, since predation may reward it with metabolic
needs, if successful, but may also incur in wasted energy if a
failure.

Among the many complex elements of foraging and
predation, there are three aspects to which MCH may
be associated to: sensory integration, decision-making, and
memory. The first role proposed for MCH in the mammalian
brain was over the modulation of auditory stimuli, by Miller
et al. (1993). Using an auditory gating paradigm, these authors
have shown that the suppression of a redundant auditory signal
is abolished after MCH addition to the CSF, suggesting that
MCH can induce a state of higher vigilance at the cost of
decreased focus on a single signal. Besides auditory stimuli,
Adams et al. (2011) provided evidence that MCH participates in
the integration of olfactory stimuli through numerous MCH-ir
fibers that are found in olfactory-linked structures such as the
Pir and the OB. Using Pmch�/� mice, these researchers observed
a decreased capacity for them to find food using olfactory cues,
suggesting that MCHmay display an important role in the search
for food. MCH is, therefore, an important actor in the gating
of sensorial information, altering perceptual properties of the
animal (such as vigilance and focus) depending on the available
energy stores.

Regarding decision-making, there is a paucity of functional
information relating it to MCH. Projections arising from MCH
neurons in the IHy and tuberal LHA densely and di�usely
reach the PAG (Elias and Bittencourt, 1997). Comoli et al.
(2003) have shown that the lateral aspects of the PAG are
involved in predatory behavior, as FOS synthesis in this area is
increased in rats after cockroach predation compared to control
animals. It is possible, therefore, that MCH-ir projections to
the PAG may influence predatory behavior, but experimental
evidence is necessary to establish the PAG-mediated actions of
MCH.

The third important aspect of foraging is memory, as animals
that can adequately remember the location of food sources
will have a survival advantage. The HF has been thoroughly
implicated in memory (Scoville and Milner, 1957; Zola-Morgan
et al., 1986; Squire, 1992) and is one of the major targets of

MCH-ir fibers andMCHR1 synthesis in the rat brain (Bittencourt
et al., 1992; Hervieu et al., 2000; Saito et al., 2001). Lima et al.
(2013) provided a more detailed description of the MCH input
to the HF, describing a higher density of MCH-ir fibers in the
dorsal HF, especially in the CA3 field, and the presence of MCH-
ir fibers plexuses around GABAergic basket cells in CA1 and
CA3, in addition to apparent contacts betweenMCH-ir fibers and
HF-projecting cholinergic cells of the MS.

Several authors have provided evidence that MCH plays
a role in HF modulation. After CA1 MCH injections, rats
show: improved acquisition and consolidation in an inhibitory
avoidance test (Monzon et al., 1999); a decrease in the levels
of nitric oxide and its second messenger cGMP (Varas et al.,
2002a); and a facilitation in long-term potentiation through
alterations in the NMDA receptor-gated channel (Varas et al.,
2002b, 2003). Adamantidis et al. (2005) provided further evidence
for these memory-facilitation actions of MCH by reporting that
Mchr1�/� mice have worse memory retention of aversive stimuli
and decreased response of pyramidal cells to NMDA in the
CA1. Pachoud et al. (2010) expanded the roles of MCH in
HF plasticity, reporting that Mchr1�/� mice have decreased
output from excitatory GLUergic Scha�er Collaterals from the
CA3 to the CA1 through both AMPA- and NMDA-mediated
responses. In summary, these results point to MCH influencing
GLUergic transmission in the CA1 field through both presynaptic
mechanisms and the increase of NMDAR and AMPAR.

While most studies focused on the e�ects of MCH in the
CA1 field, Sita et al. (2016) investigated the e�ects of MCH
immunoneutralization centered on the CA3. Animals with
impairedMCH signaling in the CA3 weremore e�ective recalling
the place where food was buried during the training phase,
while control animals took longer and dug in other sites before
attempting the right quadrant. The most reasonable explanation
for the observed results is that animals could perceive olfactory
cues indicating that there was no food in the test trial, so control
animals searched for food in the arena while MCH-impaired
animals were unable to incorporate these cues to the previously
stored information.

What circuit could underlie the observations of Sita
et al. (2016)? According to Easton et al. (2012), there is a
dichotomy between the encoding of new a�erent information
into preexisting memories, a phenomenon dependent of the
entorhinal cortex and the CA1 field, and the retrieval of
memories, based on CA3–CA1 interactions. Therefore, the
inhibition of MCH in the CA3 may have favored this latter
circuit, allowing the animal to better recruit the location of the
buried empty petri dish, but impairing its ability to perceive the
absence of food, indicating that normal MCH activity in the
CA3 is necessary for regular integration of sensory information
to acquired memories, in a similar fashion to cholinergic input
(Easton et al., 2012).

OTHER BEHAVIORS

The actions of MCH on behaviors not related to energy
homeostasis are less understood, although recent developments
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began to shine some light in these other actions (Figure 6).
There is ample morphological support for MCH actions over
sexual behavior, as MCH-ir fibers are found in multiple relevant
areas such as the AVPV, the MPOA, the AHA, and the ME
(Bittencourt et al., 1992), where they may contact GnRH-ir
neurons (Williamson-Hughes et al., 2005; Ward et al., 2009; Wu
et al., 2009; Skrapits et al., 2015) and fibers (Williamson-Hughes
et al., 2005;Ward et al., 2009). ThisMCH–GnRH interactionmay
underlie the modulation of MCH over LH release, although the
exact mechanism through which this modulation occurs is still
contentious (Gonzalez et al., 1997; Murray et al., 2000a, 2006;
Tsukamura et al., 2000; Wu et al., 2009). In this regard, the
MPOA and the IHy seem to play an important role (Murray et al.,
2000b,c, 2006).

Not only MCH appears to impact the sexual physiology,
but steroidal hormones seem to influence the MCH peptidergic
system as well. In OVX rats supplemented with EB, the orexigenic
e�ects of MCH are impaired in comparison to male and OVX-
only rats, an observation that can be extended to physiological
conditions (Messina et al., 2006; Santollo and Eckel, 2008,
2013). These e�ects of E2, however, appear to be dependent
on polysynaptic mechanisms, since MCH neurons are close to
ERa-containing neurons, but they do not co-localize (Muschamp
and Hull, 2007; Santollo and Eckel, 2013). Steroidal cues also play
a role in MCH fiber density, as the number of MCH-ir fibers in
the external layer of theME (MEe) is increased in the diestrus and
proestrus, in sharp contrast to what is observed during estrus or
in males (Chiocchio et al., 2001; Gallardo et al., 2004).

In conclusion, although there is an important amount of
information regarding the relationship between MCH and sexual
behavior, especially through the modulation of gonadotropin
release, further experiments will be necessary to understand the
exact mechanism of MCH action in animals in their natural
environment, in light of the complex influence that steroidal
hormones and sites of action appear to exert. It is noteworthy,
as others have pointed (Naufahu et al., 2013), that MCH
actions on sexual behavior probably incur in important survival
gains by better coordinating the time for animals to engage
in reproductive behaviors, since doing so in states of negative
energy balance could incur in danger to the animal’s life and their
potential o�spring.

There is also evidence for MCH actions on maternal behavior
and the lactation period. The very first functional clue was
presented by Parkes and Vale (1993), that applied MCH and NEI
in a NH cell culture and found that the amount of OXT secreted
increases around 188 and 245%, respectively. Adams et al.
(2011) described that female Pmch�/� mice show a higher litter
postpartum mortality (31.1 ± 13.6% Pmch�/� vs. 7.3 ± 4.2%
WT), an observation that they attribute to the reduced capability
of the female to integrate olfactory stimuli. Alvisi et al. (2016)
report that pup-suckling stimulus does not elicit MCH neurons
activation or increase the number of MCH-ir neurons in the
MPOA, suggesting that hormonal and other sensorial cues have
prevalent interactions modulating the MCH system during this
period. Recently, Benedetto et al. (2014) and Alachkar et al.
(2016) demonstrated that MCH has an important role in the
expression of maternal behavior through the MPOA, acting as

a promoter of maternal behavior in the early postpartum period
and a selective inhibitor of appetitive components of this behavior
at late stages. It is noteworthy that Alachkar et al. (2016) describe
impaired maternal aggression in Mchr1�/�, while Adams et al.
(2011) report that Pmch�/� animals have increased levels of
aggression when on a group and faster initial aggressive response.
Besides those two works, very little is known about a possible
role for MCH in aggression and defensive behavior, so further
experimental investigation is necessary to better elucidate this
aspect of the MCH peptidergic system.

Although not motivated behaviors per se, sleep and arousal are
essential processes with an important interplay with motivated
behaviors, especially through hypothalamic circuits (Saper et al.,
2001, 2005). Intraventricular injections of MCH increase the
amount of time spent by rats in REM and slow-wave sleep (Verret
et al., 2003). Likewise, the subcutaneous treatment with an
MCHR1 antagonist decreases the amount of REM sleep (Ahnaou
et al., 2008). Recently, Vetrivelan et al. (2016) demonstrated that
MCH neuronal activity increases REM sleep, but MCH neurons
are necessary for the normal wake-REM sleep rhythm. MCH
actions on sleep depend on projections to the DR (Lagos et al.,
2009, 2011), oral pontine reticular nucleus (Torterolo et al., 2009),
horizontal limb of the diagonal band of Broca (Lagos et al., 2012),
ventrolateral preoptic area (Benedetto et al., 2013) and to the
locus coeruleus (Monti et al., 2015). Sleep-promoting actions of
MCH may be important to reduce activity and conserve energy
in states of negative energy balance, when the animal has a
propensity to increase arousal to maximize foraging. The results
of Willie et al. (2008) suggest that this is the case, as fasted
Pmch�/� animals have increased activity and exaggerated REM
sleep time reduction.

CONCLUDING REMARKS

In this review, we highlighted the circuitry that underlies the
integrative functions ofMCH. TheMCH circuitry is an extremely
relevant tool because it allows us to dissect some of the multiple
inputs that reach the hypothalamus and the many targets that
can be a�ected by this system. However, this exactly plethora of
connections makes this peptidergic system overwhelmingly hard
to study and to comprehend, as each experimental manipulation
a�ects multiple physiological variables. It is not uncommon,
therefore, to observe slightly distinct experimental approaches
resulting in widely di�erent results, sometimes to the point
of an apparent contradiction between obtained data. Although
diverse reasons can be pointed to explain this, it is remarkable
to us that studying the MCH neuron as a single entity may
be hampering the field. Studies like those of Burdakov et al.
(2005) and Hausen et al. (2016) tell us that subsets of MCH
neurons di�er in respect to their electrophysiological responses
to varied stimuli, while studies like those of Elias et al. (2008) and
Kampe et al. (2009) provide evidence for di�erential projection
fields among MCH neurons. This may be in the heart of our
inability to turn MCH into a valid pharmacological target to
treat obesity or psychiatric disorders (Méndez-Andino and Wos,
2007; Högberg et al., 2012), as the desirable e�ects of MCHR1
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FIGURE 6 | Experimental data from in vivo experiments regarding MCH actions on sexual physiology. Simplified schematic representation of the main
findings regarding MCH actions after intracerebroventricular injections in areas related to sexual physiology and the circuit underlying these observations. Several
questions remain open regarding the pathways necessary for the observed results: 1. After intraventricular injections, a decrease in LH secretion was observed,
although several other authors report increases in LH secretion after intranuclear injections. It is unknown, at this time, if this contradictory observation stems from
MCH action on areas that may negatively modulate LH secretion or if the low EB milieu employed by the authors may have contributed to the observed differences;
2. MCH injections centered on the IHy impair the LH surge expected after OVX+EB+P4 treatment, suggesting that auto-receptors or extra-IHy MCH inputs may
negatively modulate LH release; 3. Although physiological E2 levels are necessary for MCH-dependent modulation of LH secretion, MCH neurons do not co-localize
with ERa, suggesting that E2 action over MCH neurons depend on polysynaptic circuits. These circuits are yet to be demonstrated; 4. Leptin injected in the IHy
increases MCH dependent-LH secretion, but MCH neurons do not co-localize to LepR, suggesting that polysynaptic circuits also convey leptinergic information to
MCH neurons; 5. MCH-ir axons are found near GnRH fibers, and the density of MCH fibers in the MEe vary according to the estrous cycle of female, but the source
of these MCH-ir fibers is still unknown; 6. Although several groups reported that MCH increases LH secretion by GnRH cells, electrophysiological data indicated that
MCH hyperpolarizes GnRH neurons through postsynaptic mechanisms, therefore the exact mechanism for MCH-dependent LH secretion is uncertain.

antagonism are overshadowed by unwanted side e�ects. Not
everything is grim in the future of MCH study, however, as
works that better characterize the morphology, the hodology
and the chemical signatures of the LHA, such as those of
Swanson et al. (2005), Hahn (2010), and Hahn and Swanson
(2015), are important steps in the better characterization of
the intrinsic properties of subsets of MCH neurons. Once we

understand their variability, we may be able to design drugs
to act only on the desired aspects of the MCH peptidergic
system and preserve those that must not be manipulated.
Accurate morphological data, nevertheless, continues to be an
essential tool for the better understanding of peptidergic systems
and of the integrative properties of the hypothalamus as a
whole.
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A B S T R A C T

Melanin-concentrating hormone [MCH] is an important neuromodulator related to motivated behaviors. The
MCH-containing neurons are mainly located in the lateral hypothalamic area, zona incerta, and incerto-hy-
pothalamic area. In the medial preoptic area [MPOA], a key region for the regulation of maternal behavior, Pmch
mRNA expression and MCH synthesis can be detected exclusively during the lactation period. As litter size
affects different parameters of maternal physiology, the aim of this study was to verify whether litter size can
modulate the number of MCH-containing neurons in the MPOA of lactating rats. The dams were divided into the
following groups: postpartum day 12, 15, or 19, with a large, small or reduced litter. Our results show that the
number of MCH-immunoreactive neurons in the MPOA is positively correlated with the number of pups in the
litter and that artificially reducing the number of pups can also decrease the number of MCH-immunoreactive
neurons in the MPOA.

1. Introduction

Melanin-concentrating hormone [MCH] is an important neuropep-
tide implicated in the modulation of motivated behaviors [1,2]. The
MCH-containing neurons are mainly located in the lateral hypothalamic
area [LHA], zona incerta [ZI] and incerto-hypothalamic area [IHy] in
both male and female brains [3–7]. An additional group of im-
munoreactive neurons can be detected in the medial preoptic area
[MPOA] of lactating females, while this synthesis does not occur during
gestation, post-weaning or any phase of the estrous cycle [8,9]. The
MPOA is regarded as an important regulatory hub in the maternal be-
havior network, since lesions in this area impair such behavior [10].
Previous studies have shown Pmch mRNA expression and MCH synth-
esis in the MPOA progressively increase until the 15th day of lactation
and are sustained at high levels until the 19th day, at which time they
steeply decrease [8,9,11].

Recent studies have implicated MCH in the maternal behavioral
response to pups. Alachkar et al. [12] showed that Pmch−/− mice
display impaired maternal behavior, while Benedetto et al. [13] de-
monstrated that MCH injections into the MPOA reduce active compo-
nents of maternal behavior, including retrieval and nest building. These

works suggest that MCH is necessary for the correct display of maternal
behavior in the postpartum period and may act as an inhibitor of ma-
ternal behavior at later stages to start and/or facilitate the weaning
process.

Moreover, it has been shown that, during lactation, the litter size
can affect different parameters of maternal physiology, mainly due to
the stimulus of suckling [14,15]. The lack of information about the
factors that can modulate MCH synthesis in the MPOA led to this study,
which aimed to verify whether the litter size can modulate the number
of MCH-containing neurons in the MPOA.

2. Materials and methods

2.1. Animals

Adult female [80–90 days old] Sprague Dawley rats were housed
four per cage in a light- and temperature-controlled environment [12-h
light/12-h dark cycle, 21 ± 2 °C], with rat chow and water available
ad libitum. After the regularity of the estrous cycle was confirmed
through the vaginal cytology method, two females were housed with
one male for breeding. Approximately 15 days after mating, the females
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Fig. 1. The rostrocaudal extension of MCH-ir cells in the MPOA. Brightfield photomicrographs of Nissl- or immunohistochemistry-stained coronal slices of a rat dam. [A] Nissl staining
illustrating the typical first slice included in the analysis; [B] corresponding slice immunostained for MCH. A higher magnification of a stained neuron is highlighted; [C] Nissl staining
illustrating the typical last slice included in the analysis; [D] corresponding slice immunostained for MCH. Immunostained neurons are shown in the highlight. Abbreviations: 3v = 3rd
ventricle; ac = anterior commissure; f = fornix; och = optic chiasm. Scale bar: 250 μm in A–D; 50 μm in B′ and D′.

