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The melanin-concentrating hormone (MCH) system plays a role in many physiological
processes including reproduction and lactation. However, research regarding the
function of MCH on different aspects of the reproductive function lags, due in part
to a lack of validated genetic models with which to interrogate the system. This is
particularly true in the case of female reproduction, as the anatomy and function
of the MCH system is not well-characterized in the female mouse. We set out to
determine whether the commercially available Pmch-Cre transgenic mouse line is a
viable model to study the role of MCH neurons in distinct female reproductive states.
We found that Pmch is transiently expressed in several nuclei of the rostral forebrain
at the end of lactation. This includes the medial subdivision of the medial preoptic
nucleus, the paraventricular nucleus of the hypothalamus, the ventral subdivision of the
lateral septum, the anterodorsal preoptic nucleus and the anterodorsal nucleus of the
thalamus. The Pmch expression in these sites, however, does not reliably induce Cre
expression in the Pmch-Cre (BAC) transgenic mouse, making this line an inadequate
model with which to study the role of MCH in behavioral and/or neuroendocrine
adaptations of lactation. We also contribute to the general knowledge of the anatomy
of the murine MCH system by showing that lactation-induced Pmch expression in
the rostral forebrain is mostly observed in GABAergic (VGAT) neurons, in contrast
to the typical MCH neurons of the tuberal and posterior hypothalamus which are
glutamatergic (VGLUT2).

Keywords: preoptic area, VGAT, VGLUT2, hypothalamus, sex-differences

INTRODUCTION

The melanin-concentrating hormone (MCH) system has been implicated in a diverse array of
fundamental physiological processes such as metabolic regulation, stress response, and sleep (Baker
et al., 1985; Bahjaoui-Bouhaddi et al., 1994; Qu et al., 1996; Verret et al., 2003). Several studies
have provided compelling evidence that MCH neurons also regulate aspects of reproductive
function such as the release of luteinizing hormone (LH) and lactation (Knollema et al., 1992;
Attademo et al., 2006).
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While MCH neurons have widespread projections throughout
the brain, they originate from a discrete region of the
hypothalamus (Bittencourt et al., 1992; Elias and Bittencourt,
1997; Bittencourt and Elias, 1998; Elias et al., 1998; Casatti
et al., 2002; Sita et al., 2007). In rats, MCH expression is almost
exclusively restricted to cell bodies in the incertohypothalamic
area (IHy, aka rostromedial zona incerta or ZIm), the lateral
hypothalamic area (LHA), and the perifornical area (PFx). The
distribution of MCH neurons in mice and rats – and, indeed,
in all rodents in which the system has been studied – follows
a similar basic plan. However, close study of the mouse and
rat reveals some key differences, including a population of
periventricular MCH neurons seen in rats but not in mice,
and the absence of more posterior groups in the mouse
(Bittencourt et al., 1992; Diniz et al., 2019). Interestingly,
MCH is transiently observed in the medial preoptic area
(MPO), the periventricular preoptic nucleus, and the most
rostral parts of the paraventricular nucleus of the hypothalamus
(PVH) of female rats during lactation (Knollema et al., 1992;
Rondini et al., 2010) and, to a lesser extent, in the MPO
of the mouse (Knollema et al., 1992; Rondini et al., 2010;
Diniz et al., 2019). The role of MPO MCH expression in
the lactating rodents is unclear, potentially due to a lack of
validated models with which to study this phenomenon. Indeed,
functional studies in mice lag behind the anatomy of the
MCH system, as the majority of the experiments referenced
up to this point which involve reproductive function were
performed in rats.

In the present study, we sought to determine whether
the commercially available Tg(Pmch-cre)1Lowl/J (“Pmch-Cre”)
transgenic mouse line (Kong et al., 2010) is a viable model to
interrogate the role of the MCH system in female physiology.
The Pmch-Cre mouse was developed using a bacterial artificial
chromosome (BAC) containing the coding region for Cre
recombinase flanked by upstream and downstream regulatory
elements of the Pmch gene (Kong et al., 2010). This technique
is moderately efficient and used to be a common method of
introducing DNA sequences in the genome of a model organism.
However, the loci of insertion for the BAC is random: it is
incorporated into a genomic site with a unique set of regulatory
elements, potentially imposing additional layers of regulation
on Cre expression. It may also fail to recapitulate epigenetic
regulation that occurs at the native gene locus and relies on
enhancers that may be located hundreds of thousands of bases
up- or downstream (Dean, 2006; Krivega and Dean, 2012).
The unpredictable nature of this method necessitates thorough
validation, which has not been performed in female mice,
particularly in lactating dams.

In addition to defining the locations of MCH expression
during lactation, we sought to determine whether these
MCH neurons potentially release γ-aminobutyric acid (GABA),
glutamate, both, or neither of the classical fast neurotransmitters.
We used brain tissue from Cre-driven reporter lines expressing
GFP in neurons expressing the vesicular glutamate transporter
(VGLUT2) or the vesicular GABA transporter (VGAT) to
verify the fast neurotransmitter phenotype of MCH neurons in
different brain regions.

MATERIALS AND METHODS

Mice
Animal Care
Mice were housed in a vivarium at the University of Michigan
with a 12/12 light/dark cycle and ad libitum access to food
and water. The mice received phytoestrogen-reduced Envigo
diet 2016 (16% protein/4% fat), except during breeding when
mice were fed phytoestrogen-reduced Envigo diet 2019 (19%
protein/8% fat). Phytoestrogen-reduced diet is routinely used in
our laboratory to avoid the effects of exogenous estrogens on
mouse physiology. All procedures and experiments were carried
out in accordance with the guidelines established by the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the University of Michigan Committee
on Use and Care of Animals (Animal Protocol #8712).

Pmch-Cre;eGFP Mice
Commercially available Pmch-Cre [Tg(Pmch-Cre)1Lowl/J, JAX R©;
stock #014099] mice were used. This mouse model was developed
using a BAC containing a Cre coding sequence downstream of the
mouse pro-melanin concentrating hormone (Pmch) promoter
(Kong et al., 2010).

The Pmch-Cre mice were crossed with two different mouse
lines carrying Cre-inducible reporter genes. First, Pmch-Cre mice
were crossed with the B6;129-Gt(ROSA)26Sortm2Sho/J line (JAX R©;
stock #004077, “R26-eGFP”). This mouse carries a targeted
mutation of the R26 locus with a loxP-flanked transcriptional
blocking cassette preventing the expression of CAG promoter-
driven enhanced green fluorescent protein (eGFP) reporter (Mao
et al., 2001). Cre-mediated excision of the blocking cassette
in Pmch-Cre;R26-eGFP mice results in expression of GFP in
cells expressing Cre.

Pmch-Cre mice were also crossed with the B6;129S4-
Gt(ROSA)26Sortm9(EGFP/Rpl10a)Amc/J line (JAX R©; stock #024750,
“eGFP-L10a”), kindly donated by Dr. David Olson (University of
Michigan), to generate Pmch-Cre;eGFP-L10a reporter mice. The
eGFP-L10a mice express a chimeric L10a ribosomal subunit fused
to eGFP. Successful Cre-mediated excision results in expression
of the eGFP:L10A fusion protein in Cre-expressing tissues (Liu
et al., 2014). Due to the ribosomal eGFP fusion, this mouse model
enables a strong fluorescent signal to accumulate in cell bodies.

Vgat-Cre;eGFP and Vglut2-Cre;eGFP Mice
Vgat-IRES-Cre:Slc32a1tm2(cre)Lowl/J (JAX R© mice, Stock #016962)
and Vglut2-IRES-Cre: Slc17a6tm2(cre)Lowl/J (JAX R© mice, Stock
#016963) mice were crossed with eGFP-L10a reporter to generate
mice which express GFP in VGAT- or VGLUT2-expressing cells,
respectively (Vgat-Cre;eGFP-L10a and Vglut2-Cre;eGFP-L10a
mice) (Vong et al., 2011).

Genotyping
All mice were genotyped before experiments by extracting
DNA from tail tip biopsies using the REDExtract-N-AmpTM

Tissue PCR Kit, catalog no. XNAT (Sigma-Aldrich R©). PCR
was performed with a Bio-Rad C1000TM Thermal Cycler and
included positive (DNA from the original JAX mice) and
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negative (sterile water) controls. Primer sequences can be found
in Table 1.

Experimental Groups
Sexually naïve adult male Pmch-Cre;eGFP mice (8–12 weeks of
age) were used. Adult female mice were divided into sexually
naïve (8–10 weeks of age) and lactating groups (16–18 weeks of
age) for a total of three experimental groups (n = 4 per group).
An additional group of females (n = 4) was evaluated 5 days
after weaning of the offspring as control for the lactation group.
Experimental groups were evaluated in both reporter lines: Pmch-
Cre;R26-eGFP and Pmch-Cre;eGFP-L10a.

Additionally, Vgat-Cre;eGFP-L10a and Vglut2-Cre;eGFP-
L10a dams were bred with Vglut2-Cre and Vgat-Cre males to
generate two more lactation groups in which to assess the fast
neurotransmitter phenotype of MCH neurons (n = 3 per group).

Perfusion and Histology
Adult male Pmch-Cre;eGFP mice were euthanized and brains
harvested between 8 and 12 weeks of age. Sexually naïve females,
8–10 weeks of age, were ascertained to be in diestrus before tissue
was harvested. Brains were collected from lactating females on
day 19 of lactation (16–18 weeks of age).

All mice were anesthetized with isoflurane and transcardially
perfused with saline prepared with diethyl pyrocarbonate
(DEPC)-treated water followed by 10% neutral buffered formalin
for 10 min. Following perfusion, brains were dissected and
postfixed in 20% sucrose/10% buffered formalin overnight at
4◦C, then cryoprotected in 20% sucrose in DEPC-treated 1×
phosphate buffered saline (PBS) overnight at 4◦C. Brains were
sectioned with a freezing Leica SM2010 R microtome (4 series,
30-µm thickness, in the frontal plane). Sections were stored
at −20◦C in RNAse-free cryoprotectant (20% glycerol, 30%
ethylene glycol in DEPC-PBS).

TABLE 1 | Primer sequences used for genotyping mice and performing
radioactive in situ hybridization.

Primer Sequence

Pmch-Cre (genotyping)

Common GAA AAG ATA AGG CCT TCA AGT GCT

Internal Positive Control
Reverse

GAT CTT TCT GCA GTA TCT TCC TTC

Transgene Reverse ATC GAC CGG TAA TGC AGG CAA

R26-eGFP (genotyping)

Forward AAGTTCATCTGCACCACCG

Reverse TCCTTGAAGAAGATGGTGCG

L10-eGFP (genotyping)

Forward 1 GAG GGG AGT GTT GCA ATA ACC

Forward 2 TCT ACA AAT GTG GTA GAT CCA GGC

Reverse CAG ATG ACT ACC TAT CCT CCC

Pmch cDNA Template (ISH)

Forward (CAG AGA TGC AAT TAA CCC TCA CTA AAG
GGA GA) AGC ATC AAA CTA AGG ATG GCA

Reverse (CCA AGC CCT CTA ATA CGA CTC ACT ATA
GGG AGA) GCA TAC ACC TGA GCA TGT CAA AA

Radioactive in situ Hybridization
Single-label radioactive in situ hybridization (ISH) was
performed on one series of brain sections from each animal.
Sections were mounted onto RNAse-free SuperFrost Plus
slides (Fisher Scientific). Mounted tissue was fixed in 4%
paraformaldehyde in DEPC-treated 1× PBS for 20 min,
dehydrated in increasing concentrations of ethanol, cleared of
lipids using xylenes, and subsequently rehydrated in decreasing
concentrations of ethanol. The slides were pretreated by
microwaving in sodium citrate buffer (pH 6.0), then dehydrated
again in increasing concentrations of ethanol, air-dried, and
stored at −20◦C (Sibony et al., 1995; Frazão et al., 2013;
Mohsen et al., 2017).