Fig. 2. Localization of MCH-ir cells in the MPOA on post-
partum day 19 with different litter sizes. Brightfield pho-
tomicrographs show a small amount of MCH-ir [black ar-
rows] in the group with small litter size [6 pups; A, A′]
compared with a large litter size [9 pups; B, B′]. A′ and B′,
higher magnification of A and B, respectively. 3v = 3rd
ventricle; f = fornix; och = optic chiasm. Scale bar:
250 μm in A and B; 50 μm in A′ and B′.
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were isolated in individual cages. The experiments were carried out
following the guidelines established by the Institute of Biomedical
Sciences Animal Welfare Committee [protocol number 031/2015].

The day of parturition was considered postpartum day 0 [PPD0],
and the dams were randomly assigned to three different groups de-
pending on the day of euthanasia: postpartum days 12, 15, and 19
[PPD12, PPD15 and PPD19, respectively]. The numbers of male and
female pups in each litter were recorded. A litter size with 8 or more
pups was considered large, and one with fewer than 8 pups, small. An
additional group of dams who had large litters [≥8 pups] reduced to
small litters [4 pups] on PPD1 was euthanized on PPD19.

On the respective days, the dams were deeply anesthetized with an
intraperitoneal injection of ketamine/xylazine [ketamine 90 mg/kg and
xylazine 12 mg/kg] and transcardially perfused with cold 0.9% saline
followed by 4% formaldehyde [from paraformaldehyde heated at
60–65 °C] in sodium tetraborate buffer [pH 9.5 at 4 °C, 700 mL over
25 min]. Brains were removed, post-fixed in the same fixative for 4 h
and cryoprotected overnight at 4 °C in 0.1 M phosphate-buffered saline
[PBS], pH 7.4, containing 20% sucrose. The brains were sectioned in
the frontal plane at a thickness of 40 μm on a freezing microtome, and
every fifth section was used for analysis. The series were collected in
anti-freezing solution [20% glycerol, 30% ethylene glycol in PBS] and
stored at −20 °C.

2.2. Immunohistochemistry

To detect the MCH neurons in the MPOA, we performed im-
munohistochemistry in one series of hypothalamic sections per dam in
all groups. Free-floating sections were blocked with 2% normal donkey
serum [Jackson Laboratories] and incubated in rabbit anti-MCH pri-
mary antiserum [1:70,000, kindly provided by Dr. Joan Vaughan and

Dr. Paul E. Sawchenko, Peptide Biology Laboratory, The Salk Institute,
La Jolla, CA, USA] and 0.3% Triton X-100 overnight [≈18 h] at room
temperature. The antibody specificity was previously described by
Bittencourt et al. [3]. This step was followed by incubation for 1 h in
biotin-conjugated donkey anti-rabbit IgG [1:1000, Jackson Labora-
tories] and 1 h in avidin–biotin–HRP complex [1:500, Vector Labs,
Burlingame, CA, USA]. The tissue was then subjected to a chromogen
deposition reaction using 3,3′-diaminobenzidine tetrahydrochloride
[DAB; Sigma], nickel sulfate [Fisher Scientific] and 0.03% hydrogen
peroxide in 0.2 M sodium acetate buffer, pH 6.5, for 2–3 min. The re-
action was terminated with rinses in sodium acetate buffer and then in
potassium PBS [KPBS]. The sections were mounted onto gelatin-coated
slides, dried overnight, dehydrated in graded ethanol, cleared in xylene
and coverslipped with DPX.

2.3. Data analysis and production of photomicrographs

The results were analyzed using a Leica DMR microscope [Leica
Microsystems, Wetzlar, Germany] under brightfield illumination. The
number of MCH-immunoreactive [MCH-ir] neurons in the MPOA of
both hemispheres was counted. To avoid slicing angle discrepancies, we
included six slices from each animal in the analysis, ranging approxi-
mately from −0.1 to −1.1 mm relative to bregma (Fig. 1; [16]), and
the total number of neurons was utilized in the analyses. These counts
were carried out manually by two independent investigators blind to
the group they were analyzing, and the values were compared and re-
corded. Occasional discrepancies in the total number of neurons were
solved using the mean of the two investigators' counts.

Images were acquired using a microscope Nikon ECLIPSE 80i mi-
croscope connected to a Dell computer equipped with the Neurolucida
Suite (MicroBrightField, Inc./MBF, Williston, VT, USA). Adobe
Photoshop 13.0 image-editing software (Adobe Systems Inc., San Jose,
CA, USA) was used to combine photomicrographs into plates. Only
sharpness, contrast and brightness were adjusted.

2.4. Statistical analysis

Correlation analysis was performed using linear regression analysis,
while mean differences as a group effect were evaluated through one-
and two-way analysis of variance [ANOVA]. The normal distribution of
samples was confirmed by the Shapiro–Wilk method, and the homo-
scedasticity of the samples was evaluated by the Brown–Forsythe
method. A p-value < 0.05 was considered statistically significant. All
analyses were performed with GraphPad Prism 6.01 statistical software
[GraphPad Software Inc., La Jolla, CA, USA].

3. Results

The following groups of dams were formed based on litter size:
PPD12 small = 4, 4, 6, 7 pups; PPD12 large = 8, 8, 9, 10, 11 pups;

Fig. 3. Scatter plots and trend lines reveal the positive relationships between the numbers
of pups and the MCH-ir neurons in the MPOA. A: PPD12 [r= 0.8107; r2 = 0.6572]; B:
PPD15 [r= 0.9314; r2 = 0.8676]; C: PPD19 [r= 0.8691; r2 = 0.7553].

Fig. 4. Effect of litter size on MCH-ir in the MPOA. The number of MCH-ir neurons can be
modulated by the number of pups in the litter. There were differences between small and
large litter size [*p < 0.0001], between small and reduced litter size [#p = 0.0102], and
between large and reduced litter size [♦p = 0.0007].
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PPD15 small = 5, 5, 6, 7, 7 pups; PPD15 large = 9, 9, 10, 12, 15 pups;
PPD19 small = 2, 4, 5, 6, pups; PPD19 large = 8, 9, 9, 11, 13, 13 pups.
The number of MCH-ir neurons in the MPOA was affected by litter size
[Fig. 2], as there was a positive correlation between the number of pups
in the litter and the total observed number of immunoreactive neurons
in the MPOA for all days of lactation analyzed – PPD12 [Fig. 3A; linear
regression model, F1,7 = 13.42, p = 0.008], PPD15 [Fig. 3B;
F1,8 = 52.41, p < 0.0001] and PPD19 [Fig. 3C; F1,8 = 24.69,
p = 0.0011]. The two-way ANOVA revealed main effects of postpartum
stage [PPD12, PPD15 and PPD19; F2,22 = 4.126, p = 0.0301] and litter
size [small and large; F1,22 = 43.94, p < 0.0001].

To verify whether the prepartum or the postpartum litter size was
responsible for the observed alterations in the number of im-
munoreactive neurons, we culled four large litters [8, 11, 12 and 13
pups] to 4 pups [2 males and 2 females] per litter on the first post-
partum day and euthanized the dams at PPD19. There was a decrease in
the number of MCH-ir neurons in the females with artificially small
litters compared with females at the same day of lactation with natu-
rally occurring large litters [Fig. 4; one-way ANOVA, F2,11 = 49.61,
p < 0.0001].

4. Discussion

We demonstrated for the first time that the number of MCH-ir
neurons in the MPOA is dependent on litter size. Multiple stimuli from
the pups could account for this effect, including visual, tactile, olfactory
and auditory cues [17]. The suckling stimulus is a particularly attrac-
tive candidate, as both prolactin concentration in the hypophysis [18]
and the release of oxytocin and prolactin [19] are influenced by the
suckling stimulus. Although hormonal action cannot be discounted,
since several key alterations of the maternal physiology are precipitated
by hormone alterations during pregnancy and parturition [20,21], our
results suggest that the postpartum litter size is prevalent in de-
termining the number of MCH-ir neurons in the MPOA.

Although the matter remains open to speculation, the action of litter
size could be taken as indicative of the role of MPOA-located MCH-ir
neurons in reproductive function. The expression of the KiSS-1 gene in
the rat arcuate nucleus was decreased in dams that had a large litter size
[10 or 15 pups] compared with dams that had 5 pups [14]. The kis-
speptins are key regulator of the gonadal axis, controlling luteinizing
hormone [LH] secretion [22]. Furthermore, RFRP-3, a type of RFamide-
related peptide also proposed as a modulator of the gonadal axis, had its
gene expression increased in the dorsomedial nucleus of the hypotha-
lamus when the litter size is large [23–25]. When taken together, these
data suggest that litter size is especially relevant to the inhibition/re-
activation of sexual function in dams. The MCH has been suggested to
act on the gonadal axis through both gonadotropin-releasing hormone
[GnRH] neurons and fibers [23] to modulate LH and follicle-stimu-
lating hormone [FSH] release [24,25]. Therefore, MCH synthesis in the
MPOA could represent a mechanism of reinstatement of sexual function
in the weaning animal.

Finally, the litter-dependent synthesis of MCH in the MPOA may be
linked to the termination of maternal behavior in preparation for
weaning. The peak expression of MCH around PPD19 is contemporary
with a decrease in maternal behavior [26], and the work of Benedetto
et al. [13] suggests that MCH acts on the MPOA to decrease the active
components of maternal behavior. Therefore, increased synthesis of
MCH in the MPOA could be necessary to counteract the stronger and
longer stimulation of maternal behavior expression by a larger litter, a
mechanism that would guarantee that weaning occurred at the same
time regardless of litter size. Further experimental work is necessary to
confirm this hypothesis and expand our understanding of the role of
MCH during the lactation period.

5. Conclusions

Our results indicate that a large litter size results in more MCH-ir
neurons in the MPOA of lactating dams and an artificially reduced litter
size produces a decrease in the number of MCH-ir neurons. These
findings shed light on the interaction between dams and pups and help
to clarify how the number of pups can modulate some features of the
dam's brain, particularly in those structures related to maternal beha-
vior.
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Aims:Melanin-concentrating hormone (MCH) is implicated in the control of food intake, bodyweight regulation
and energy homeostasis. Lactation is an important physiological model to study the hypothalamic integration of
peripheral sensory signals, such as suckling stimuli and those related to energy balance. MCH can be detected in
themedial preoptic area (MPOA), especially around the 19th day of lactation, when this hormone is described as
displaying a peak synthesis followed by a decrease after weaning. The physiological significance of this phenom-
enon is unclear. Therefore, we aimed to investigate hypothalamic changes associated to sensory stimulation by
the litter, in special its influence over MCH synthesis.
Main methods: Female Wistar rats (n = 56) were euthanized everyday from lactation days 15–21, with or
without suckling stimulus (WS and NS groups, respectively). MCH and Fos immunoreactivity were evaluated
in the MPOA and lateral and incerto-hypothalamic areas (LHA and IHy).
Key findings: Suckling stimulus induced Fos synthesis in all regions studied. An increase on the number of
suckling-induced Fos-ir neurons could be detected in the LHA after the 18th day. Conversely, the amount of
MCH decreased in the MPOA from days 15–21, independent of suckling stimulation. No colocalization between
MCH and Fos could be detected in any region analyzed.
Significance: Suckling stimulus is capable of stimulating hypothalamic regions not linked to maternal behavior,
possibly to mediate energy balance aspects of lactation. Although dams are hyperphagic before weaning, this
behavioral change does not appear to be mediated by MCH.

© 2016 Published by Elsevier Inc.
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1. Introduction

Melanin-concentrating hormone (MCH) is a nonadecapeptide that
was first discovered in the fish class Teleostei and later described in
mammals [1–4]. In the mammalian brain, MCH is synthesized mainly
in cell bodies of hypothalamic sites such as in the lateral hypothalamic
area (LHA), perifornical area and, to a lesser degree, in the incerto-
hypothalamic area (IHy) [5]. Exclusively during the lactation period,
MCH synthesis can be detected in neurons of the medial preoptic area,
raising from the 5th to the 19th day and decreasing concomitantly to
the weaning of the pups [6, 7]. The exact role played byMCH in physio-
logical alterations of motherhood is still unclear. The projections of
MCH-immunoreactive [MCH-ir] neurons are broad, reaching for in-
stance themedian eminence, hippocampal formation, prefrontal cortex,
periaqueductal gray matter, lateral part of the medial mammillary
nucleus, nucleus accumbens, and medial septal nucleus. Thus, LHA and

IHy can be considered integrative centers that are optimally positioned
to influence a wide range of systems and functions, not simply as direct
modulators of effector and motor functions [8]. Melanin-concentrating
hormone is involved in the regulation of body weight, acting on G-
protein-coupled receptors similarly to other central and peripheral
peptides, such as orexin, cholecystokinin, and bombesin [9–11].
Additionally, intra-medial preoptic area injections of MCH altered
monoamine concentrations in this area and stimulated sexual behavior
and luteinizing hormone secretion, as well as a decrease in appetitive
components of maternal behavior of dams [12–14]. The present study
evaluated the daily influence of the suckling stimulus on MCH and Fos
immunoreactivity (Fos-ir) in the LHA, MPOA, and IHy during late
lactation.

2. Materials and methods

2.1. Animals

Adult Wistar rats (n = 56) were mated with approximately
90 days old at the beginning of the experiments. The rats were
obtained from the Department of Pathology, School of Veterinary
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Medicine, University of São Paulo, and housed in polypropylene
cages (30 cm × 40 cm × 18 cm) with approximately 1.0 l of
medium-grade pine flakes as bedding under a 12 h/12 h light/dark
cycle (lights on at 6:00 AM) with controlled temperature (23 ±
2 °C). Rat chow and water were available ad libitum throughout
the experiment. The animal housing and procedures were in accor-
dance with the guidelines of the Committee on Care and Use of
Animal Resources, School of Veterinary Medicine, University of São
Paulo (proc. no. 2185/2011). These guidelines are similar to those
of the National Research Council, USA.

2.2. Mating

At the end of the light period, female rats that were in the period of
transition from proestrus to estrus were placed in the cage of a sexually
experienced male. The day that sperm was observed in the vaginal la-
vage of each female was designated day 1 of pregnancy. On the second
day after birth, the litters were culled to eight pups each (four females
and four males).

2.3. Experimental design

The eight pups were left with the mother and the lactation
progressed without interference until the weaning period, when ani-
mals were separated into two groups: by presence or not of suckling
stimulus (n = 28 for each group — NS, no suckling — WS, normally
exposed to suckling pups). Among those groups quoted above, again
the animals were divided into subgroups, now by the day of sacrifice
(n = 4 for each subgroup, again NS and WS) on the 15th to 21st day
of lactation. To create the NS group, we employed the vibrissae pad
anesthesia technique employed by other authors [15, 16]. Pups were
separated from the mother 1 h before the test, and only in the NS
group the pups received a topic cream of 5% lidocaine (Xylocaína
50 mg/g — Astra Zeneca; London, United Kingdom) in their vibrissae
pads, resulting in complete loss of vibrissal reflexes. Theywere returned
to themother and their capability to attach to the nipples was assessed.
In cases where pups in the NS group were able to attach to the nipples,
the mothers have been discontinued from the experiment. In both
groups there was no impairment in the pups' capability to vocalize or
in the mother retrieval, grooming and nest building. After 20 min,
pups were again separated from the mother and after 90 min — time
to allow Fos synthesis — the dams were perfused. Tissue was then sub-
jected to double immunohistochemical staining to identify regions of
Fos- and MCH-ir. (See Fig 1.)

2.4. Immunohistochemistry for double-labeling hypothalamic neuronswith
MCH and Fos

All of the animals (n = 56) that were used in the experiments
above were anesthetized with a lethal dose of 35% chloral hydrate
(1 ml, i.p.) and perfused via the ascending aorta first with cold 0.9%
saline (100 ml for ~1 min), followed by 4% formaldehyde fixative
(from paraformaldehyde heated to 60–65 °C) in a borate buffer
(pH 9.5) at 4 °C (800–1000 ml for approximately 25 min). Immedi-
ately after perfusion, the brains were removed, postfixed for 2 h in
the same fixative (supplemented with 20% sucrose), and transferred
to 20% sucrose in 0.02 M potassium phosphate-buffered saline
(KPBS). A series of 30-μm coronal sections (1:5 series) were cut on
a freezing microtome and stored at −20 °C in antifreeze solution.

To map MCH and Fos immunoreactivity and possible colocalization
between these two markers, we first performed immunohistochem-
istry to label Fos-ir cells. One free-floating series of sections from
each animal was pretreated with 0.3% hydrogen peroxide (Sigma
Chemical, St. Louis, MO, USA) for 15 min, followed by 2 × 10 min
rinses in KPBS and incubation in primary antibody against rabbit
and anti-Fos (1:70,000;Millipore, catalog # ABE 457 anti-c-Fos rabbit
antibody polyclonal; for anti-Fos protocol vide [17]) in 3% normal
goat serum diluted in KPBS + 0.3% Triton X-100, for ~24 h at room
temperature. Subsequently, the sections were rinsed in KPBS
(2 × 10 min) and incubated for 1 h at room temperature in biotinyl-
ated goat anti-rabbit immunoglobulin G (IgG; Vector Laboratories,
Burlingame, CA, USA) diluted 1:800 in KPBS with 0.3% Triton X-
100, then for 1 h at room temperature using peroxidase avidin–
biotin complex solutions (Vector) diluted 1:333 in KPBS. The
sections were then rinsed and subjected to immunoperoxidase reac-
tions using 3,3′-diaminobenzidine tetrahydrochloride (DAB; 0.02%;
Sigma) with 0.003% hydrogen peroxide and nickel ammonium sul-
fate (NAS) at 2.5% dilute in a sodium acetate buffer 0.2 M, pH 6.5.
After ~10 min, the reaction was terminated with successive rinses
in KPBS. Afterward, the sections were subjected to the second immu-
nohistochemistry protocol to label MCH cells. The sections were in-
cubated in anti-MCH (1:70,000; PBL #234, kindly provided by Dr. J.
Vaughan and Dr. Paul E. Sawchenko, Peptide Biology Laboratory,
The Salk Institute, La Jolla, CA, USA). The specificity of the antibody
was tested in previous studies [3, 5]. The antibody was diluted in
3% normal goat serum in KPBS + 0.3% Triton X-100 for ~24 h at
room temperature. Subsequently, the sections were rinsed in KPBS
(2 × 10 min) and incubated for 1 h at room temperature in biotinyl-
ated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA)
diluted 1:800 in KPBS with 0.3% Triton X-100, then for 1 h at room
temperature using peroxidase avidin–biotin complex solutions
(Vector) diluted 1:333 in KPBS. The sections were then rinsed and
subjected to immunoperoxidase reaction using 0.02% DAB (Sigma)
with 0.003% hydrogen peroxide (but without NAS) diluted in a
0.2 M sodium acetate buffer (pH 6.5). After ~5 min, the reaction
was terminated with successive rinses in KPBS. The sections were
mounted on gelatin-coated slides, dehydrated, delipidated, and
coverslipped with a DPX mounting medium. An intervening series
was subjected to thionin staining for reference using the Nissl meth-
od to delineate the cytoarchitecture of the surrounding regions.

2.5. Stereology

Stereology was conducted by using a modified optical fractionator
probe and stereological image analysis software (Stereo Investigator,
MBF Bioscience, USA) operating a computer-driven stage motorized in
the x, y and z axes (Ludl Electronic Products; Hawthorne, NY, USA) of
an Eclipse 80i microscope (Nikon Instruments, Tokyo, Japan) equipped
for brightfield and darkfield imaging. Using a low power magnifying
lens, the areas to be counted were traced and the counting frames dis-
tributed in an unbiased, systematic and random way by the analysis
software. Stained cells were counted using a 40× objective (0.95 NA).

To ensure homogeneity among different animals, the areas to be
counted were drawn always following the same rules: the LHA is de-
fined as the quadrangle formed by a superior horizontal line that passes
at the top of the third ventricle (3V), an inferior horizontal line that
crosses the fornix, a medial vertical line that also crosses at the fornix
and a lateral line that follows the medial border of the internal capsule.

Fig. 1. Experimental design.
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The upper and bottom limits of the IHy were drawn as two horizontal
lines, one crossing the middle of the mammillothalamic tract (mt) and
on the top of the 3V. The medial limit was also the 3V and the lateral
limit the mt. Finally, the MPOA was limited by two horizontal lines at
the optic chiasm and the anterior commissure and the lateral limit
was drawn as a line over the lateral-most point of the optic chiasm.

For each region, exactly 3 slices per animal were counted. Although
there are more LHA-containing slices anteriorly than we have counted,
the copresence with the IHy could have led to miscounts between the
two regions. Therefore, we decided to evaluate the LHA after the poste-
rior end of the IHy. Setting the same number of slices counted allowed
us to exclude possible variations of area length due biased slicing of
the samples.

2.6. Statistical analysis

The data were square-root transformed and subjected to two-way
ANOVA, with the groups (WS/NS) and days of lactation (days 15–21)
as factors, followed by Tukey or Šídák multiple-comparison tests as
appropriate. The level of significance was p b 0.05. The results are
expressed as mean ± standard error of the mean (SEM). In all cases
the individual values of each animal were used for the statistical analy-
sis. Themeans of the groupswere used to calculate the Pearson correla-
tion coefficient between the total number of MCH-ir neurons and both
total number of Fos-ir neurons and the number of neurons activated
by the suckling stimulus. All calculation was performed using Prism 6
(GraphPad, San Diego, CA, USA).

3. Results

Fos immunoreactivity was significantly different between WS
and NS groups, independent of the day of lactation, in all areas ana-
lyzed (analysis of variance — ANOVA: LHA — F1,42 = 13.97,
p b 0.001; MPOA — F1,42 = 11.94, p = 0.001; IHy — F1,42 = 7.43,
p = 0.009). In all cases, animals from the WS group displayed the
highest values (Fig 2).

The number of MCH-ir cells was affected by the day of lactation both
in the MPOA as in the IHy. MCH-ir decreases in the MPOA as lactation
progresses independent of suckling stimulus (ANOVA: F6,42 = 4.81,
p b 0.001), with the 20th and 21st days displaying less MCH-ir cells
than the 15th and 16th days (Šídák: p b 0.05). In the IHy there is an
effect of the day of lactation (ANOVA: F6,42 = 3.05, p = 0.01), with a
decrease in the 19th day when compared to the 17th and 21st days
(Tukey: p b 0.05). For the number of MCH-ir cells in the LHA, the
ANOVA test revealed an interaction effect between lactation day and
suckling stimulus (ANOVA: F6,42 = 2.57, p= 0.03) (Fig 2). The Pearson
correlation factorwas b0.2 for all regions analyzed, indicating that there
is no linear relationship between Fos activation and MCH synthesis
decrease.

In all cases analyzed, Fos-ir andMCH-ir cells formed distinct subpop-
ulations, as no colocalization between these two proteins could be
detected in any region. There was a notable proximity between these
two populations, which may suggest that suckling-activated cells are
capable of interfering with the MCH peptidergic system (Fig 3).

4. Discussion

In the present study we have evaluated the relationship between
MCH and Fos immunoreactivity in key regions to the energy balance
and maternal behavior [LHA, IHy and MPOA] in the later stages of
lactation. We showed that Fos-ir in all areas analyzed is strongly linked
to the suckling stimulus from the pups, even in the LHA and the IHy,
regions that are not directly associated to maternal behavior.

This result is in general agreement to previous studies [18–20] that
show an important increase in Fos synthesis after dams are exposed to
their litters. In contrast to those works, though, that focused mainly on

the early postpartum period, our study focused on the weaning pups,
from the 15th to the 21st lactation days. As in this stage the intensity
of maternal behavior diminishes [21] and the mother spends less time
with the pups [22], it could be hypothesized that dams are less stimulat-
ed by pups. This is not the case. Mothers displayed a 3-fold increase in
Fos-ir cells in the LHA from days 15–18 and a 10-fold increase in days
19–21. Similarly, stimulated dams displayed 2.5 times more Fos-ir
cells in the MPOA and in the IHy than non-stimulated dams.

To interpret this results it is important to look at what is happening
to the pups as well as to themother at this point. As described by Thiels
et al. [23], the transition of milk to solid food can be described in three
phases: one that goes from days 14–18, when the pups still rely mostly
on maternal feeding; one that goes from days 18–24/25, marked by the
increasing independence of the pups from the mother; and a last stage
that is characterized by the termination of milk feeding and the display
of mature behavior by the pups. Our increase in Fos-ir due to suckling
stimulation reflects the stages proposed by those authors. The onset of
independent ingestion temporally correlates to an increase in Fos syn-
thesis in the LHA, which could indicate that the mother becomes more
sensitive to the suckling stimulus at the same time that the pups
spend less time feeding on her. Concomitantly, the dams have an in-
crease in food intake that starts at days 17–18 of lactation [24] and
last until the pups are weaned. This indicates that orexigenic circuits
are more easily elicited by the suckling stimulus after day 18, possibly
as a compensation mechanism for the reduced time the pups spend
sucking. The fact that there was no colocalization of Fos and MCH in
the LHA, however, indicates that the orexigenic circuits facilitated are
not dependent on MCH activation. A similar increase in Fos activation
could not be observed in the MPOA or the IHy, where the Fos-ir ratio
of WS/NS animals is constant from days 15–21. A causal relationship
between the increase of Fos synthesis and food consumption at days
18 onward is further supported by the classical role in energy homeo-
stasis and food seeking associated to the LHA [25–27].

The exact role of the activated cells in the IHy is harder to predict, as
this area has just recently been described and its functions are not clear.
It was suggested that this area participates in the expression of repro-
ductive and defensive behaviors [28]. Hansen and Ferreira [29] have
shown that rats with peripeduncular area lesions (which block
suckling-activated milk ejection) display decreased aggression toward
intruders. Suckling-mediated activation of IHy cells during the lactation
period could be a plausible mechanism to explain the heightened
aggression of dams. As in the LHA, MCH neurons are not obviously
stimulated by suckling, as no colocalization was found.

Finally, the MPOA also displayed Fos activation mediated by the
suckling stimulus. Although numerous works also found Fos activation
in the MPOA of maternal rats, only Lonstein et al. [16] tried to dissect
the sucking stimulus from other modalities of sensorial input to which
the female is exposed during motherhood. Comparing our work to
Lonstein's, these researchers found no differences between suckling-
stimulated and non-stimulated dams. This apparent contradiction may
be explained by different experimental conditions in the two works.
Lonstein et al. [16] deprived mothers from the pups for 48 h and evalu-
ated dams in the early lactation period (lactation day 7), while we
employed much shorter deprivation times (1 h) and examined the
late stage of lactation. Both factors could make mothers more suscepti-
ble to other stimuli, masking the subtler effects on Fos activation of tac-
tile stimulation. It is also possible that the divergence found reflects
innate differences among strains, as it has been suggested before [30].

Although the role of theMPOA on the onset andmaintenance ofma-
ternal behavior in the early stages of lactation has been thoroughly stud-
ied, and Fos activation of neurons in this area could point to a
straightforward stimulating effect of suckling over maternal behavior,
the time frame of this experiment complicates this interpretation. As
pointed out by Pereira and Morrell [31], inhibiting the MPOA in the lac-
tation day 5 produces a decline in maternal behavior, but when this in-
hibition is made in lactation day 14 the effect is reversed and there is an
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increase in the care of the pups, which indicates that theMPOA acquires
an inhibitory role as lactation progresses.

Interestingly, the time frame ofMPOA switching is compatible to the
synthesis of MCH in theMPOA. Different authors have reported that the
production of MCH in the MPOA raises as lactation progresses, with
more MCH-ir neurons at the 19th day when compared to the 12th
day and a very discreet synthesis in the 5th day [6, 7]. In our work
we observed that the amount of MCH decreases from the 15th to
the 21st day. If the number of MCH-ir neurons in the MPOA is higher
in the 15th day than it is in the 19th, this also means that it is higher
than in the 12th day, pointing to a steep increase happening between
the 12th and 15th days of lactation. This increase in MCH synthesis
correlates quite well to the results of Grota and Ader [21], that
showed a decrease in nest building and retrieval that starts around
the 13th day of lactation. Also in agreement to that is the work of
Benedetto et al. [14], that shows that microinjections of MCH in the
MPOA reduce active components of maternal behavior such as nest
building and retrieval. The naturally occurring raise in MCH synthe-
sis in the MPOA between days 12 and 15 of lactation could be the
mechanism that acts to reduce maternal behavior and prepare the
pups for weaning.

The microinjections made by Benedetto et al. [14] did not produce
any effect on consummatory aspects of maternal behavior as time
spent nursing. Likewise, the decline in nursing appears to start before
the raise of MCH synthesis in the MPOA, around the 9th day [21]. As
the suckling stimulus is linked to the consummatory aspects ofmaternal

behavior, it is possible that it has little to no effect on MCH-ir neurons
(no Fos/MCH colocalization) because MCH activation to decrease
retrieval and nest building is derived from forebrain signals, normally
associated to the appetitive components.

Although there is no direct colocalization betweenMCH synthesis
and Fos activation, a relationship between these two cannot be
discarded. First, MCH activationmay be mediated by other transcrip-
tion factors other than Fos, since its promoter region contains se-
quences for other transcription elements [32]. Second, it is possible
that the Fos-ir populations in each area interact with MCH neurons
tomodulate their function, resulting in downstream effects. Lonstein
et al. [33] have shown that almost half of all Fos-ir neurons that ap-
pear in the MPOA of dams following pup stimulation are ERα-ir.
Therefore, the increase in Fos-ir cells observed in the MPOA of WS
dams could also reflect the activation of ERα-ir neurons which
may, in turn, interact with the MCH-ir population. A similar interac-
tion may happen in all areas studied, since ERα neurons are present
in the MPOA, LHA and possibly in the IHy (as suggested by its pres-
ence in the anterior hypothalamic area and zona incerta in works
previous to the description of the IHy [34]). We are not the first to
suggest such relationship, since Muschamp and Hull [35] propose
that ERα neurons of the LHA modulate the MCH population, produc-
ing the anoretic effect observed in males resulting from estradiol in-
jection. Another possibility is that, rather thanMCH, other orexigenic
neuropeptide could be activated after suckling stimulus, such as
orexin, in the LHA [36].

Fig. 2. Effects of suckling stimulus and lactation day onMCH and Fos syntheses. All data are presented asmean number of immunoreactive cells+ SEM (n=4 for each group) for each day
of lactation. Black bars represent dams of the WS group and white bars of the NS group. Statistical significance: *p b 0.05.
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Placing together the suckling-mediated increase of Fos-ir cells in the
LHA and the IHy, regions not directly associated to maternal behavior,
this would indicate that the hypothalamic changes associated to moth-
er–offspring interactions are more extensive and complex. Besides,
areas not directly associated to maternal care could be important sites
of inquiry to better understand the maternal brain. Further chemical
characterization of activated neurons and time-sensitive experiments
may provide important data regarding the dam physiology.

5. Conclusions

In the present study,MCH and Fos immunoreactivityweremeasured
during late lactation in the LHA,MPOA, and IHy to investigate the senso-
ry and endocrine factors that influence the expression of MCH. The
suckling stimulus elicited Fos synthesis not only in a region associated
to maternal behavior (MPOA), but also in regions associated to energy
homeostasis (LHA) and putative neuroendocrine control (IHy). This ac-
tivation was not correlated to MCH function, as no colocalization was
detected. The synthesis of MCH decreases as lactation progresses in
the MPOA, but remains constant in the LHA. Areas where we detected
Fos immunoreactivity may have stimulated MCH-producing neurons,

and an indirect relationship between the areas of neuronal activation
and MCH expression seems likely during the suckling stimulus. Further
chemical characterization of neurons is necessary to fully comprehend
the extension of suckling-induced changes in the maternal brain.
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Fig. 3. Distribution of MCH- and Fos-ir cells in hypothalamic sites on lactation day 19 in dams that were exposed to the suckling stimulus. The brightfield photomicrographs show
immunoperoxidase material of rostral-to-caudal hypothalamic sections that presented MCH-ir [light brown, black arrow] and Fos-ir [dark nuclei, white arrowhead] cells. A, section
through the MPOA showing MCH- and Fos-ir cells distributed mainly in the periventricular nucleus and rostral part of the paraventricular nucleus of the hypothalamus; A′, higher
magnification of A showing MCH- and Fos-ir cells and a putative double-labeled cell (MCH− + Fos-ir, white arrow) in the periventricular region of the hypothalamus. The inset shows
an even higher magnification of A′, showing more detail of the putative double-labeled cell. Notice that we did not observe clearly the occurrence of double-labeled cells in any of the
hypothalamic subdivisions. B, section through the IHy showing the distribution of MCH- and Fos-ir cells; B′, higher magnification of B showing MCH- and Fos-ir cells in the IHy. The
inset shows an even higher magnification of B′, showing more detail of closely related MCH- and Fos-ir cells but with no colocalization. C, section through the LHA showing MCH- and
Fos-ir cells distributed mainly at the margin between the fornix and internal capsule and around the perifornical region. Fos-ir cells were clearly more numerous in the region between
the fornix and third ventricle; C′, higher magnification of C showing MCH- and Fos-ir cells in the LHA. The inset shows an even higher magnification of C′, showingmore detail of closely
related MCH- and Fos-ir cells but no colocalization. Scale bars = 500 μm in A, B, and C; 200 μm in A′, B′, and C′; and 100 μm in insets.
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Abstract
The orexin-immunoreactive neurons are part of an important arousal-promoting hypothalamic population. Several groups 
have investigated these neurons during the lactation period, when numerous physiological alterations occur in the dam’s 
body to cope with the newly acquired metabolic needs of the litter. Although those studies have probed this population during 
the early and intermediate stages of lactation, few works have examined its response to weaning, including the cessation of 
the tactile suckling stimulus as the litter stops nursing. Using double immunohistochemistry for orexin and FOS combined 
with three-dimensional reconstruction techniques, we investigated orexin-synthesizing neurons and their activation at dif-
ferent times during weaning, in addition to the role played by the suckling stimulus. We report here that weaning promoted 
a decline in the anterior population of orexin-immunoreactive neurons and decreased the number of double orexin–FOS 
neurons labeled in the central dorsomedial hypothalamus, in addition to reducing the overall number of FOS-immunoreactive 
cells in the whole tuberal hypothalamus. Disruption of the suckling stimulus from the pups impaired the decrease in the 
number of anteriorly located orexin-immunoreactive neurons, attenuated the activation of orexin-synthesizing cells in the 
dorsomedial hypothalamus and reduced the number of FOS-immunoreactive neurons across the tuberal hypothalamus. When 
taken together, our data suggest that the weaning period is necessary to restore neurochemical pathways altered during the 
lactation period and that the suckling stimulus plays a significant role in this process.