The Pmch cDNA (template) was produced from mouse
hypothalamic RNA and used to amplify a 478 bp sequence in the
coding region of the Pmch gene (IDT, Inc.). Primer sequences
are delineated in Table 1. The Pmch riboprobe was generated
by in vitro transcription using 35S-UTP as the radioisotope. 35S-
labeled Pmch probe was diluted in hybridization solution (50%
formamide, 10 mM Tris-HCl pH 8.0, 0.01% of yeast tRNA,
0.05% of total yeast RNA, 10 mM dithiothreitol/DTT, 10%
dextran sulfate, 0.3 M NaCl, 1 mM EDTA, and 1× Denhardt’s
solution) and applied to slides, which were allowed to hybridize
overnight at 55◦C, as routinely done by our group (Frazão
et al., 2013). Following post-hybridization treatment with RNAse,
stringency washes with saline sodium citrate (SSC) buffer and
dehydration in increasing concentrations of ethanol, sections
were dried at room temperature and slides were placed in
X-ray film cassettes with BMR-2 film (Kodak, Rochester, NY,
United States) for 1 day (tuberal and posterior levels of the
hypothalamus) or 4 days (rostral forebrain). Slides were then
dipped in NTB autoradiographic emulsion (Kodak), dried for 3 h
and stored in light-protected slide boxes at 4◦C for 6 days (tuberal
and posterior levels of the hypothalamus) or 14 days (rostral
forebrain). Slides were developed with Dektel developer (Kodak,
VWR, Radnor, PA, United States), dehydrated in increasing
concentrations of ethanol, cleared in xylenes and coverslipped
with DPX mounting medium (Electron Microscopy Sciences).

Dual-Label Immunohistochemistry
Dual-label immunohistochemistry (IHC) for MCH or NEI and
GFP was performed in one series of brain sections from each
animal. Sections were blocked for 30 min in 3% normal donkey
serum (NDS) and incubated overnight in chicken anti-GFP
(1:10,000, Aves Labs, AB_2307317) and either rabbit anti-MCH
(1:5,000, Phoenix Pharmaceuticals, AB_2722682) or rabbit anti-
NEI (1:15,000, kindly provided by Dr. Paul Sawchenko, Salk
Institute for Biological Studies, La Jolla, CA, United States)
followed by secondary antisera (goat anti-chicken conjugated
to Alexa FluorTM 488 AB_2534096, and donkey anti-rabbit
conjugated to Alexa FluorTM 594 AB_141637) for 1 h (1:500,
Thermo Fisher Scientific). Sections were mounted onto gelatin-
coated slides, air-dried, and coverslipped with Fluoromount G
mounting medium (Electron Microscopy Sciences).

In one series of brain sections from lactating dams (n = 3), a
tyramide signal amplification (TSA) procedure was used. Briefly,
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sections were incubated for 10 min in 10% H2O2 to block
endogenous peroxidase activity, followed by a 1 h blocking
step in 3% NDS. They were incubated overnight in rabbit
anti-MCH (1:30,000). The next day, sections were incubated
for 1 h in donkey anti-rabbit biotinylated secondary antibody
(1:500, Jackson ImmunoResearch Laboratories AB_2340593)
followed by 1 h in avidin-biotin complex (ABC) solution (1:500,
Vector Laboratories). Finally, they were incubated in tyramide
reagent (1:250, Perkin Elmer) + 0.003% H2O2 followed by
30 min in AlexaFluorTM 594-conjugated streptavidin (1:1,000,
Thermo Fisher Scientific) before mounting and coverslipping
with FluoroMount G mounting medium.

Dual Label in situ Hybridization (ISH) and
Immunohistochemistry (IHC)
Dual-label ISH and IHC were performed to determine the
colocalization of Pmch mRNA and Vgat-Cre or Vglut2-Cre GFP-
ir (Garcia-Galiano et al., 2017). Briefly, free-floating sections from
lactating females (n = 3/genotype) were treated with 0.1% sodium
borohydride for 15 min and 10 min with 0.25% acetic anhydride
in DEPC-treated 0.1 M triethanolamine (TEA, pH 8.0). Sections
were incubated overnight at 50◦C in the hybridization solution
containing the 35S-Pmch riboprobe. Subsequently, sections were
treated with RNase A for 30 min and submitted to stringency
washes in sodium chloride-sodium citrate buffer (SSC). Sections
were blocked (3% BSA in PBS-Triton) then incubated with anti-
GFP antibody (1:5,000) overnight at 4◦C. Sections were incubated
for 1.5 h in a goat anti-chicken AlexaFluor 488 antibody
and mounted onto SuperFrost plus slides. After overnight air
drying, slides were dehydrated in increasing concentrations
of ethanol and dipped in NTB-2 autoradiographic emulsion
(Kodak/Carestream) to reflect the company merge/transition,
dried and stored in light-protected boxes at 4◦C for 3 weeks.
Finally, slides were developed with D-19 developer (Kodak),
dehydrated in graded ethanol, cleared in xylene, and coverslipped
with DPX mounting medium.