Keywords Hypocretin · Hypothalamus · Neuropeptides · Sleep · Wakefulness · Lactation

Introduction

The orexinergic peptidergic system consists of two peptides: 
orexin A (ORXA), also known as hypocretin-1 (HRC-1), and 
orexin B (ORXB), also known as hypocretin-2 (HRC-2). 
These two peptides originate from the same preprohormone, 
prepro-orexin (ppORX), encoded by the Hcrt gene. The 
sequences of ORXA and ORXB are remarkably conserved 
in all mammals studied: ORXA is a cyclic peptide with 32 
amino acids, while ORXB is a linear peptide with 28 amino 
acids (de Lecea et al. 1998; Sakurai et al. 1998; Tsujino and 
Sakurai 2009). Orexin-immunoreactive (ORX-ir) neurons 
in the rat are found exclusively in the tuberal hypothala-
mus, predominantly occupying the lateral hypothalamic area 
(LHA), with a high concentration of immunoreactive cells 
present in the perifornical nucleus (de Lecea et al. 1998; 
Sakurai et al. 1998). Fibers immunoreactive to ORX are 
found in several subcortical areas of the central nervous sys-
tem (CNS) but are seldom found in cortical fields (Date et al. 
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1999; Nambu et al. 1999; Peyron et al. 1998). As there is no 
difference in staining pattern between an antibody selective 
for ORXA and one that stains for both ORXA and ORXB, 
it is suggested that there is a high degree of colocalization 
between the two peptides (Peyron et al. 1998).

The ORX system has been implicated in several essential 
physiological processes, such as regulation of the sleep/wake 
architecture (Hagan et al. 1999; Chemelli et al. 1999; Branch 
et al. 2016); arousal, attention and behavioral responses to 
stress (Furlong et al. 2009; Mahler et al. 2014); reward to 
cue-associated stimuli (Mahler and Aston-Jones 2012; Smith 
and Aston-Jones 2012); hedonic enhancement of “liking” 
reactions and feeding (Ho and Berridge 2013) and locomotor 
activity and energy expenditure (Wang et al. 2001; Hagan 
et al. 1999). In many cases, however, orexin function is com-
plex and changes according to the experimental paradigm 
and the context of the animal. Despite the initial descrip-
tion of its orexigenic properties (Sakurai et al. 1998; Volkoff 
et al. 1999; Haynes et al. 1999; Edwards et al. 1999), it has 
been recently suggested that the net effect of ORX action is 
weight-loss due to increased energy expenditure, and ORX 
neurons may even oppose eating, with decreased activity 
of ORX-synthesizing neurons upon eating onset (González 
et al. 2016). A possible unifying role of orexin is as moti-
vational activator, increasing the overall animal motivation 
to respond to certain environmental cues depending on its 
metabolic state (Mahler et al. 2014).

The broad range of physiological and behavioral actions 
of ORX has drawn the attention of several groups to the 
participation of this peptidergic system in the physiological 
changes that occur during the lactation period. This period is 
characterized by a substantial increase in food consumption 
by the dam, whose diet must provide nutrition for her and 
her entire litter (Fleming 1976; Ota and Yokoyama 1967). 
There is no consensus, however, as to what role ORX plays 
in lactation or what stimuli may modulate this system (Bro-
gan et al. 2000; Cai et al. 2001; Garcia et al. 2003; Sun et al. 
2003; Wang et al. 2003; España et al. 2004). Although sev-
eral studies have examined the initial and intermediate stages 
of lactation, the weaning period has often been overlooked 
in the literature. In laboratory animals, the weaning period 
starts around the 15th day of lactation (after the eruption of 
the incisor teeth in the pups at the 14th day) and is marked 
by a switch in the litter from an entirely milk-based, dam-
dependent diet to an autonomous solid diet (Thiels et al. 
1990; Cramer et al. 1990). In the 22nd day postpartum, the 
pups are separated from the dam, and lactation is terminated 
as the mother resumes sexual behavior. The weaning period 
encompasses some of the greatest changes in the physiology 
of the dam, including a steep increase in food consump-
tion (Ota and Yokoyama 1967). Considering the available 
data, we hypothesized that ORX synthesis and the activity 
of ORX-ir neurons might change during the weaning period, 

resulting in increased food consumption. We also investi-
gated the possibility that the suckling stimulus from the pups 
is necessary for the modulation of these ORX-ir neurons.

Materials and methods

Animals

Adult female Wistar rats (n = 75) at approximately 90 days 
of age were employed in this study. All rats were bred and 
raised in the animal facility of the Department of Pathology, 
School of Veterinary Medicine, University of São Paulo. 
The animals were individually housed in polypropylene 
cages (30 cm × 40 cm × 18 cm) with approximately 1 L 
of medium-grade pine flakes as bedding, under a 12 h:12 h 
light cycle (lights on at 6:00 AM) and controlled tempera-
ture (23 ± 2 °C). All animals had access to chow and water 
ad libitum throughout the experiment. The procedures were 
performed following the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals (2010) and were 
also evaluated and approved by the Committee on Care and 
Use of Animals Resources, School of Veterinary Medicine, 
University of São Paulo (Process #2185/2011).

Mating

All female rats had their estrous cycles tracked by the 
method of vaginal cytology (Marcondes et al. 2002). After 
confirmation of two regular consecutive estrous cycles, 
females were randomly separated in two groups. The first 
group (n = 10; baseline, BL) was euthanized in the after-
noon of the diestrus or proestrus day (n = 5 each). Animals 
in the second group (n = 65) were placed in the cage of sexu-
ally experienced males on the afternoon of the following 
proestrus. The next day, the presence of sperm in the vaginal 
cytology sample was considered indicative of mating, and 
the day was designated day 1 of pregnancy. On postpartum 
day (PPD) 2, each litter was culled to eight pups (four males 
and four females).

Suckling interruption

During the progression of lactation, the mothers and their 
litters were habituated to handling by the experimenter but 
otherwise were left undisturbed. On PPD14, dams were ran-
domly assigned to three groups: with a suckling stimulus 
(WS; n = 28), without a suckling stimulus (NS; n = 28), and 
pup removal (PR; n = 9). The vibrissal pad anesthesia tech-
nique was performed to block the suckling stimulus (Alvisi 
et al. 2016; Kenyon et al. 1981; Lonstein et al. 1997). Briefly, 
the pups were separated from the mother one hour before the 
test and received a topical cream of 5% lidocaine (Xylocaine 
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50 mg/g—AstraZeneca; London, UK) on their vibrissal 
pads, resulting in complete loss of vibrissal reflexes. In the 
WS group, the pups were separated from the mother but 
did not receive the anesthetic cream. After one hour, the 
pups were returned to the mother, and their capability to 
attach to the nipples was visually assessed. In cases, where 
pups in the NS group were able to attach to the nipples, the 
mothers were excluded from the experiment. Neither group 
showed any impairment in the ability of pups to vocalize, 
and there was no difference between groups in maternal pup 
retrieval, grooming or nest building. After 20 min undis-
turbed, the pups were once more separated from the mother. 
This experiment was performed on PPD15, PPD17, PPD19 
and PPD21, following the early and middle stages of wean-
ing before the standard laboratory practice of separating the 
pups on PPD22 (Thiels et al. 1990). In the PR group, com-
posed of females on PPD15 (n = 5) and PPD21 (n = 4), pups 
were removed on the first separation but were not returned 
to the dam at any point. The dams were perfused ninety 
minutes after separation.

Immunohistochemistry

Before the sacrifice, dams were anesthetized with a lethal 
intraperitoneal dose of 2% xylazine (5 mg/kg) and 5% keta-
mine (30 mg/kg). The dams were then intracardially per-
fused with a cold 0.9% saline solution (150 ml–5 min), fol-
lowed by 750 ml of cold 4% formaldehyde in phosphate 
buffer (pH 7.4; 30 ml/min). Once the perfusion was com-
plete, the brains were harvested and postfixed overnight 
in the same fixative supplemented with 20% sucrose. The 
collected samples were then transferred to a 20% sucrose 

solution in 0.02 M potassium–sodium phosphate-buffered 
saline (KPBS) until sectioning. The brains were frozen in 
dry ice, and series of 30 µm frontal sections (1:5 series) were 
obtained with a freezing microtome. A random number from 
1 to 75 was associated with each brain for identification.

For double ORX and FOS labeling, we employed the 
immunohistochemistry method described by Hoffman et al. 
(2008). Briefly, one free-floating series of brain sections 
from each animal was washed in KPBS and had its endog-
enous peroxidase activity quenched by incubation with 0.3% 
hydrogen peroxide in KPBS (Sigma Chemical; St. Louis, 
MO, USA) for 15 min, followed by 6 × 5 min rinses in 
KPBS. The slices were then incubated with anti-FOS rabbit 
polyclonal primary antibody (Table 1) in 3% normal goat 
serum and 0.3% Triton X-100 diluted in KPBS for 24 h at 
room temperature. The sections were subsequently rinsed in 
KPBS and incubated for one hour at room temperature with 
biotinylated goat anti-rabbit IgG (1:800 Vector #S-1000—
Vector Laboratories; Burlingame, CA, USA) in KPBS and 
0.3% Triton X-100. This step was followed by KPBS rinses 
and incubation for 1 h with an avidin–biotin–HRP solution 
(1:333 Vectastain Elite #PK-6100; Vector) in KPBS. For 
black chromogen deposition, the slices were incubated with 
3,3′-diaminobenzidine tetrahydrochloride (DAB, 0.02%; 
Sigma), 0.003% hydrogen peroxide and 2.5% nickel ammo-
nium sulfate (NAS) diluted in 0.2 M sodium acetate buffer 
(pH 6.5). After 20 min, the reaction was interrupted by suc-
cessive washes in acetate buffer and KPBS. For ORX labe-
ling, the reaction described was repeated in the same slices 
by applying an anti-ORXA rabbit polyclonal primary anti-
body (Table 1) and performing chromogen deposition with-
out NAS for 20 min to obtain a light brown coloring. The 

Table 1  Primary antibodies employed in this work

BT biotinylated tyramine fluorescence immunohistochemistry, IF immunofluorescence, IP immunoperoxidase

Antibody common 
name

Manufacturer Man code References PubMed ID NIF antibody 
registry

Antigen sequence Application/
concentration

Rabbit anti orexin 
A [anti-ORX]

Phoenix Pharma-
ceuticals, Inc. 
[Burlingame, 
CA, USA]

H-003-30 Chen et al. (1999) 10076892 AB_2315019 Whole protein 1:2′000 [IP]

Rabbit anti 
[human] FOS 
[anti-FOS]

Merck [former 
Oncogene] 
[Darmstadt, 
Germany]

PC38 Tseng et al. (1997) 9090643 AB_2106755 SGFNADYEAS-
SSRC

1:70′000 [IP]
1:35′000 [BT]

Mouse anti-NeuN 
(clone A60) 
[anti-NeuN]

Merck [former 
Calbiochem] 
[Darmstadt, 
Germany]

MAB377 Sarnat et al. 
(1998)

9545178 AB_2298771 Whole protein 1:2′000 [IF]

Mouse anti glial 
fibrillary acidic 
protein (clone 
G-A-5) [anti-
GFAP]

Sigma-Aldrich 
[St. Louis, MO, 
USA]

G3893 Burnashev et al. 
(1992)

1317970 AB_477010 Whole protein 1:2′000 [IF]
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sections were then mounted on gelatin-coated glass slides 
in rostrocaudal order, dehydrated, defatted and coverslipped 
with a hydrophobic mounting medium (DPX; Sigma).

Double immunofluorescence was performed to verify 
whether the activated FOS-ir cells were neuronal or glial. 
Briefly, sections were rinsed in KPBS and incubated with 
0.3% hydrogen peroxide in KPBS (Sigma Chemical) for 
15 min, followed by a new round of rinses in KPBS. The 
slices were then incubated with anti-FOS (Table 1) in 3% 
normal goat serum and 0.3% Triton X-100 for 24 h at room 
temperature. The sections were then rinsed in KPBS and 
incubated for one hour with biotinylated goat anti-rabbit IgG 
(1:5000; Vector), followed by 30 min of incubation with 
avidin–biotin–HRP solution (1:833; Vector) in KPBS and 
20 min in 0.5% biotinylated (EZ-Link sulfo-NHS-LC-biotin; 
ThermoFisher Scientific, Waltham, MA, USA) tyramine 
(Sigma-Aldrich) and hydrogen peroxide (0.005%). After 
new washes in KPBS, the slices were incubated with Alexa 
Fluor 488-conjugated streptavidin (1:200—Molecular 
Probes; Eugene, OR, USA) for 2 h at room temperature, 
rinsed and incubated with anti-NeuN or anti-GFAP pri-
mary antibodies (Table 1) at room temperature, as described 
before. The next day, the slices were washed in KPBS and 
incubated with Alexa Fluor 594-conjugated goat anti-mouse 
IgG (H + L) (1:200—molecular probes), washed, mounted 
on glass slides, dried at room temperature and coverslipped 
with ProLong Diamond antifade mountant (ThermoFisher).

Object counting

The distribution of stained cells was examined in the tuberal 
hypothalamus of all animals and three-dimensionally recon-
structed. Toward that end, we used the Neurolucida 11.03 
software package (MBF Bioscience Co.; Williston, VT, 
USA) operating a computer-driven motorized stage (Ludl 
Electronic Products; Hawthorne, NY, USA) of an Eclipse 
80i microscope (Nikon Instruments; Tokyo, Japan) equipped 
for brightfield and darkfield imaging. Nine slices from each 
animal were reconstructed, encompassing the tuberal hypo-
thalamus as described by Saper et al. (1979) and roughly 
corresponding to − 2.30 to − 3.30 mm from bregma (Paxi-
nos and Watson 2013).

The tuberal hypothalamus of each animal was further sub-
divided into three sectors: the first three slices were designated 
the anterior sector, the three following slices were designated 
the central sector, and the final three slices were designated 
the posterior sector (Fig. 1). The location of the fornix was 
determined using a low-power magnifying lens with a dark-
field condenser, and a four-quadrant probe was placed over it 
(Fig. 1). With brightfield illumination and 20× or 40× objec-
tives, three different markers were then placed over the stained 
cells: cyan markers for ORXA-ir cells, magenta markers for 
FOS-ir cells and yellow markers for double ORXA/FOS-ir 

cells. This process was repeated for all slices, and the total 
number of markers in each quadrant was extracted from the 
samples through Neurolucida Explorer 11.03 software (MBF 
Bioscience). The experimenter responsible for object counting 
was informed only of the identification numbers of the animals 
and was completely blind to the experimental parameters of 
the samples.

Imaging

Brightfield photomicrographs were obtained with a Nikon 
Eclipse 80i microscope (Nikon) coupled to a digital cam-
era (CX3000—MBF Bioscience) through Microlucida 3.03 
acquisition software (MBF Bioscience). Immunofluorescence 
photomicrographs were obtained with a Leica DMR (Leica 
Microsystems Inc; Wetzlar, Germany) coupled to a DS-Ri1 
camera (Nikon) through NIS-Elements BR 3.2 acquisition 
software (Nikon). The different fluorophores were acquired 
in an emulated monochromatic mode in separate channels and 
then merged. All images had adjustments in their brightness, 
contrast, and sharpness applied to every pixel in the picture, 
and the changes did not alter the information illustrated in the 
figures. The plates were assembled, and off-tissue background/
methodological artifacts were cleared by means of Adobe Pho-
toshop CC 2017.0.1 software (Adobe Systems Inc; San Jose, 
CA, USA).

Statistical analyses

For all statistical analyses, the individual values from each 
animal were employed. Once every animal was grouped 
according to its experimental condition (day of lactation and 
suckling stimulus), outliers were identified by Grubbs’ test 
and removed from the analysis. The measurements that were 
not excluded from this work were then normalized by a  log10 
transformation. Differences between group means were ana-
lyzed by two-way ANOVA with day of lactation (15–21) and 
suckling (WS/NS) as factors and were then corrected for mul-
tiple comparisons by Tukey’s test. In specific cases, samples 
were individually analyzed by one-way ANOVA (with lacta-
tion or estrous cycle day as the factor) with Tukey’s range test 
or an unpaired t test with Welch’s correction (suckling effect). 
In all cases, a p < 0.05 was defined as statistically significant. 
The graphs are based on the mean ± standard error of the mean 
(SEM). All calculations were performed using the statistical 
analysis software Prism 6 (GraphPad; San Diego, CA, USA).
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Results

Orexin-immunoreactive neurons

The majority of ORX-ir neurons were found in quadrant 
(Q) 1 and Q2 in all sectors, with the population in these 
two quadrants representing 85 ± 5.9% (mean ± SD) of the 
total ORX population (Fig. 2). For this reason, the analysis 
of ORX-ir neurons will focus on these two quadrants. The 
three-dimensional reconstruction is available to the reader 
in VRML format in Online Resource 1.

In anterior Q1, there was a significant interactive effect 
of suckling and day of lactation on the number of ORX-ir 
neurons [F(3,16) = 7.076; p = 0.0031—Fig. 3a). In the WS 
group, there was a decrease in the number of ORX-ir neu-
rons as the weaning period progressed (PPD15 vs. PPD21: 
p < 0.01; PPD17 vs. PPD21: p < 0.05), while there was no 

clear pattern to the variation in the number of ORX-ir neu-
rons in the NS group. This difference ultimately resulted 
in the stimulated PPD21 animals displaying significantly 
fewer ORX-ir neurons than the non-stimulated group 
(PPD21WS vs. PPD21NS: p < 0.05—Fig. 3a). This lead us 
to hypothesize that ORX-ir neurons return during weaning 
to a baseline number of neurons. To test that hypothesis, we 
investigated the number of ORX neurons of rats in diestrus 
and proestrus without any stimulus. The number of ORX-ir 
neurons in PPD15 was significantly higher than both the 
Diestrus and Proestrus groups (PPD15 WS vs. Diestrus: 
p < 0.01; PPD15 WS vs. Proestrus: p < 0.001; PPD15 NS 
vs. Proestrus: p < 0.05—Online Resource 2). When the 
PPD21 groups were compared to the baseline groups, there 
was no difference in the PPD21 WS group, but a statisti-
cally significant difference between PPD21 NS and Proestrus 
(p < 0.05). This was the only sector, where lactation values 

Fig. 1  Employed probe and object counting method. a Four-quadrant 
probe was used for each of the nine frontal slices analyzed per ani-
mal. Each quadrant had a total area of 960,400 µm2. The common 
vertex among all four quadrants was placed in the middle of the for-
nix for each slice to ensure reproducibility between slices and ani-
mals. b Isometric view of the nine consecutive probes employed in 
each animal. The three first probes were counted as the anterior sector 
(A); the following three probes were counted as the central sector (C); 
and the final three probes were counted as the posterior sector (P). 

The relative positions of the fornix (yellow) and of the third ventricle 
(orange) are indicated in the figure. c Brightfield photomicrograph of 
a frontal slice subjected to Nissl staining, illustrating the main cyto-
architectonic landmarks of the first slice reconstructed from each 
animal. d Brightfield photomicrograph of a frontal slice subjected to 
Nissl staining, illustrating the main cytoarchitectonic landmarks of 
the last slice reconstructed from each animal. Scale bar: a 980 µm; c, 
d 100 µm
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statistically differed from baseline values. When compared 
to each other, there was no difference between Diestrus and 
Proestrus (p = 0.1766).

In anterior Q2, there was also a significant interac-
tive effect of suckling stimulus and lactation day on the 
mean number of ORX-ir neurons present in this area 
[F(3,16) = 5.409; p = 0.0092—Fig.  3a′), with lactation 
day displaying an increased participation in the difference 
between means (F(3,16) = 0.0273). There was a higher num-
ber of ORX-ir neurons on PPD21 in the NS group than in 
either group on PPD19 (PPD19WS vs. PPD21NS: p < 0.05; 
PPD19NS vs. PPD21NS: p < 0.05), while this increase was 
not observed in the WS group (Fig. 03a′). The decrease 
in ORX-ir cells in the anterior sector between PPD15 and 
PPD21 is illustrated in Fig. 4.

In contrast to the anterior sector, there was no evidence of 
variation in the number of ORX-ir neurons in the central Q1 
(Fig. 03b). On the other hand, there was an alteration in the 
number of ORX-ir neurons in central Q2, with a strong inter-
action between suckling and day of lactation (F(3,16) = 10.9; 
p = 0.004), and the lactation day was the predominant factor 
(F(3,16) = 3.257; p = 0.0492—Fig. 3b′). Upon further inves-
tigation, there was a strong effect of lactation day in the WS 
group (F(3,8) = 11.54; p = 0.0028), with an increase from 
PPD15 to PPD19 and PPD21. This was not the case in the 
NS group, as the day of lactation did not affect the number 
of ORX-ir neurons (F(3,8) = 2.785; p = 0.1097—Fig. 3b′).

In the posterior division, the number of Q1 ORX-
ir neurons displayed suckling-dependent variation 
(F(1,16) = 6.753; p = 0.0194—Fig. 3c). Upon pairwise com-
parison, however, there was no effect of suckling stimulus 
on the number of ORX-ir neurons for each day of lactation, 
suggesting that the variation has a small magnitude or sim-
ply reflects noise in the sample. There was no statistically 
significant alteration in the number of ORX-ir neurons in the 
posterior Q2 (Fig. 3c′).

Since ORX has been associated to stress responses (Fur-
long et al. 2009), and the abnormal behavior of the pups 
unable to suckle on the mother could have a stressor effect 
on the dam, we generated two groups with complete litter 
removal from the female on the day of testing (PPD15 PR 
and PPD21 PR). Except for the pup return, all other dam 
manipulations were performed as described. There was no 
statistical difference between PPD15 NS and PPD15 PR 
(p = 0.49—Online Resource 2). Regarding PPD21, the num-
ber of neurons in the pup removal group was statistically 
higher than the number of groups in the stimulated group 
(PPD21 WS vs. PPD21 PR: p < 0.05—Online Resource 2), 
but there was just a non-significant decrease in PPD21 PR 
when compared to PPD21 NS (p = 0.224). The fact that the 
values of the NS groups were slightly higher than values 
on the PR groups suggest stress or other modalities of pup 
stimuli play a role in the observed results. However, the 
small magnitude of this effect (as revealed by the lack of 
statistical significance upon pairwise comparison) suggest 
that those effects cannot explain, alone, the results observed 
in this work.

FOS-immunoreactive cells

A high number of FOS-ir cells was detected in the tuberal 
hypothalamus of dams, with a greater staining density in the 
periventricular and medial zones of the hypothalamus and a 
lesser density in the lateral zone (Fig. 5—the three-dimen-
sional reconstruction is available in VRML format in Online 
Resource 3). Double NeuN and FOS staining revealed that 
approximately 96% of FOS-labeled cells were immunoreac-
tive to NeuN, but there was no colocalization between FOS 
and GFAP, suggesting that complete overlap of markers was 
not achieved as a result of faint or incomplete staining for 
NeuN (Online Resource 4). These results indicate that hypo-
thalamic FOS activation during the lactation period occurs 
predominantly in neuronal cells.

Regarding the number of FOS-ir neurons in the anterior 
Q1, there was a significant effect of lactation day on this 
parameter (F(3,16) = 9.380; p = 0.0008), with an overall 
decrease in the number of FOS-ir neurons in the anterior 
Q1 as lactation progressed (Fig. 6a). Upon further investiga-
tion, however, there was a difference between the WS and 
NS groups, with animals in the WS group displaying only 

Fig. 2  Distribution of orexin-immunoreactive neurons in the tuberal 
hypothalamus of a rat dam. Three-dimensional reconstruction based 
on nine semi-serial frontal slices of the brain of a rat dam at the 15th 
day of lactation, showcasing the distribution of orexin-immunoreac-
tive neurons in the tuberal hypothalamus. Each cyan dot represents a 
single orexin-immunoreactive cell. The outlined structures are as fol-
lows: green—fornix; purple—mammillothalamic tract; orange—third 
ventricle; dark green—internal capsule/cerebral peduncle; red—optic 
tract; gray—ventral floor
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a decreasing trend (F(3,8) = 3.544; p = 0.0677), while the 
NS group reached statistical significance (F(3,8) = 9.288; 
p = 0.0055—Fig. 6a). Regarding the number of FOS-ir 
neurons in anterior Q2, only the lactation day appears to 
influence the number of FOS-ir neurons (F(3,16) = 4.847; 
p = 0.0138—Fig. 6b). When the groups were investigated 
separately, there was no effect of lactation day in the WS 
group (F(3,8) = 1.454; p = 0.2981), while there was a trend 
in the NS group (F(3,8) = 3.777; p = 0.0590—Fig.  6b). 
This difference suggests that the suckling effect may serve 
to slow down a progressive decrease in the activation of 
LHA neurons in the late lactation period. In anterior Q3, 
suckling played a discrete but statistically significant 
role in the number of FOS-ir neurons (F(1,16) = 4.710; 
p = 0.0454—Fig. 6c). Dams in the WS group had an overall 
higher number of FOS-ir neurons, and this effect became 
statistically significant on PPD21 (Fig. 6c). In anterior 

Q4, both suckling stimulus and lactation day were statisti-
cally significant factors in the number of FOS-ir neurons 
(suckling—F(1,16) = 26.64; p < 0.0001 | day of lactation—
F(3,16) = 5.427, p = 0.0091), but there was only a trend 
of interaction between these two factors (F(3,16) = 3.013, 
p = 0.0608), with an overall higher number of FOS-ir neu-
rons in the stimulated group than in the NS group (Fig. 6d).

The number of FOS-ir neurons in central Q1 was 
strongly affected by lactation day (F(3,16) = 15.39; 
p  <  0 . 0 0 0 1 )  b u t  n o t  by  s u ck l i n g  s t i m u l u s 
(F(1,16) = 0.02347; p = 0.8802), with the number of 
active neurons elevated on PPD15 and decreasing as 
the weaning period progressed (Fig.  6a′). Regarding 
FOS immunoreactivity in central Q2, there was a strong 
effect of lactation day on this parameter (F(3,16) = 10.75; 
p = 0.0004), with an overall decreasing trend towards the 
end of the lactation period (Fig. 6b′). Figure 7 illustrates 

Fig. 3  Variations in the number 
of orexin-immunoreactive 
neurons for different sectors, 
quadrants, days of lactation and 
stimulation conditions. Each 
bar represents the mean ± SEM 
for each day of lactation and 
stimulation condition. *p < 0.05; 
**p < 0.01
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the overall distribution of FOS-ir cells in the Q1 and Q2 
quadrants over the course of lactation for both stimulated 
and non-stimulated animals. The number of FOS-ir neu-
rons in central Q3, on the other hand, showed a strong 
effect of lactation day (F(3,16) = 9.378; p = 0.0008), 
with an overall decreasing effect as lactation progressed 
(Fig. 6c′). There was also a trend for the WS group to 
have elevated numbers of FOS-ir neurons, but the trend 
did not reach statistical significance (F(1,16) = 4.061; 
p = 0.0610—Fig. 06c′). In central Q4, there were effects 
of both lactation day (F(3,16) = 4.059; p = 0.0254) and 
suckling (F(1,16) = 14.90; p = 0.0014) but no interactive 
effect on the number of FOS-ir neurons (Fig. 6d′). When 
the groups were individually examined, there was no sta-
tistically significant effect of lactation day on the num-
ber of FOS-ir neurons in the WS group (F(3,8) = 1.004; 
p = 0.4397), while the number of FOS-ir cells in the 

NS group was affected by lactation day (F(3,8) = 4.745; 
p = 0.0348—Fig. 6d′).

As in the previous sectors, there was a strong effect 
of lactation day on the number of FOS-ir cells in poste-
rior Q1 (F(3,16) = 16.21; p < 0.0001) and a small interac-
tion factor between lactation day and suckling stimulus 
(F(3,16) = 4.507; p = 0.0179—Fig. 6a″). The number of 
FOS-ir cells in posterior Q2 varied according to lactation 
day (F(3,16) = 4.398; p = 0.0183), but no statistically signifi-
cant suckling effect was observed (Fig. 6b″). In posterior Q3, 
there were both lactation day (F(3,16) = 7.813; p = 0.0017) 
and suckling (F(1,16) = 5.622; p = 0.0298) effects on the 
number of FOS-ir cells (Fig. 6c″). When the groups were 
individually examined, there was no effect of lactation day 
on the stimulated group (F(3,8) = 1.109; p = 0.4005), while 
the opposite was observed for the NS group (F(3,8) = 14.59; 
p = 0.0008), with a decrease in the number of FOS-ir cells as 

Fig. 4  Orexin-immunoreactive neurons decrease in number in the 
anterior sector of the tuberal hypothalamus. Brightfield photomi-
crographs of frontal brain slices from rat dams on the 15th and 21st 
days of lactation that were subjected to a suckling stimulus. The 
slices underwent immunostaining for orexin (brown) and FOS (black) 
localization. a Orexin-immunoreactive neurons are abundantly found 
in the dorsal aspect of the anterior tuberal hypothalamus at the begin-
ning of the weaning period; a′ higher magnification of a illustrat-

ing the significant number of immunoreactive neurons in the medial 
zone of the hypothalamus; b there is a clear decrease in the number 
of immunoreactive neurons in the anterior sector of the tuberal hypo-
thalamus of females on the 21st day of lactation; b′ higher magnifica-
tion of b illustrating that immunoreactive neurons are almost absent 
from the medial zone. Scale bar: a, b = 500 µm; a′, b′ = 200 µm. 3V 
third ventricle, f fornix, ic internal capsule, opt optic tract
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the weaning period progressed (Fig. 6c″). Once more, these 
results indicate that the suckling stimulus stops or at least 
delays a decrease in activation in Q3. In posterior Q4, there 
were also lactation day (F(3,16) = 4.566; p = 0.0160) and 
suckling (F(1,16) = 12.28; p = 0.0027) effects but no inter-
action (Fig. 6d″). Similar to the previous cases, there was 
no effect of lactation day on the WS group (F(3,8) = 1.276; 
p = 0.3466), but there was an effect in the NS group 
(F(3,8) = 5.694; p = 0.0182—Fig. 6d″).

Double orexin/FOS-immunoreactive neurons

Among all sectors, there was a prevalence of double ORX/
FOS-ir neurons in the Q1 quadrant (85.89 ± 15.85%). The 
preponderance of double-labeled cells in Q1 is illustrated in 
Fig. 8 (the three-dimensional reconstruction is available in 
VRML format in Online Resource 5). There was no statisti-
cally significant effect of either lactation day or suckling 
stimulus on the number of double-labeled neurons in any 
of the other quadrants. Different responses to lactation were 
observed among sectors. In anterior Q1, there was no effect 
of either day of lactation or suckling on the number of double 
ORX/FOS neurons (Fig. 9a). On the other hand, in central 
Q1, there was a statistically significant main effect of lacta-
tion day on the number of those neurons (F(3,16) = 6.623; 
p = 0.0041), with an overall decrease in the number of active 
ORX-ir neurons as lactation progressed (Fig. 9b). When the 

groups were separately analyzed, the lactation day effect was 
observable in the WS group (F(3,8) = 4.347; p = 0.0428) but 
not in the NS group (F(3,8) = 2.498; p = 0.1337—Fig. 9b). 
The number of double-labeled neuron in PPD15 WS was 
significantly higher than that found on baseline groups 
(p < 0.05—Online Resource 2). This effect could not be 
observed for other lactation days. Although there was no 
statistically significant difference between the WS and NS 
groups, there was a trend towards an elevated number of 
double-labeled cells in the WS group at PPD15 (p = 0.0656) 
that disappeared as lactation progressed. Figure 10 depicts 
the difference in distribution and number of double ORX/
FOS-ir cells in central Q1 for animals on different lactation 
days (PPD15 and PPD21) and under different stimulation 
conditions (WS and NS). In posterior Q1, there was only an 
effect of lactation day (F(3,16) = 5.137; p = 0.0104) and no 
clear effect or trend for suckling stimulus (Fig. 9c).