Fluorescent in situ Hybridization
Fluorescent ISH for Pmch and Slc32a1 was performed using the
RNAscope R© fluorescent multiplex detection Kit (Advanced Cell
Diagnostics, cat. no. 320850) as previously described (Wang et al.,
2012). Briefly, mice were deeply anesthetized with isoflurane
and decapitated. Brains were collected and immediately frozen
on dry ice, then cut into six series of 16-µm sections on a
cryostat at −20◦C and mounted onto Superfrost Plus slides.
Slides were heated at 60◦C, then immersed in 10% buffered
formalin for 2 h at 4◦C. They were dehydrated in increasing
concentrations of ethanol, cleared in xylenes, and rehydrated
in decreasing concentrations of ethanol. Next, slides were
boiled for 10 min in sodium citrate buffer and incubated
for 10 min in 0.03% sodium dodecyl sulfate. Slides were
subsequently dried at room temperature and a hydrophobic
barrier was drawn around the sections. From this point
forward, steps were carried out in humidity control trays to
prevent sections from drying. Endogenous peroxidase activity
was blocked with a 10-min incubation with H2O2 followed

by rinsing with nuclease-free water. RNAscope protease III
was then applied and slides were heated for 30 min at 40◦C
before once again rinsing with nuclease-free water. Hybridization
was performed by applying pre-warmed target positive and
negative control probes to sections and heating for 2 h at
40◦C. Then, the amplification of each probe (AMP 1-2) was
performed sequentially, incubating for 30 min at 40◦C then
rinsing in wash buffer after each Multiplex FL v2 Amp solution.
The slides were developed using two RNAscope Multiplex
FL v2 HRP-Cn solutions where n = 1–2 (one probe per
channel). For each channel, this was performed by incubating
in RNAscope Multiplex FL v2 HRP-Cn for 15 min at 40◦C,
rinsing with wash buffer, incubating for 30 min at 40◦C
with TSA + Fluorescein (Akoya Biosciences, cat. no. SKU
NEL741001KT), incubating in RNAscope Multiplex FL v2 HRP
blocker for 15 min at 40◦C, then rinsing once more with
wash buffer. Finally, slides were counterstained with DAPI and
coverslipped with ProLong Gold antifade mounting medium
(ThermoFisher Scientific).

Quantitative Analysis of Colocalization
Slides from each cohort of Pmch-Cre/GFP mice were examined
under an Axio Imager M2 Microscope or a SteREO DiscoveryV8
(Zeiss). The digital Allen Mouse Brain Atlas was used
as a reference to determine relative location within the
hypothalamus and identify the primary sites containing MCH-
immunoreactivity, GFP-immunoreactivity, and Pmch mRNA
expression. Images were acquired with a digital camera
(Axiocam, Zeiss) using Zen software. All sections were examined
and single- and dual-labeled cells were quantified in 20×
magnification using ImageJ with the Cell Counter plugin in one
representative section of each area of interest (i.e., IHy, PFx,
and LHA). For data illustration, only sharpness, contrast, and
brightness were adjusted.

RESULTS

Pmch Expression and MCH
Immunoreactivity in Tuberal and
Posterior Hypothalamus Are Similar in
Naïve Male, Female, and Lactating Mice
In situ hybridization for Pmch was performed in brain sections
from sexually naïve males and females in diestrus to visualize
the distribution of Pmch mRNA and assess whether it is
sexually dimorphic and/or distinct in lactating females. Intense
hybridization signal was observed in males in cells of the
IHy, LHA, and PFx with virtually no signal elsewhere in the
brain. Populations of MCH cells were identified in the IHy
as characterized by their relatively dorsal location within the
hypothalamus, just below the thalamus. Populations of MCH
cells were defined in the LHA and PFx using other nearby
structures including the fornix, optic tract, and internal capsule.
There was no difference in the distribution pattern of Pmch
mRNA between the two groups that could be visually ascertained
(Figures 1A,B,D,E). Furthermore, the distribution of Pmch
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FIGURE 1 | Pmch expression and MCH-immunoreactivity (-ir) (magenta, pseudocolored) in the tuberal hypothalamus are similar in naïve male, sexually naïve
diestrous female, and lactating mice. (A–F) Dark field micrographs showing the distribution of Pmch mRNA (silver grains) in rostral (A–C) and caudal (D–F) aspects
of the tuberal hypothalamus in all three groups of mice: sexually naïve male (A,D), diestrous female (B,E), and lactating (C,F) mice. (G–L) Fluorescent micrographs
showing the distribution of MCH-ir in cells of the rostral (G–I) and caudal (J–L) aspects of the tuberal hypothalamus in sexually naïve male (G,J), diestrous female
(H,K) and lactating (I,L) mice. f, fornix; IHy, incertohypothalamic area; LHA, lateral hypothalamic area; PFx, perifornical area. Scale bar: (A–F) 1,000µm and (G–L)
200 µm.

mRNA in IHy, LHA, and PFx of the lactating dams was
also similar to that of the sexually naïve male and female
mouse (Figures 1C,F).

To assess if the distribution of the MCH peptide is similar in all
three groups, MCH-immunoreactivity (MCH-ir) was examined

and compared in sexually naïve male and female as well as
lactating female mouse brains. Abundant MCH-ir was observed
in perikarya and fibers in the IHy, LHA, and PFx, in all groups
in accordance with the mRNA pattern and previous studies
(Bittencourt et al., 1992; Diniz et al., 2019). No clear difference
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in the distribution pattern of MCH-ir was observed between
groups (Figures 1G–L).