Discussion

In the present study, we evaluated the relationship between 
ORX and FOS immunoreactivity in the tuberal hypothala-
mus of dams during the weaning period, with particular 
attention to the spatial distribution of labeled cells and the 
role played by the suckling stimulus from pups. Neurons 
immunoreactive to ORX were distributed in an ellipsoid 
shape centered in the tuberal hypothalamus and located dor-
sally to the fornix, with fewer neurons in the anterior and 
posterior sectors. Neurons were found in the dorsomedial 
hypothalamic area, perifornical nucleus and lateral hypotha-
lamic area, as extensively described before (de Lecea et al. 
1998; Sakurai et al. 1998). However, the three-dimensional 
distribution of these cells was much more cohesive, with the 
ORX population forming a continuous of cells without clear 
distinctions between populations in different nuclei.

The distribution of ORX-ir neurons in this work paral-
lels that described by Donlin et al. (2014) for the prairie 
vole, with the highest number of immunoreactive neurons 
centrally located in the tuberal hypothalamus. In prairie 
vole dams, there was an increase in the number of ORX-ir 
cells exclusively in the anterior portion at PPD12, while in 
our work there was a decrease from PPD15 to PPD21 in 
rat dams. This led us to hypothesize that this decline was 
a return to a baseline number of neurons after the lacta-
tion period. The number of ORX-ir neurons was higher in 
PPD15 regardless of suckling stimulus when compared to 
the baseline groups (Diestrus and Proestrus), but that effect 
disappeared in the suckling stimulus group, while it was still 
observed in the PPD21 NS group. Although not statistically 
significant, the number of neurons in PPD21 WS appeared 
to be lower than that of the baseline groups, suggesting a 
small scale rebound effect between the end of lactation and 

Fig. 5  Distribution of FOS-immunoreactive neurons in the tuberal 
hypothalamus of a rat dam. Three-dimensional reconstruction based 
on nine semi-serial frontal slices of the brain of a rat dam on the 15th 
day of lactation, showcasing the distribution of FOS-immunoreactive 
cells in the tuberal hypothalamus. Each magenta dot represents a sin-
gle FOS-immunoreactive cell. The outlined structures are as follows: 
green—fornix; purple—mammillothalamic tract; orange—third ven-
tricle; dark green—internal capsule/cerebral peduncle; red—optic 
tract; gray—ventral floor
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the resume of sexual function. When taken together, these 
data indicate that an anterior subpopulation of ORX-ir neu-
rons increases in size during early lactation and then shrinks 
during the weaning period and, furthermore, that this effect 
is conserved in at least two rodent species with different 
mating patterns.

Data from other studies in rat dams also support this 
model. Garcia et al. (2003) detected a decrease in Hcrt 

mRNA in dams on PPD14, while Cai et al. (2001) did not 
detect a lowered level of hypothalamic ORX on the same 
day. This could indicate that, around PPD14, hypothalamic 
neurons are preparing to synthesize less ORX, which 
would be reflected by a decline in ORX immunoreactiv-
ity after PPD15, as observed in our work. These results 
indicate that Hcrt mRNA alterations precede, on the scale 
of days, any observable alterations in protein synthesis. 

Fig. 6  Variations in the number of FOS-immunoreactive cells for different sectors, quadrants, days of lactation and stimulation conditions. Each 
bar represents the mean ± SEM for each day of lactation and stimulation condition. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 7  FOS-immunoreactive 
cells are unevenly distributed 
along the lateromedial axis 
of the tuberal hypothalamus. 
Brightfield photomicrographs 
of frontal brain slices from rat 
dams on the 15th and 21st days 
of lactation with and without 
a suckling stimulus. The slices 
underwent immunostaining for 
orexin (brown) and FOS (black) 
localization. The quadrants 
employed in this work are delin-
eated with dashed lines. a High 
number of FOS-immunoreactive 
cells are found in the perive-
ntricular and medial zones 
of the tuberal hypothalamus, 
while fewer cells are present 
in the lateral zone; b there is a 
decrease in the number of FOS-
immunoreactive neurons in ani-
mals that were not stimulated; 
c, d at the end of the weaning 
period, the density of FOS-
immunoreactive cells decreases 
and almost no difference can be 
observed between animals with 
and without the stimulus. Scale 
bar: 200 µm. 3V third ventricle, 
f fornix, ic internal capsule
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On earlier days, the reported alterations in ORX synthe-
sis are less clear. Brogan et al. (2000) did not detect any 
difference in the orexinergic system between PPD10 and 
virgin animals, while Wang et al. (2003) failed to detect 
differences in immunoreactivity between PPD1 and PPD14 
dams. A possible explanation for this discrepancy is the 
fact that both Brogan et al. (2000) and Wang et al. (2003) 
evaluated the hypothalamus as a whole, which may have 
masked differences occurring exclusively in the anterior 
subpopulation. Our results support this hypothesis, as the 

alterations in ORX immunoreactivity were not detectable 
when the whole hypothalamus was statistically evaluated.

In the central sector of the hypothalamus, the medial 
zone was unchanged, while the lateral hypothalamus had 
a small increase in the number of ORX-ir cells as weaning 
progressed. Sun et al. (2003) examined the central portion 
of the tuberal hypothalamus and observed an increase in the 
number of ORX-ir neurons in PPD11–12 dams compared 
with virgin rats. Together, these results suggest that centrally 
located ORX-ir neurons are different from the anterior sub-
population concerning their behavior during the lactation 
period, with the former maintaining higher numbers during 
the whole lactation period, including the weaning phase, 
while the anterior population declines in number as wean-
ing progresses.

It is noteworthy that, for both the anterior and the central 
populations, the suckling stimulus is necessary to sustain the 
decrease or increase in the number of immunoreactive neu-
rons. This indicates that, even during the weaning period, the 
suckling stimulus of the pups is still an essential pacemaker 
of lactation, signaling the progression of this physiological 
process to the brain of the dam. Perhaps most surprising was 
the fact that the absence of the suckling stimulus quickly 
disrupted the progression of alterations in ORX synthesis in 
the range of hours, on which scale we expected exclusively 
FOS-related alterations. Merali and Kateb (1993), however, 
describe bombesin alterations in the hypothalamus of re-fed 
rats as soon as 35 min, indicating that hypothalamic protein 
synthesis can be modulated in this short time range. This 
time course suggests that alterations in the orexin popula-
tion are caused by the suckling stimulus itself, rather than 
the larger metabolic state of the animal.

Two possible mechanisms may play a role in this pro-
cess. The first is direct nipple stimulation from the pups that 
ascends through the spinal cord, reaches the lateral cervical 
nucleus and then activates several nuclei in the brainstem 
(Li et al. 1999). Among these nuclei, a good candidate to 

Fig. 8  Distribution of double-labeled orexin/FOS neurons in the 
tuberal hypothalamus of a rat dam. Three-dimensional reconstruc-
tion based on nine semi-serial frontal slices of the brain of a rat dam 
on the 15th day of lactation, showcasing the distribution of double 
orexin/FOS-immunoreactive neurons in the tuberal hypothalamus. 
Each yellow dot represents a single double-labeled cell. The outlined 
structures are as follows: green—fornix; purple—mammillothalamic 
tract; orange—third ventricle; dark green—internal capsule/cerebral 
peduncle; red—optic tract; gray—ventral floor

Fig. 9  Variations in the number of double orexin- and FOS-immunoreactive cells in the dorsomedial tuberal hypothalamus for different sectors, 
days of lactation and stimulation conditions. Each bar represents the mean ± SEM for each day of lactation and stimulation condition. *p < 0.05
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relay signals to orexin cells is the reticular formation, as this 
area is specifically activated by suckling stimulus (Li et al. 
1999) and cells in the lateral reticular field are afferents to 
orexin neurons (Sakurai et al. 2005). In addition to a brain-
stem-originated input, the tactile stimulus may ascend to the 
forebrain and then be relayed back to ORX-ir neurons in the 
hypothalamus, since the ventral lateral septal nucleus and 
the medial preoptic area are selectively stimulated by suck-
ling and have projections to ORX neurons (Li et al. 1999; 
Sakurai et al. 2005). The second possibility is the activa-
tion by oxytocin (OT). Oxytocin depolarizes ORX neurons 
through receptor V1a (Tsunematsu et al. 2008), and both 
the supraoptic (SO) and the PVH send afferents to ORX-ir 
neurons (Sakurai et al. 2005). Even in the absence of direct 
connections, the somatodendritic release of OT could be 
responsible for ORX-ir cells activation. Leng and Ludwig 
(2008) estimate that one minute is sufficient for the anterior 
hypothalamus to achieve a mean basal concentration of oxy-
tocin in the range of picograms/ml. That could explain why 
the anterior and the medial subdivisions of ORX-ir neurons 
show stronger effects during lactation, as those are the sub-
populations that are closer to the PVH/SO and, therefore, 
would be subject to higher concentrations of OT in the extra-
cellular fluid. Although prolactin could also be a factor for 
the increase in ORX-ir neurons, our data does not support 
that hypothesis. Rats in the afternoon of the proestrus (high 
prolactin) had no difference in the number of ORX-ir neu-
rons when compared to rats in the afternoon of the diestrus 
day (low prolactin).

The alteration in ORX synthesis was the inverse of the 
null hypothesis of this work: we initially hypothesized that 
the increase in feeding that dams display during weaning 
could have as its underlying cause an increase in ORX 
synthesis or activity. This does not appear to be the case, 
as there was a decrease in ORX immunoreactivity in the 
anterior sector and only a small increase in the central lat-
eral zone population as the weaning period progressed. Our 
results suggest that ORX does not mediate the hyperphagia 
observed in dams during the later stages of lactation. What 
role might these neurons play? There are two main possibili-
ties. First, ORX-ir neurons have been thoroughly implicated 
in the control of sleep-wake patterns, with ORX neurons 
displaying a potent arousing effect [as reviewed by Sakurai 
(2007)]. Dams show decreased sleeping time during the lac-
tation period, which España et al. (2004) have suggested to 
be a result of increased ORX activity. The decline in ORX 
synthesis in the anterior sector may, therefore, play a major 
role in the regularization of the sleep cycle of the dam as the 
pups develop their autonomy.

A second possibility concerns the role of ORX in the 
expression of maternal behavior, as recent reports have 
implicated ORX in the expression of these behaviors. 
D’Anna and Gammie (2006) found an increase in both 

appetitive and consummatory aspects of maternal behav-
ior after intracerebroventricular injections of low levels of 
ORXA, while Rivas et al. (2016) found a decrease in appe-
titive components after injections of an ORX antagonist in 
the medial preoptic area (MPOA), a brain region thoroughly 
implicated in maternal behavior (Numan et al. 1977). The 
declining population of ORX-ir neurons in the anterior part 
may be particularly involved in maternal behavior, and as the 
weaning period progresses, this population becomes smaller, 
since the mother has to display progressively less specific 
maternal behaviors. One possible approach to distinguish 
between these two possibilities is to determine the projec-
tion field of this anterior ORX-ir population. The work of 
Rivas et al. (2016) reported that ORX acts on the MPOA to 
alter maternal behavior, while ORX-ir projections to the tub-
eromammillary nucleus, locus coeruleus, and dorsal raphe 
appear to be particularly important for the actions of the 
peptide on arousal (Sakurai 2007). A selective projection 
of this group of ORX neurons to some of these areas could 
point to its main function.

Regarding the suckling-dependent activation of the 
tuberal hypothalamus, we had previously reported that 
suckling increased the number of FOS-ir cells in the lateral 
hypothalamus of dams during the weaning period (Alvisi 
et al. 2016). In the present work, however, we spatially 
refined our data on FOS synthesis, showing that there is 
a preferential activation of the periventricular and medial 
zones of the hypothalamus compared with the lateral zone. 
In almost all zones examined, the number of FOS-ir cells 
decreased as the weaning period progressed, indicating that 
several neurochemically distinct populations of the tuberal 
hypothalamus decrease their activity as pups become more 
independent from the mother. It is noteworthy, however, 
that the suckling stimulus had an overall effect of increas-
ing the number of FOS-ir cells. This is in stark contrast to 
the synthesis of ORX, which is actively decreased by the 
suckling stimulus. Therefore, the suckling stimulus has two 
different dynamics in the brain of the dam during weaning: 
it decreases the synthesis of ORX-ir neurons in the anterior 
sector, and it also decelerates the deactivation of several 
neuronal populations in the tuberal hypothalamus as wean-
ing progresses. One possible explanation for this apparent 
contradiction is that ORX represented less than 10% of the 
total FOS-ir cell population, suggesting that several other 
neurochemical populations become less activated during 
weaning. Some of these populations may have an inhibitory 
effect on maternal behaviors or other enhanced physiologi-
cal functions of the dam. Therefore, the suckling stimulus 
may serve to increase activity in these inhibitory populations 
and accelerate the cessation of maternal behaviors. Another 
possibility is that the suckling stimulus may act differently 
depending on the time range, promoting maternal behaviors 
in the short term and inhibiting them or restoring them to 
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baseline in the long range. Further experiments will be nec-
essary to dissect the role of suckling-activated hypothalamic 
neurons and to determine the neurochemical signatures of 
those populations.

Finally, we identified a subpopulation of ORX-ir neu-
rons in the central dorsomedial hypothalamic area that was 
selectively responsive to the suckling stimulus. Although 
double ORX/FOS-ir neurons were found in other levels and 
other quadrants, these neurons were mostly found dorso-
medial to the fornix and clustered in the central slices. As 
lactation progressed, the dams became insensitive to the 
stimulus and the number of double ORX/FOS-ir neurons 
equalized between the two groups. Our results agree to the 
idea of a dichotomy between medial (DMH/PFA) and lat-
eral (LHA) ORX-ir neurons, proposed by Harris and Aston-
Jones (2006). According to this model, medial ORX neurons 
are implicated in arousal and motivation, while the lateral 
population has been associated to cue-associated reward. 
If we transpose our results to this model, the centromedial 
position of double ORX/FOS-ir neurons suggests that these 
cells produce increased arousal in the lactating female. One 
interesting facet of this association is that ORX is not associ-
ated to any type of arousal, but to those that require environ-
mental awareness and decision-making, such as exploration 
and food-shock, but not restriction (Furlong et al. 2009). 
Considering the unifying theory of ORX as a promoter of 
motivation (Mahler et al. 2014), the position of our double-
labeled cells suggests that the suckling stimulus activates 
ORX neurons to promote motivation and awareness in these 
females. As lactation progresses, however, this activation is 
lost, as the pups are more independent, and the dam has to be 
less proactive in their nutrition and protection. This result, 

along with the previously discussed results, indicates that 
there is substantial heterogeneity in ORX-ir cells concerning 
both their input and their behavior during the transitional 
period of weaning. In particular, a population of dorsome-
dially located ORX neurons is distinct from other ORX-ir 
neurons as it shows a sensitivity to the suckling stimulus 
that may also be associated with differences in hodology and 
neurochemistry, making this population suited for further 
studies.

To conclude, our work has important implications for 
human physiology. It is evident from our results that brain 
alterations are not exclusive to the peripartum period but 
also occur during weaning. This weaning period was nec-
essary to decrease ORX-ir synthesis and activation, which 
may be able to decrease wakefulness time and restore non-
lactating patterns of sleep. Perhaps even more important 
was the fact that the suckling stimulus was necessary to 
promote these changes. The premature cessation of suck-
ling in humans, therefore, could interrupt the regularization 
of the orexinergic system, resulting in persistent sleeping 
problems for the mother. Blyton et al. (2002) have shown 
that breastfeeding mothers in the postpartum period have 
different sleep architecture than non-lactating mothers or 
bottle-feeding mothers: in the breastfeeding mothers, there 
was a drastic increase in slow-wave sleep (SWS), while 
bottle-feeding mothers had a decrease in SWS compared 
with control mothers. Our results suggest, therefore, that 
breastfeeding may be a major signal that decreases activity 
in the ORX system and regulates sleeping patterns, meaning 
that mothers who bottle-feed may have an increased risk of 
persistent sleeping problems caused by lactation. The ORX 
system may be an attractive target for evaluation in mothers 
with postpartum sleep problems.

Conclusions

Substantial alterations in the orexin peptidergic system occur 
during the weaning period. A subpopulation of anteriorly 
located immunoreactive neurons decreases in size as wean-
ing progresses, and this process depends on suckling to 
occur adequately. The suckling stimulus also increases the 
number of FOS-ir cells in the tuberal hypothalamus, with a 
preferential distribution of active cells in the periventricular 
and medial zones compared with the lateral zone. Finally, 
a subpopulation of centrally located dorsomedial ORX-
ir neurons is responsive to the suckling stimulus in early 
weaning but progressively disappears. When taken together, 
these data suggest that the weaning period is necessary to 
restore neurochemical pathways altered during the lactation 
period and that the suckling stimulus plays a major role in 
this process.

Fig. 10  Double-labeled orexin/FOS neurons are found in the medial 
zone of the central tuberal hypothalamus in the early weaning period. 
Brightfield photomicrographs of frontal brain slices from rat dams on 
the 15th and 21st days of lactation with and without a suckling stimu-
lus. The slices underwent immunostaining for orexin (brown) and 
FOS (black) localization. a Both orexin- and FOS-immunoreactive 
neurons are abundant in the medial zone of the tuberal hypothalamus 
of dams on the 15th day of lactation that were subjected to a suck-
ling stimulus. Several cells contain both markers together, indicating 
activation of orexin neurons in this region. a′ higher magnification 
of a highlighting some of the double-labeled neurons. Examples of 
double-labeled cells are present on the inset; b double-labeled cells 
can be found in the non-stimulated dams at the 15th day of lactation, 
although these cells appear to be concentrated close to the periven-
tricular zone; b′ higher magnification of b illustrating the smaller 
number of double-labeled cells. Examples of double-labeled cells 
are present on the inset; c even in stimulated animals, the number of 
double-labeled cells decreases at the end of the weaning period; c′ 
although both orexin- and FOS-immunoreactive neurons are found in 
the same field, there is no colocalization of these two markers; d both 
double-labeled and FOS-immunoreactive cells are found in decreased 
numbers in the non-stimulated dams at the 21st day of lactation; d′ 
higher magnification of d. Scale bar: a–d = 500 µm; a′–d′ = 100 µm. 
3V third ventricle, f fornix, ic internal capsule, opt optic tract
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7.1. The MCH peptidergic family 

Although the existence of MCH as a factor that counteracts the actions of α-MSH in the control 
of skin pigmentation of amphibia has been proposed in the 1930s (Hogben and Slome 1935), almost five 
decades were necessary for the proper isolation of this peptide from the pituitary of the chum salmon, 
displaying the exact predicted property of inducing pallor by melanin aggregation (Kawauchi et al. 1983). 
This discovery paved the way for other researchers to identify the mammalian homologue gene (Nahon 
et al. 1989) and protein (Vaughan et al. 1989). This ultimately led to the first mapping of MCH in the 
mammalian brain, by Bittencourt et al. (1992), which unveiled a previously unknown complexity for this 
peptide. 

In the following two decades, the distribution of MCH immunoreactivity has been studied in 
several species, from some of the most basal chordates (Bird et al. 2001; Mizuno 1991) to humans (Elias 
et al. 2001). This interest in the various patterns of morphological organization of the MCH peptidergic 
family stem from the fact that this peptide has been remarkably conserved, and that MCH-synthesizing 
neurons have widespread projections in the nervous system, what creates an interesting window into 
the evolution of the vertebrate brain. 

Here we reviewed the main morphological aspects of the MCH peptidergic system in mammals, 
with special attention to the rat, as this species has been the most thoroughly investigated. Such 
systematic revision is important to highlight the extra-diencephalic areas of synthesis of MCH, since most 
of the research focus has been directed to the LHA. Although poorly understood, these areas may be part 
of the anatomical basis for several MCH functions, such as the olfactory tubercle for olfactory integration 
(Adams et al. 2011), the paramedian pontine reticular formation for sleep and arousal (Costa et al. 2018), 
and the laterodorsal tegmental nucleus for the sexually dimorphic actions of MCH (Rondini et al. 2007).  

The complexity of the diencephalic MCH should not be understated, however. The incerto-
hypothalamic area (IHy) has been recently described (Sita et al. 2003; Sita et al. 2007) and is poorly 
understood in terms of connectivity and function, even though this area can be found in both rats and 
humans of both sexes. Perhaps even more interesting is the neurochemical composition of the IHy, with 
MCH neurons intermingled with dopaminergic neurons, but without co-localization between these two 
markers. The importance of the contact between these two neurochemical populations is still unknown, 
but it could make the IHy a site of coordination between the dopaminergic and the MCHergic circuits. In 
a similar fashion, MCH neurons in the anterior periventricular nucleus may play an important role in 
neuroendocrine modulation (Cvetkovic et al. 2003), but the lack of these neurons in mice may be a 
confounding factor in the study of this particular function. Finally, it is unclear what role may be played 
by MCH neurons in the dorsal part of the tuberomammillary nucleus, and if the proximity between MCH 
and histamine-positive neurons in this area is indicative of functional significance.  

Another contentious point highlighted is the distribution of the MCH receptors, MCHR1 and 
MCHR2. Based on the available Mchr1 mRNA mappings (Chee et al. 2013; Hervieu et al. 2000; Saito et al. 
2001), several areas have conflicting information, regarding both the presence/absence of receptors and 
the relative density. Additional research is necessary to elucidate the exact distribution of MCHR1 and to 
expand the physiological models, as only males have been used in these studies. Even more scarce is the 
available information about MCHR2. This scarcity can be explained by the loss of this receptor subtype in 
the last common ancestor of the Glires superorder (Tan et al. 2002). This phylogenetic occurrence 
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deprived researchers of some of the most commonly used laboratory models for the study of MCHR2, 
what is reflected in a poor representation of this receptor in the literature. Since this receptor subtype is 
found in humans, our lack of knowledge about it may help explain our difficulty in transpose functional 
studies about MCH performed in rodents to human health. It is clear, therefore, that despite extensive 
research, the morphological aspects of the MCH peptidergic system are far from being completely 
understood. 

Our next topic of interest was the available functional data and the underlying hodology to 
support that data. This approach is necessary to better frame MCH actions under a broader physiological 
context. Our analysis led us to postulate that the main MCH role in rodents is as a baseline maintainer, a 
damper that acts to avoid big fluctuations from the desirable homeostatic level. To perform this function, 
MCH neurons of the LHA receive multiple inputs, including other neurons on the LHA, arcuate and 
paraventricular nuclei of the hypothalamus, nucleus accumbens, amygdala, brainstem and hindbrain, in 
addition to circulating factors that reach MCH neurons both directly and indirectly. Drawing from these 
inputs, MCH neurons are able to monitor the homeostatic status of the organism. At the same time, an 
equally wide network of outputs allows MCH neurons to regulate metabolic parameters of the organism 
by changing the locomotor activity, energy expenditure, autonomic function, and thyroid function, by 
acting as a circulating hormone to act on peripheral MCHR1 receptors, and by modulating reward and 
foraging. 

This framework, therefore, represents a unifying theory for MCH functions, grouping several of 
its known actions under the umbrella of homeostatic maintenance. That unifying theory can be 
expanded to functions not directly linked to energy homeostasis, such as sleep, sexual behavior and 
maternal behavior. The sleep-promoting activities of MCH may function to counteract the increased 
arousal that onsets when the animal reaches a negative energy balance, avoiding that too much energy 
is expended in foraging (Willie et al. 2008). Likewise, MCH may hamper sexual behavior in times of 
negative energy balance, protecting the female from undergoing the energy-costly process of lactation 
(Naufahu et al. 2013). Finally, MCH may inhibit maternal behaviors, as demonstrated by Benedetto et al. 
(2014), returning the mother to her regular physiology and the usual metabolic baseline. 

At this point, a brief consideration should be made as to why only MCH, and not the orexins, has 
been reviewed in this thesis, as they are both the subject of study. First, the distribution of ORX-ir neurons 
is considerably simpler than that of MCH, forming a continuous of neurons in the medial and lateral 
hypothalamus, with most cells clustered in the perifornical nucleus (Date et al. 1999; Nambu et al. 1999; 
Peyron et al. 1998). This distribution was further confirmed by us in three-dimensional reconstructions. 
This compact distribution makes the morphological data available about ORX less informative than that 
of MCH. Second, the orexins already have a sound unifying theory of function in the work of Mahler et al. 
(2014), that proposes ORX as a motivational activator, increasing the overall animal motivation to respond 
to certain environmental cues depending on its metabolic state.  

 

7.2. Weaning and the MCH peptidergic system 

Given the proposed role of MCH as a baseline maintainer, one valuable model to study it is, 
therefore, the weaning period, due to the severe baseline alterations that occur in this reproductive stage 
of the female. One could hypothesize that the MCH system will be either overactivated to restore the 
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baseline or completely inactivated since the homeostatic balance has been lost and the dam body is 
operating in non-normal levels of energy storage and activity. That was our objective of study in this 
thesis. To simplify our study and reduce the number of confounding factors, we emphasized the 
importance of the pup stimulus to the dams through our experimental designs. 

Therefore, we investigated the long-term effects of litter size on the number of MCH neurons in 
the MPOA of Sprague-Dawley rats. Our results show that large litters are correlated with an increased 
number of MCH neurons in the MPOA at mid-lactation (12th day postpartum), early-weaning (15th day 
postpartum) and late-weaning (19th day postpartum). Our results further showed that this effect was a 
combination of both pre- and postpartum litter size, with artificially-reduced litters resulting in an 
intermediate number of MCH-ir neurons in the MPOA when compared to naturally large or naturally 
small litters. When taken together with the work of Benedetto et al. (2014), which showed a reduction in 
appetitive components of maternal behavior by exogenous MCH, our work suggests that the appearance 
of MCH-ir neurons in the MPOA during late lactation acts as a counterweight to the maternal behavior-
inducing stimulus of the pups. The presence of pups is a potent inducer of maternal behavior, even in 
virgin females (Rosenblatt 1967). Therefore, without a proportional inhibitor, a large litter could drag the 
lactation to a longer duration, especially if solid food is not easily available to the pups. This lactation 
extension could be dangerous to the mother, since it would result in increased energy expenditure 
producing milk, less time to forage and vulnerability to predators, in a time when her fat storages are 
depleting (Naismith et al. 1982). 

Another possibility is that MCH acts on the MPOA to reinitiate sexual behavior by the end of 
lactation. Previous studies have shown that MCH interacts with GnRH neurons and fibers both in the 
anteroventral periventricular nucleus and the median eminence to regulate LH and FSH release 
(Chiocchio et al. 2001; Gallardo et al. 2004; Gonzalez et al. 1997; Murray et al. 2000; Murray et al. 2006). An 
increasing synthesis of MCH in the MPOA could help balance the inhibitory effect the pups have on 
reproductive function (Södersten et al. 1983) and accelerate the resumption of post-weaning sexual 
function. Regardless of the specific function, we showed that the number of MCH-ir neurons in the MPOA 
is responsive to litter size during the lactation period, the first demonstration that this synthesis is 
dependent on exogenous factors. 

We also performed a broadly similar examination, but focusing on the acute effect of suckling 
stimulus on MCH neurons. To achieve that, we employed the widely-used immediate early protein Fos, 
a marker or neuronal activation (Hoffman et al. 1993). Since Fos is an unspecific marker of activity, studies 
that use it require a strong, well-defined stimulus to allow discrimination from the background noise. 
Therefore, instead of culling the litter, we removed the pups at the experimental day, anesthetized the 
vibrissae pads of the non-stimulated group and returned them to the mother, a protocol based on 
previous studies (Kenyon et al. 1981; Lonstein et al. 1997). Because of the separation time, pups tended 
to immediately start suckling on the mothers upon return to the house cage and nursed for the remaining 
20 minutes of the experiment. Anesthetized pups, however, were unable to attach to the nipples and, 
therefore, did not provide the mother with tactile stimulation. 

In contrast to our results on the influence of the number of pups on the number of MCH neurons, 
there was no alteration in the number of MCH-ir neurons in the MPOA of weaning dams linked to suckling 
stimulus. This is indicative that the number of MCH neurons in the MPOA is dependent on the pup 
stimulus on a larger time scale, with only chronic stimulation by the pups promoting an increase in the 
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number of MCH-ir neurons. Another possibility is that the tactile stimulus is not necessary for the increase 
in MCH synthesis, with other sensorial modalities fulfilling that role in the non-stimulated groups. 

Although the suckling stimulus did not interact with the number of labeled neurons, there was 
a decrease on the number of MCH-ir neurons in the MPOA in the 20th and 21st days of lactation when 
compared to the 15th and 16th days. That decrease is in good agreement with data from the previous 
chapter. Pups in that stage of lactation are quite independent of the mother, and the easiness to obtain 
solid food accelerates the transition from milk to solid food, reducing the time pups spend nursing (Thiels 
et al. 1990). It is likely, therefore, that the beginning of weaning represents the apex of MCH synthesis, as 
from that point onwards the pups will spend progressively less time nursing, and the mother will be less 
stimulated. This decrease in stimulus must produce the smaller numbers of MCH-ir neurons observed in 
the 20th and 21st days in this work, and their complete disappearance by the 26th day as reported by 
Knollema et al. (1992). 

Another interesting finding was the complete lack of colocalization between MCH and Fos. Once 
more, this result indicates that MCH plays not the role of an acute responder, but rather that of a much 
broader integrator of signals and organizer of responses in broader periods of time. Although no 
colocalization was found between MCH and Fos, numerous Fos-ir cells were found in all three areas 
examined of stimulated animals, indicating that the experimental approach used was effective in 
activating suckling-responsive areas. That ample Fos synthesis included the LHA, where numerous 
stained cells were found intermingled with MCH-ir neurons. Due to the importance of the LHA for the 
homeostatic balance and the presence of orexin neurons in this area, we decided to investigate if the 
Fos-ir cells of the LHA could correspond to ORX-ir neurons in the following experiments. 

 

7.3. Weaning and the ORX peptidergic system 

To investigate if the suckling-stimulated cells of the LHA corresponded to ORX-ir neurons, we 
employed a similar experimental design for pup stimulus suppression. In our initial work hypothesis, such 
activation of ORX neurons by the pups could be part of the mechanism that leads to increased food 
consumption by late lactation, as described by Ota and Yokoyama (1967). As expected, we did find 
double-labeled ORX/Fos neurons in the tuberal hypothalamus, with a higher number of activated cells 
found in the 15th day of lactation in the stimulated group when compared to the non-stimulated group 
or the later stages of weaning. 

A striking feature of those active neurons was their location, as over 85% of those neurons were 
found dorsomedial to the fornix. To understand this highly specific location of active neurons, one must 
only turn to the recent literature on ORX function. As proposed by Harris and Aston-Jones (2006), there 
is a dichotomy between the medial and the lateral orexin neurons. While the medial ORX-ir neurons are 
implicated in arousal and motivation, the lateral group has been associated with cue-associated reward. 
Transposing that model to our work, the activation of medial ORX neurons by the suckling stimulus must 
be part of an arousal-motivation network, increasing the dam’s attention to its environment when pups 
are present and nursing on her. Following that reasoning, the number of active neurons decrease as 
weaning progresses, since the pups are more independent and, therefore, require less attention from the 
mother. The fact that only a subset of the neurons in that area were activated by the suckling stimulus 
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further reveals the heterogeneity of ORX cells, making this area particularly suitable for further studies of 
hodology and neurochemistry. 

To exam the synthesis of ORX, we first built three-dimensional (3D) models of the 
immunoreactivity distribution of each animal used in the study. To our best knowledge, these were the 
first 3D models of the orexin neuronal population published in the literature. Those reconstructions show 
a very compact population of neurons, forming an ellipsoid dorsal to the fornix, spanning the entire 
tuberal hypothalamus. The traditional atlas separation of LHA and medial hypothalamus was, therefore, 
insufficient to accurately describe the anatomical location of labeled neurons. To circumvent that 
problem, drawing from the work of Harris and Aston-Jones (2006) and Donlin et al. (2014), we devised a 
system of probes that were placed on the fornix and spliced the tuberal hypothalamus into three sectors: 
anterior, central and posterior; and four quadrants: dorsomedial, dorsolateral, ventromedial and 
ventrolateral. 

By using this system, we were able to identify a decrease in the number of ORX neurons in the 
anterior dorsomedial area of the tuberal hypothalamus. This decrease followed the progression of 
weaning and was disturbed by the loss of suckling stimulation. This led us to hypothesize that suckling 
stimulus during weaning was responsible for returning the number of anterior ORX neurons in the 
anterior hypothalamus to baseline levels, what was confirmed when we compared the number of ORX 
neurons in the 15th day of lactation to those of females during the estrous cycle. As Donlin et al. (2014) 
found an increase in the number of ORX neurons in the anterior sector of the tuberal hypothalamus of 
prairie vole dams during mid-lactation, it is likely that this variation in the number of ORX neurons is 
phylogenetically conserved, at least among rodents. We have confirmed, therefore, the importance of 
the weaning period to the reconfiguration of the brain neurochemistry to prepartum and pregestational 
levels. 