A Subset of GFP+ Neurons in the
Perifornical Area (PFx) Does Not Express
MCH-ir
Melanin-concentrating hormone- and Cre-induced GFP-ir were
compared in sexually naïve male and female as well as lactating
Pmch-Cre;R26-eGFP mouse brains. Virtually all GFP+ neurons
expressed MCH-ir in the IHy and LHA (Figure 2). However,
a population of GFP+ neurons that do not express MCH-ir
was consistently observed in the PFx of all groups of mice. To
assess whether this was an artifact of our reporter gene, we
repeated this experiment with a different reporter line. In Pmch-
Cre;eGFP-L10a mice, the same population of GFP+/MCH− cells

was observed in all three groups (Figure 3). These neurons are
primarily found lateral to the fornix at the level of the tuberal
division of the LHA. The GFP+/MCH− cells have a distinctive
small, circular morphology and cluster together near the fornix.
A few such neurons were occasionally observed in other nuclei
of the hypothalamus, primarily in the dorsal IHy, as well as more
rostral regions such as the medial septum and prefrontal cortex,
but this expression is inconsistent.

MCH is just one of several peptide products of the Pmch
transcript, the other major one being NEI, so we evaluated
NEI- and GFP-ir to determine whether the PFx GFP+/MCH−
neuronal population expresses NEI. Abundant NEI-ir was
observed in virtually all GFP-ir perikarya and fibers in the IHy,
and LHA of all three groups, showing that, as reported in
rats (Bittencourt et al., 1992), virtually all hypothalamic MCH
neurons also contain NEI. However, a population of small

FIGURE 2 | The majority of GFP+ neurons in the hypothalamus of Pmch-Cre;eGFP mice express MCH-immunoreactivity (-ir). Fluorescent micrographs showing the
colocalization of GFP-ir and MCH-ir in the lateral hypothalamus of Pmch-Cre;eGFP-L10a male (A), sexually naïve diestrus (B) and lactating (day 19) mice (C). Scale
bars: 100 µm.
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FIGURE 3 | A subset of GFP+ neurons in the perifornical area (PFx) does not express MCH-ir. Fluorescent micrographs showing GFP-ir and MCH-ir in the
perifornical area (PFx) of a Pmch-Cre;eGFP male (A), diestrus female (B), and lactating dam (C). Note the presence of a subset of GFP-ir neurons in all groups that
do not express MCH-ir (arrows). Sections are between 74 and 77 of 132 (Allen Mouse Brain Atlas, 2004). f, fornix LHA, lateral hypothalamic area; PFx, perifornical
area. Scale bars: 100 µm.

GFP immunoreactive neurons in the PFx was also negative
for NEI-ir (Figure 4). This GFP+/NEI− subset of neurons
presumably overlaps with the population of GFP+/MCH−
neurons previously described (Figure 3).

Expression of Pmch and Cre-Induced
GFP-ir Are Dissociated in Several Nuclei
of the Rostral Forebrain in Lactating
Dams
To further map Cre-induced GFP distribution, we initially
performed a comprehensive analysis of Pmch expression in
the rostral forebrain of sexually naïve females in diestrus and
lactating (day 19) dams. As previously described in lactating rats,
we observe Pmch expression in the MPO and PVH of lactating
mice. However, the pattern of mRNA distribution was distinct
comparing both murine species. At the level of the anterior

commissure, Pmch expression is observed in the MPO of lactating
but not sexually naïve mice and is restricted to the periventricular
nucleus and medial subdivision of medial preoptic nucleus
(MPNm) with some lateral spreading below and above to include
the anterodorsal preoptic nucleus (ADP) and the principal
subdivision of the bed nucleus of the stria terminalis (BSTpr)
(Figures 5A,B). Pmch mRNA was also observed in the rostral
PVH of lactating but not sexually naïve mice (Figures 5D,E) and
inconsistently in forebrain regions where it has not been reported
in the rat. We found a moderate to dense population of Pmch cells
in the lateral septum (LS) of lactating but not sexually naïve mice
(Figures 5G,H) and the anterodorsal nucleus of the thalamus
(AD) just lateral to the stria medullaris (Figures 5J,K).

GFP-ir was examined in rostral forebrain of lactating Pmch-
Cre;R26-eGFP and Pmch-Cre;eGFP-L10a dams to ascertain
whether Pmch mRNA expression induces Cre expression in these
regions. The latter reporter strain was preferred because the
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FIGURE 4 | GFP+ /MCH- neurons in the perifornical area (PFx) do not express NEI-ir. Fluorescent micrographs showing GFP-ir and NEI-ir in the perifornical area
(PFx) of a Pmch-Cre;eGFP male (A), diestrus female (B), and lactating dam (C). Note the presence of a subset of GFP-ir neurons in all groups that do not express
NEI-ir (arrows) which appears to correspond to the similar group of neurons observed that express GFP-ir but not MCH-ir. Sections are between 74 and 77 of 132
(Allen Mouse Brain Atlas, 2004). f, fornix LHA, lateral hypothalamic area; PFx, perifornical area. Scale bars (A–D) and (E–F): 100 µm.