Perhaps the most important result we obtained, due to its implications to human health, is the 
fact that the decline in the anterior ORX population was perturbed by the loss of touch stimulation from 
the pups. Mothers who do not breastfeed, either by choice or by necessity, could be at increased risk of 
retaining ORX neurons in the anterior dorsomedial hypothalamus, a region associated with the 
promotion of the awake state and of environmental awareness. Excessive ORX activity in this region could 
lead to sleep disturbances and emotional alterations, what would negatively impact the health of the 
mother after the lactation period. Other works have also showed positive effects of breastfeeding for the 
mother’s health, as reviewed in Mohammad and Haymond (2012), and our work provides the neural 
mechanism for at least some of those benefits. An interesting possibility raised is that mothers with sleep 
disturbances may be affected by overactivation of the medial ORX population, meaning ORX antagonists 
already available in the market (Dubey et al. 2015) could be more effective to treat those mothers than 
broad-effect medication. Further inquiry in this question will be necessary to confirm this possibility. 

Finally, we found extensive Fos immunoreactivity linked to the suckling stimulus in the medial-
most part of the so-called lateral hypothalamus, an area poorly defined in terms of morphology, 
neurochemistry and hodology. With ORX-ir neurons accounting for just a small percentage of those Fos-
ir cells, it is likely that several other neuronal populations are modulated during lactation and weaning. 
This should be taken as further evidence that this period is a prolific field of study, requiring more works 
to unveil the complete extension of brain alterations that take place in the parental brain. 
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7.4. Conclusion 

In summary, our results demonstrate the intense activity that the brain undergoes during the 
weaning period. In the medial preoptic area, the number of MCH neurons that appear in the last two 
thirds of the lactation period is influenced by the number of pups. In the tuberal hypothalamus, a subset 
of ORX neurons is stimulated by the tactile stimulus of the pups, at the same time that part of the ORX 
population recedes. All those changes take place in neuropeptidergic populations widely implicated in 
essential physiological and behavioral processes, further strengthening the notion that further attention 
should be payed to the brain alterations that occur in the weaning brain and the repercussions those 
alterations may have to the mother’s health. 
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Summary [English] 
Lactation, one of the defining characteristics of the Mammalia phylum, is an effective 

reproductive strategy that maximizes the survival of the litter at the expense of the mother own energy 
reserves. To achieve that, the dam physiology undergoes several transformations that will maximize her 
energy acquisition and storage. To organize those adaptations, the brain also undergoes several 
modifications. Once the pups transition to a solid-diet independent from the mother, weaning starts and 
the dam physiology must be restored to pre-gestational levels to allow a new reproductive cycle to start. 
Little is understood about how the brain copes with those changes and the return to normal physiology, 
with potential negative effects resulting from an incomplete process. In light of those facts, we proposed 
with this work to investigate the influence of the suckling stimulus on the lateral hypothalamus during 
weaning, with special attention to the melanin-concentrating hormone (MCH) and orexin (ORX) 
populations, two neuropeptidergic populations that have been implicated in several essential 
physiological and behavioral processes. 

In Chapter 1, a more extensive introduction about the parental brain and the importance of the 
MCH and ORX populations is presented to the reader. In Chapter 2, we review the major morphological 
aspects of the MCH system, including all peptides synthesized from the MCH precursor, and its receptors. 
The neuroanatomy of the system is evaluated in depth, including detailed descriptions of the 
immunoreactive cell bodies, fibers and receptors in the mammalian brain, and the need for studies in 
new animal models is highlighted. In Chapter 3 we review the major functions associated to MCH and 
the underlying connectivity. We propose in this review that most MCH functions can be understood as a 
single process: the maintenance of the homeostatic baseline by MCH, which works as a dampener to 
prevent possibly deleterious fluctuations in metabolic parameters. 

In Chapter 4, we investigate the effect of litter size on the MPOA population of MCH neurons. To 
that end, mothers were separated in two groups according to the size of their naturally-occurring litter 
and the number of MCH-immunoreactive neurons was evaluated at mid-lactation, early weaning and 
late weaning. Our results show that the number of immunoreactive neurons in the MPOA was directly 
correlated to the size of the litter at all time points studied. Considering the available literature, our results 
seem to suggest that MCH synthesis in the MPOA works as a counterweight to the maternal-inducing 
stimulus of the pups. Artificial culling of the litter after birth revealed that this effect has both a pre- and 
a post-partum component. 

In Chapter 5, we investigate the acute effects of the suckling stimulus on the activation of MCH 
neurons in the whole hypothalamus of weaning rat dams. To suppress the suckling stimulus, a group of 
pups had their vibrissae pads anesthetized and were allowed to return to the home cage. The brain of 
the dams was then examined for the presence of the Fos protein in addition to MCH immunoreactivity. 
Although widespread Fos immunoreactivity was found in the hypothalamus of the weaning dams, there 
was no colocalization between that marker and MCH, indicating that the acute suckling stimulus cannot 
alone recruit the MCH peptidergic system. Furthermore, we found no alteration in the number of MCH 
neurons in the MPOA linked to the short-term pup stimulus. 

In Chapter 6, we investigate if the Fos immunoreactivity found in the tuberal hypothalamus of 
weaning dams was indicative of the recruitment of the orexin neuronal population present in this area. 
Three-dimensional reconstructions were employed to answer that question. We found a small but well-
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defined population of ORX-immunoreactive neurons in the dorsomedial tuberal hypothalamus of the 
weaning dam that was activated by the suckling stimulus. In addition to this dorsomedial population, we 
discovered that the weaning period resulted in a reduction in the number of ORX-immunoreactive 
neurons in the anterior sector of the tuberal hypothalamus, and that reduction was perturbed by the loss 
of suckling stimulus. Considering the role of the medial ORX neurons to environmental awareness and 
attention, our results suggest that the weaning period is necessary to normalize the action of ORX 
neurons, and the lack of sensorial stimulation from the pups can potentially have deleterious effects. 
Altogether, our results show a remarkable heterogeneity among ORX-immunoreactive neurons of the 
tuberal hypothalamus. In Chapter 7, we discuss the main results found in the aforementioned works, 
with a focus on the perspectives in the field. 

In summary, our results demonstrate the intense activity that the brain undergoes during the 
weaning period. In the medial preoptic area, the number of MCH neurons that appear in the last two 
thirds of the lactation period is influenced by the number of pups. In the tuberal hypothalamus, a subset 
of ORX neurons is stimulated by the tactile stimulus of the pups, at the same time that part of the ORX 
population recedes. All those changes take place in neuropeptidergic populations widely implicated in 
essential physiological and behavioral processes, further strengthening the notion that further attention 
should be payed to the brain alterations that occur in the weaning brain and the repercussions those 
alterations may have to the mother’s health.  
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Summary [Dutch] 

 
Melkafscheiding, een van de bepalende kenmerken van het fylum Mammalia, is een effectieve 

reproductiestrategie die het voortbestaan van het nest maximaliseert ten koste van de eigen 
energiereserves van de moeder. Om dit te bereiken, ondergaat de fysiologie van de moeder verschillende 
transformaties die haar energie-acquisitie en opslag maximaliseren. Om die aanpassingen te organiseren, 
ondergaat het brein ook verschillende aanpassingen. Zodra de jongen overgaan op een vast dieet 
onafhankelijk van de moeder, begint het spenen en moet de moederfysiologie worden hersteld tot het 
niveau van vóór de zwangerschap om een nieuwe voortplantingscyclus te starten. Er is weinig bekend 
over hoe het brein omgaat met die veranderingen en de terugkeer naar de normale fysiologie, met 
mogelijke negatieve effecten als gevolg van een onvolledig proces. In het licht van deze feiten, hebben 
we met dit onderzoek voorgesteld om de invloed van de zuigstimulus op de laterale hypothalamus 
tijdens het spenen te onderzoeken, met speciale aandacht voor de melanine-concentrerende hormoon 
(MCH) en orexin (ORX) populaties, twee neuropeptidergische populaties die betrokken geweest bij 
verschillende essentiële fysiologische en gedragsprocessen. 

In Hoofdstuk 1 wordt een uitgebreidere inleiding over het ouderlijk brein en het belang van de 
MCH- en ORX-populaties aan de lezer gepresenteerd. In Hoofdstuk 2 bespreken we de belangrijkste 
morfologische aspecten van het MCH-systeem, inclusief alle peptiden gesynthetiseerd uit de MCH-
precursor en zijn receptoren. De neuroanatomie van het systeem wordt diepgaand geëvalueerd, inclusief 
gedetailleerde beschrijvingen van de immunoreactieve cellichamen, vezels en receptoren in de hersenen 
van zoogdieren, en de behoefte aan studies in nieuwe diermodellen wordt benadrukt. In Hoofdstuk 3 
bespreken we de belangrijkste functies die horen bij MCH en de onderliggende connectiviteit. We stellen 
in deze recensie voor dat de meeste MCH-functies kunnen worden begrepen als één enkel proces: het 
onderhouden van de homeostatische basislijn door MCH, dat werkt als een demper om mogelijk 
schadelijke fluctuaties in metabole parameters te voorkomen. 

In Hoofdstuk 4 onderzoeken we het effect van worpgrootte op de MPOA-populatie van MCH-
neuronen. Daartoe werden moeders in twee groepen gescheiden op basis van de grootte van hun in de 
natuur voorkomende nest en het aantal MCH-immunoreactieve neuronen werd geëvalueerd 
halverwege de lactatie, vroeg spenen en laat spenen. Onze resultaten laten zien dat het aantal 
immunoreactieve neuronen in de MPOA op alle onderzochte tijdstippen direct verband hield met de 
grootte van het nest. Gezien de beschikbare literatuur lijken onze resultaten erop te wijzen dat de MCH-
synthese in de MPOA werkt als een tegengewicht voor de moederinducerende stimulus van de jongen 
Het kunstmatig ruimen van het nest na de geboorte onthulde dat dit effect zowel een pre- als een post-
partumcomponent heeft. 

In Hoofdstuk 5 onderzoeken we de acuut effecten van de zuigstimulus op de activatie van MCH-
neuronen in de hele hypothalamus van speendammen. Om de zuigstimulus te onderdrukken, liet een 
groep jongen hun snoet verdoven en mochten ze terugkeren naar de kooi. De hersenen van de 
moederdieren werden vervolgens onderzocht op de aanwezigheid van het Fos-eiwit naast de 
immunoreactiviteit van MCH. Hoewel wijdverspreide immunoseactiviteit van Fos werd gevonden in de 
hypothalamus van de speendammen, was er geen colocalisatie tussen die marker en MCH, wat aangeeft 
dat de acute zuigstimulus niet alleen het MCH peptidergische systeem kan aanwerven. Verder vonden 
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we geen verandering in het aantal MCH-neuronen in de MPOA gekoppeld aan de korte-termijn-
pupenstimulus. 

In Hoofdstuk 6 onderzoeken we of de immunoreactiviteit van Fos gevonden in de tuberale 
hypothalamus van speendammen indicatief was voor de rekrutering van de orexine neuronale populatie 
die aanwezig is in dit gebied. Driedimensionale reconstructies werden gebruikt om die vraag te 
beantwoorden. We vonden een kleine maar goed gedefinieerde populatie van ORX-immunoreactieve 
neuronen in de dorsomediale tuberale hypothalamus van de speendam die werd geactiveerd door de 
zuigstimulus. Naast deze dorsomediale populatie, ontdekten we dat de speenperiode resulteerde in een 
vermindering van het aantal ORX-immuunreactieve neuronen in de anterieure sector van de tuberale 
hypothalamus, en die vermindering werd verstoord door het verlies van zuigstimulus. Gezien de rol van 
de mediale ORX-neuronen voor het milieubewustzijn en de aandacht suggereren onze resultaten dat de 
speenperiode nodig is om de werking van ORX-neuronen te normaliseren, en het gebrek aan sensoriële 
stimulatie van de pups kan mogelijk schadelijke effecten hebben. Al met al laten onze resultaten een 
opmerkelijke heterogeniteit zien tussen ORX-immunoreactieve neuronen van de tuberale 
hypothalamus. In Hoofdstuk 7 bespreken we de belangrijkste resultaten in de bovengenoemde werken, 
met een focus op de perspectieven in het veld. 

Samengevat tonen onze resultaten de intense activiteit aan die de hersenen ondergaan tijdens 
de speenperiode. In het mediale preoptische gebied wordt het aantal MCH-neuronen dat in de laatste 
twee derde van de lactatieperiode voorkomt, beïnvloed door het aantal jongen. In de tuberale 
hypothalamus wordt een subset van ORX-neuronen gestimuleerd door de tactiele stimulus van de 
jongen, op hetzelfde moment dat een deel van de ORX-populatie terugvalt. Al deze veranderingen 
vinden plaats in neuropeptidergroepen die op grote schaal betrokken zijn bij essentiële fysiologische en 
gedragsprocessen, wat het idee versterkt dat er verdere aandacht moet worden besteed aan de 
hersenveranderingen die optreden in het speenbrein en de gevolgen die deze veranderingen kunnen 
hebben voor de gezondheid van de moeder.  
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Valorisation 
The lactation period is perhaps unrivaled in terms of the extension and depth of the metabolic 

demands that it imposes on the female during a short period of time. This makes motherhood a very 
attractive field of research, as it equips researchers with a physiological model of brain plasticity in 
response to both internal and external cues. An often-overlooked aspect of lactation, however, is 
weaning, or the terminus of lactation. During weaning, the brain must undergo a new set of alterations 
that will reset most of its functions to their pre-pregnancy and pre-lactation levels. The inexorable growth 
of the pups exerts a strong pressure on the dam’s body to constrain its duration and ensure a swift 
interruption of maternal behaviors and resuming of reproductive functions. 

If examined out of context, several of the brain alterations that take place in the maternal 
physiology would be considered pathological at any other moment of the dam’s life. Those alterations 
include, for example, leptin resistance, one of the hallmarks of metabolic syndrome, decreased (and 
therefore potentially insufficient) response to stressors, and excessive volume expansion at the cost of 
harshly reduced osmoregulation. It is logical, therefore, that if weaning does not proceed appropriately, 
the once-mother could carry unbalances for an unknown extension of time. To identify and understand 
the weaning alterations in the central nervous system, therefore, could provide us with the knowledge 
to better intervene if something goes awry during this period. 

Although an underappreciated problem, motherhood can be challenging for several women 
and may leave long-standing consequences. Excessive weight gain during lactation is a predictor of 
obesity and cardiovascular risk decades after birth (Mannan et al. 2013; McClure et al. 2013). Sleep 
patterns are altered during pregnancy and lactation and there is no conclusive evidence about when and 
if the sleep patterns return to the baseline levels (Lee 1998). Postpartum depression is a crippling illness 
for mothers, that could be as prevalent as 30% depending on the criteria used (Brummelte and Galea 
2016). All those problems have poorly-understood causes, what makes studies focused on the brain 
processes of lactation and weaning particularly important to start unveiling the mechanisms that 
underlie those conditions. 

Therefore, the results of the presented dissertations should be of high interest to all professionals 
in the medical field that work with women’s health, especially those in the obstetrics field. Our work also 
fulfills a broader role of highlighting particular processes that occur in the female brain, an important step 
to correct the chronic underrepresentation of female subjects in research (Prendergast et al. 2014). 
Finally, our results should be of interest to the pharmacy industry, as we have identified a group of 
individuals (mothers who bottle feed) as under increased risk of inefficient brain restauration of circuits 
controlling sleep architecture and awareness, and we identified the neurochemical group that may be 
targeted for pharmacological intervention to restore the normal brain function. Clinical trials could be 
performed comparing the efficiency of orexin antagonism-based medication (Dubey et al. 2015) against 
other types of medication used in the treatment of insomnia in women in the postpartum period. Those 
results could then be used to inform public policies about the treatment of sleep disturbances in adult 
women. 

Regarding the innovation of the presented results, this work can be considered innovation as it 
tackles a poorly-explored experimental model: the weaning brain. While most works investigated the 
mother physiology and behavior a few days after birth, only a few works have investigated what happens 
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to the dam body as lactation comes to an end. This has direct market consequences, as medical products 
directed to the mother’s health after delivery are minimal in comparison to those marketed for mothers 
during gestation or to the health of the babies. An example of this is the lack of any medication to target 
postpartum depression, the most common complication of childbearing, even though it is believed that 
postpartum depression shares only a part of its etiology with other depression disorders (Wisner et al. 
2002). 

To conclude, this dissertation is of relevance not only to the academic field, but also to the 
medical field of obstetrics and, particularly, of postpartum health. It may also lead to further research into 
the targeting of orexin for the treatment of sleep disorders in mothers, what could help inform public 
policies of women’s health. We believe our results may have an important positive impact for society as 
a whole.  
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