GFP fluorescence was more intense. Despite this more intense
signal, little to no GFP-ir was observed in the MPO (Figure 5C)
and inconsistent GFP-ir was observed in the PVH, with some
animals showing strong expression while others had almost none
(Figure 5F). This contrasts with the gene expression data, which
shows high Pmch mRNA expression in these regions. Clear GFP-
ir was detected in the LS (Figure 5I), and AD (Figure 5L). To
assess if a delay in Cre and GFP expression was the cause of
this inconsistency, a group of females was perfused 5 days after
weaning (or 7 days post lactation day 19). No differences in eGFP-
ir was observed compared to females perfused at lactation day

19 (Figure 6). The additional time for recombination and GFP
expression did not yield higher GFP-ir. Collectively, our findings
indicate that Pmch and Cre expression are incongruent: a large
number of Pmch neurons do not express GFP-ir and a group of
GFP+ neurons in the dorsal MS does not express Pmch.

Expression of VGLUT2 and VGAT Differs
in Subsets of Pmch Neurons
To gain insights into the fast neurotransmitter phenotype
of MCH neurons we used Vgat- and Vglut2-Cre;eGFP-L10a
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FIGURE 5 | Expression of Pmch and Cre-induced GFP-ir are dissociated in several nuclei of the rostral forebrain in lactating dams. (A) Dark field photomicrograph of
the medial preoptic nucleus (MPN) of a sexually naïve female in diestrus. (B) Dark field photomicrograph of the MPN of a lactation day 19 female. (C) Fluorescent
photomicrograph of the MPN of a lactation day 19 female. (D) Dark field photomicrograph of the paraventricular nucleus (PVH) of a sexually naïve female in diestrus.
(E) Dark field photomicrograph of the PVH of a lactation day 19 female. (F) Fluorescent photomicrograph of the PVH of a lactation day 19 female. (G) Dark field
photomicrograph of the lateral septum (LS) of a sexually naïve female in diestrus. (H) Dark field photomicrograph of the LS of a lactation day 19 female.
(I) Fluorescent photomicrograph of the LS of a lactation day 19 female. (J) Dark field photomicrograph of the anterodorsal thalamic nucleus (AD) of a sexually naïve
female in diestrus. (K) Dark field photomicrograph of the AD of a lactation day 19 female. (L) Fluorescent photomicrograph of the AD of a lactation day 19 female.
Images are taken from levels 54/132 (MPNm), 58/132 (PVH), 50/132 (LS), and 58/132 (AD) (Allen Mouse Brain Atlas, 2004). ac, anterior commissure; AV,
anteroventral nucleus of the thalamus; fi, fimbria; sm, stria medullaris; st, stria terminalis; V3, third ventricle; VL, lateral ventricle. Scale bar (A–L): 200 µm.

reporter mice, dual label ISH and immunohistochemistry
and dual label ISH.

Dual immunofluorescence was performed in brains from
Vgat- and Vglut2-Cre;eGFP-L10a reporter mice to assess the
colocalization of MCH-ir and GFP-ir in sexually naïve males and
females in diestrus, and in nursing dams on day 19 of lactation.
In the LHA, IHy, and PFx, as previously suggested by single-
cell RNA sequencing data (Mickelsen et al., 2019), MCH-ir in all
groups colocalized with Vglut2-Cre;eGFP (Figures 7A,C). Very
few or virtually no MCH immunoreactive cells colocalized with
Vgat-Cre;eGFP (Figures 7B,D).

In the rostral forebrain of lactating dams, MCH-ir and NEI-
ir were low and the expression observed was highly inconsistent
between animals. The Pmch-Cre induced GFP-ir that was
observed did not label Pmch-expressing neurons. To evaluate

co-expression with the Pmch transcript, we used brain sections
from lactating Vgat- and Vglut2-Cre;eGFP reporter mice.
ISH for Pmch in combination with immunohistochemical
amplification of GFP fluorescent signal was performed in
all three mouse groups. In the LHA, IHy, and PFx, Pmch
mRNA in all groups of mice colocalized with Vglut2-Cre;eGFP
primarily, and sporadically with Vgat-Cre;eGFP, consistent
with our immunohistochemical data. However, in the lactating
dams, colocalization was less clear. Pmch mRNA in the
MPO, PVH, LS, and AD colocalized primarily with Vgat-
Cre;eGFP and not Vglut2-eGFP (Figures 8A–C). Because this
result contradicts recent studies (Teixeira et al., 2019), we
performed fluorescent ISH using RNAscope to further examine
colocalization of Pmch with Slc32a1 (VGAT). The findings
were unambiguous and demonstrated that virtually all Pmch
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FIGURE 6 | Cre-induced GFP expression in lactation-specific regions of the rostral forebrain is unchanged post-lactation. Fluorescent micrographs showing GFP-ir
in the LS (A), PVH (B), MPNm (C), and AD (D) of female mice five days post-weaning. Images are taken from levels 54/132 (MPNm), 50/132 (LS), and 58/132
(PVH/AD) (Allen Mouse Brain Atlas). AD, anterodorsal nucleus of the thalamus; AV, anteroventral nucleus of the thalamus; fi, fimbria; LS, lateral septum; MPNm,
medial preoptic nucleus, medial part; sm, stria medullaris; st, stria terminalis; V3, third ventricle; VL, lateral ventricle. Scale bar (A–D): 200 µm.

expressing neurons co-express Slc32a1 (Figures 8D–F). In
summary, our findings indicate that MCH neurons in the
LHA, PFx, and IHy are overwhelmingly glutamatergic, and
those in the rostral forebrain induced during lactation are
mostly GABAergic.

DISCUSSION

In this study, we assessed if the commercially available Tg(Pmch-
cre)1Lowl/J transgenic mouse line (Kong et al., 2010) is a
viable model to interrogate the role of the MCH system in
the female reproductive function. We found that in male and
female (diestrous and lactating) mice, a group of Cre-induced
GFP-expressing cells that do not express MCH- or NEI-ir is
consistently observed in the PFx. In lactating dams, Pmch
expression is observed in the MPO and anterior PVH, and in
previously unreported forebrain nuclei, i.e., LS and AD. However,
most of these sites do not show Cre-induced GFP-ir in the
Tg(Pmch-cre)1Lowl/J transgenic mouse line. We also found that
typical MCH neurons in the tuberal and posterior hypothalamus
co-express VGLUT2 (Slc17a6) whereas lactation-induced Pmch
expression in rostral forebrain is mostly observed in VGAT
(Slc32a1) neurons.

This Tg(Pmch-cre)1Lowl/J mouse model shares many
similarities with the C57BL/6-Tg(Pmch-cre)1Rck/J line.
Both lines utilize a BAC transgene. The promoter for the

C57BL/6-Tg(Pmch-cre)1Rck/J line is somewhat larger, including
108 kb upstream of the MCH gene in the BAC regulatory element
as opposed to the 64 kb in the Tg(Pmch-cre)1Lowl/J. The strains
also have nearly identical penetrance and specificity (Kong et al.,
2010; Jego et al., 2013). Ultimately, we chose to focus on the
Tg(Pmch-cre)1Lowl/J line because it is used and cited more
frequently, making our findings applicable to more researchers in
the field (Kong et al., 2010; Varin et al., 2018; Dilsiz et al., 2020).

Whereas most previous studies have been focused on peptide
distribution, here we gave special attention to the distribution
and expression of the Pmch gene. As previously described for
MCH-ir, Pmch expression is very similar in naïve male and female
mice with clear anterior and posterior patterns of distribution
(Diniz et al., 2019). The anterior pattern of mRNA expression
is characterized by distinct populations of neurons in the IHy,
PFx, and a few neurons in the LHA (anterior division), while
the posterior pattern primarily consists of dense expression in
the LHA (tuberal division) and PFx. We have further shown
that virtually all MCH-ir cells express GFP (and thus Cre
recombinase) in the Pmch-Cre reporter mouse, indicating that
Cre expression in the Tg(Pmch-Cre)1Lowl/J BAC transgenic
mouse line is highly penetrant. It is worth mentioning that
we observe higher penetrance than what was demonstrated in
the originating publication (Kong et al., 2010). This is likely
due to the use of a ribosomal protein-associated reporter line,
which is more concentrated in the soma, whereas the original
publication validated the model used a TdTomato reporter, which
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FIGURE 7 | MCH- and Vglut2-Cre GFP-immunoreactivity (-ir) are co-expressed in neurons of the tuberal and posterior hypothalamus. (A,C) Immunohistochemistry
for MCH and GFP in the lateral hypothalamus of Vglut2-Cre;eGFP mice shows that MCH-ir neurons predominantly colocalize with VGLUT2 (arrows). (B,D)
Immunohistochemistry for MCH and GFP in the lateral hypothalamus of Vgat-Cre;eGFP mice shows that MCH-ir neurons do not colocalize with VGAT. Images
depict tissue from postpartum females on lactation day 19, but the same result was observed in sexually naïve males and females. IHy, incertohypothalamic area;
LHA, lateral hypothalamic area. Scale bars (A,B) and (C,D): 100 µm.

is expressed in fibers and thus yields a more diluted signal
(Madisen et al., 2010; Liu et al., 2014).

However, we observe some GFP-ir cells which do not express
MCH located in the PFx. The cause for this discrepancy is
not evident, but an artifact (ectopic expression) of the BAC
transgene is a reasonable explanation, calling into question the

specificity of Cre expression. Alternatively, MCH could play a
developmental role in these cells. If its production is turned
off by adulthood, MCH-ir and Pmch would not be detected
by our assays, yet GFP signal would still be visible as it is
driven by a ubiquitous promoter. Future work will be necessary
to address this question by characterizing hypothalamic Pmch
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FIGURE 8 | Pmch is expressed in rostral forebrain neurons that co-express Slc32a1 (VGAT). (A,B) Fluorescent and dark field micrographs showing the majority of
Pmch in the MPN do not colocalize with VGLUT2 (A) but do colocalize with VGAT (B). (C) Fluorescent and dark field micrograph showing the majority of Pmch in the
AD also colocalizes with VGAT. (D–F) Fluorescent micrographs showing co-expression (arrows) of Pmch (white) and Slc32a1 (red) in medial aspect of the medial
preoptic nucleus (MPNm) using RNAscope R© technology. DAPI counterstain in blue. AD, anterodorsal nucleus of the thalamus; AV, anteroventral nucleus of the
thalamus; MPNm, medial preoptic nucleus, medial part; sm, stria medullaris; VL, lateral ventricle; V3, third ventricle. Scale bars (A–F): 100 µm.

mRNA and MCH peptide expression at various timepoints in the
developing mouse brain.

In lactating mice, Pmch expression is clearly different from
rats (Knollema et al., 1992). While in rats, Pmch expression is
triggered at mid-lactation and becomes dense in the MPN and
PVH, in mice, Pmch is observed only at the end of lactation
(day 19) at low to moderate levels specifically in the MPNm
(Teixeira et al., 2019) and anterior PVH. Notably, the mice also
show lactation-induced Pmch in previously unreported brain
sites, including the LS, the ADP, the ventral BSTpr and the
anterior AD. The role of MCH system in these sites is not
known. Furthermore, the inconsistency of Cre-mediated GFP
expression indicate that the Pmch-Cre BAC transgenic mouse
model is not useful for investigating transient MCH expression in
lactating dams. Euthanizing lactating dams 5 days after weaning
the offspring to allow more time for Cre-mediated recombination
and GFP expression did not change the low to non-existent
levels of GFP-ir in the MPNm, PVH and LS of the lactating
dam. Researchers should also note that dams euthanized on
lactating day 19 or 7 days post-weaning exhibit ectopic GFP
expression in brain sites we did not observe Pmch mRNA. Use
of female breeders in studies of MCH/NEI function may generate
unreliable data.

Turning on MCH production for just several days at the end
of lactation suggests that its role is highly specific and time-
sensitive. If this is the case, it may indicate that MCH in these
neurons is subjected to unique epigenetic regulation that may
not be reproduced in the BAC sequence. Moreover, differences
at the level of transcription, such as the use of enhancers, which

inform MCH production and processing could interfere with
Cre expression in these cells if the enhancers are not located
within the BAC transgene. A BAC genomic clone containing
64 kb upstream and 34 kb downstream of Pmch gene was
used to generate the original MCH-Cre mice with the goal of
capturing most of the gene’s regulatory elements (Kong et al.,
2010). However, mammalian enhancers can be located as far as
one million base pairs from the transcriptional start site of the
gene in question (Dean, 2006; Maston et al., 2006; Krivega and
Dean, 2012). Thus, it is possible that important enhancer activity
has been excluded from the BAC regulatory element.

It has been suggested that prolactin-induced phosphorylation
of STAT5 (pSTAT5) has a role in the lactation-induced MCH-ir
in the MPO. STAT5 is a known activator protein for hundreds
of enhancers, particularly those implicated in pregnancy- and
lactation-associated genes (Yamaji et al., 2013; Teixeira et al.,
2019). The seven STAT family proteins are all believed to target
the same palindromic core motif, TTCN2−4GAA. STAT5A and
B in particular have a strong preference for palindromic core
motifs of N3 (Ehret et al., 2001). A brief search using DNASTAR
Lasergene software shows that approximately 50 sites per 100 kb
contain sequence TTCN3GAA, yielding close to 500 potential
pSTAT5 binding sites upstream of the Pmch gene regulatory
element that are potentially missing from the BAC regulatory
elements. Whereas these are clearly speculations, it is possible
that regulatory sequences essential for Pmch expression during
lactation are not included in the BAC used in this mouse model.

For the purposes of anatomical and specific functional studies,
i.e., viral injections, tract tracing or colocalization with other
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transcripts and peptides, this may be an acceptable model
because nearly all of the Cre-expressing cells are indeed MCH-
positive neurons with the exception of the small, highly localized
population of PFx neurons that are easy to identify.

It has long been debated whether MCH neurons release
GABA, glutamate, both, or neither of the classical fast
neurotransmitters. In rats, it has been documented that MCH
neurons of the tuberal hypothalamus express Gad1 (glutamic
acid decarboxylase or GAD67), the enzyme that catalyzes the
decarboxylation of glutamate to GABA, and the vesicular GABA
transporter (VGAT) can be found in MCH terminals (Sapin et al.,
2010; del Cid-Pellitero and Jones, 2012). However, glutamate has
been observed in MCH cells and demonstrated to be released
from MCH terminals (Chee et al., 2015; Schneeberger et al.,
2018). Using a different reporter system, however, others claim
that these neurons are neither GABAergic nor glutamatergic
(Blanco-Centurion et al., 2019). The glutamatergic-leaning
transcriptional profile of hypothalamic MCH neurons has largely
been reinforced with the availability of advanced genomic
techniques, i.e., single-cell RNA sequencing (Mickelsen et al.,
2019). Our data using distinct methodologies is in agreement
with the latter and demonstrates that the typical MCH neurons
in the tuberal hypothalamus are essentially glutamatergic. It is
also worth mentioning that our findings are not contradictory
to previous studies in rats showing that MCH neurons co-
express GAD67. Species differences should not be ignored as
the colocalization of MCH and GAD67 or lack thereof in
mice has not been shown. The presence of GAD67 indicates
that the cell has the necessary machinery to synthetize GABA
from glutamate (Roberts and Frankel, 1950; Martin, 1987).
Whether this process is observed in specific physiological
state(s) in MCH neurons of the mouse hypothalamus needs
further investigation.

Transient MCH expression in the rat MPO, on the other hand,
has been shown to occur in GAD67 expressing neurons (Rondini
et al., 2010). Using immunohistochemistry and radioactive
ISH we show that transient lactation-induced MCH expression
is largely restricted to VGAT + neurons, though in the
MPO sporadic Pmch mRNA can apparently be also found
in VGLUT2 + neurons. RNAscope confirms that most of
lactation-induced Pmch neurons co-express Slc32a1 (VGAT).
This contrast in fast neurotransmitter phenotype could underlie
fundamental differences in the function and properties of these
transient MCH neurons as compared with their counterparts
elsewhere in the hypothalamus. However, it also contradicts
the recent finding that MCH neurons in the LHA, PFx, and
IHy express neither Vglut2, Vglut3, nor Vgat (Teixeira et al.,
2019). As aforementioned, this difference may arise from our
use of an eGFP-L10a reporter strain rather than a TdTomato
reporter. Because L10 is a ribosomal protein, it concentrates
in the cytoplasm for ease of visualization whereas TdTomato
also labels terminals, diluting the signal (Madisen et al., 2010;
Liu et al., 2014).

We conclude that the Pmch-Cre mouse model is unsuitable
for studying the role of MCH during lactation. Any Cre-
dependent manipulations will not target the neurons which
transiently express MCH during lactation, especially in the

MPNm, PVH and LS, where the mRNA/GFP-ir discrepancy
is most pronounced. This presents a need to develop other
methods for investigating these neurons, which could involve
the development of another transgenic mouse line. It would
be particularly beneficial to use a knock-in strategy to increase
specificity and congruence of Cre and Pmch expression in both
sexes and all physiological states.
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