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Abstract

The dorsomedial hypothalamus (DMH) has long been implicated in feeding behavior and
thermogenesis. The DMH contains orexigenic neuropeptide Y (NPY) neurons, but the role of
these neurons in the control of energy homeostasis is not well understood. NPY expression in the
DMH is low under normal conditions in adult rodents, but is significantly increased during chronic
hyperphagic conditions such as lactation and diet-induced obesity (DIO). To better understand the
role of DMH-NPY neurons, we characterized the efferent projections of DMH-NPY neurons using
the anterograde tracer biotinylated dextran amine (BDA) in lactating rats and DIO mice. In both
models, BDA and NPY co-labeled fibers were mainly limited to the hypothalamus including the
paraventricular nucleus of the hypothalamus (PVVH), lateral hypothalamus/perifornical area (LH/
PFA), and anteroventral periventricular nucleus (AVPV). Specifically in lactating rats, BDA and
NPY co-labeled axonal swellings were in close apposition to CART expressing neurons in the
PVH and AVPV. Although the DMH neurons project to the rostral raphe pallidus (rRPa) these
projections did not contain NPY immunoreactivity in either the lactating rat or DIO mouse.
Instead, the majority of BDA-labeled fibers in the rRPa were orexin positive. Furthermore, DMH-
NPY projections were not observed within the nucleus of the solitary tract (NTS), another
brainstem site critical for the regulation of sympathetic outflow. The present data suggest that
NPY expression in the DMH during chronic hyperphagic conditions plays important roles in
feeding behavior and thermogenesis by modulating neuronal functions within the hypothalamus,
but not in the brainstem.
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INTRODUCTION

Neuropeptide Y (NPY) is a potent orexigenic neuropeptide and is widely expressed in the
brain (Beck, 2006; Chee and Colmers, 2008). In the hypothalamus, NPY expressing neurons
are primarily localized in the arcuate nucleus of the hypothalamus (ARH), a key site for the
integration of hormonal and nutritional signals from the periphery (Gehlert et al., 1987;
Morris, 1989). NPY neurons are also located in the dorsomedial hypothalamus (DMH),
another important component of the hypothalamic neurocircuitry involved in ingestive
behavior and thermoregulation (Bellinger and Bernardis, 2002; Dimicco and Zaretsky,
2007). Lesion studies in rats demonstrated that the DMH is critical for maintaining normal
food intake and body weight (Bellinger and Bernardis, 2002; Bellinger et al., 1979;
Bellinger et al., 1986), and that these lesioned animals are resistant to diet-induced obesity
(DIO) (Bernardis and Bellinger, 1986; Bernardis and Bellinger, 1991). DMH neurons also
regulate brown adipose tissue (BAT) activity and temperature via direct projections to the
rostral raphe pallidus (rRPa), an important thermoregulatory site in the brainstem (Cano et
al., 2003; Cao et al., 2004; Cao and Morrison, 2006; Nakamura et al., 2005; Oldfield et al.,
2002; Yoshida et al., 2009). Several recent studies have also emphasized the importance of
DMH neurons in the regulation of energy homeostasis (Chao et al., 2011; Enriori et al.,
2011; Tupone et al., 2011; Yang et al., 2009; Zhang et al., 2011). In particular, NPY neurons
in the DMH have been associated with hyperphagia and suppression of BAT thermogenic
capacity in several rodent models (Chao et al., 2011; Chen et al., 2004; Guan et al., 1998a;
Kesterson et al., 1997; Yang et al., 2009).

There are some key species differences in the expression of NPY within the DMH. NPY is
constitutively expressed in the compact subdivision of the DMH (DMHQc) in intact rats,
while no expression is detected in the DMHc in intact mice (Bi et al., 2003; Guan et al.,
1998a; Li et al., 1998a). However, both rats and mice exhibit a transient induction of NPY in
a separate population of neurons in the non-compact subdivision (DMHnNc) during specific
physiological conditions, including during early postnatal development, lactation, and
obesity (Grove et al., 2001; Grove and Smith, 2003; Guan et al., 1998a; Guan et al., 1998b;
Kesterson et al., 1997; Li et al., 1998a; Smith and Grove, 2002). The common link between
these conditions is hyperphagia; however, the hormonal or neuronal signals inducing DMH-
NPY expression is not known.

Lactation is a state of negative energy balance due to the energy drain from suckling and
milk production. To compensate for this energy drain, lactating animals exhibit several
adaptive physiological responses, including hyperphagia, energy conservation by reducing
heat production, and suppression of cyclic reproductive function (Brogan et al., 1999; Wade
and Schneider, 1992; Wade et al., 1996). Hyperphagic behavior during lactation is supported
by an increase in NPY and agouti-related protein (AgRP) mRNA expression in the ARH (Li
etal., 1998a; Li et al., 1998b). In addition, NPY mRNA expression is increased in the
DMHnc, which is also believed to play a crucial role in the physiological adaptations
occurring during lactation (Chen and Smith, 2004; Chen et al., 2004; Smith and Grove,
2002; Smith et al., 2010).

NPY mRNA induction in the DMH is also reported in several obese mouse models

including diet-induced obese, lethal yellow (A4Y), MC4-R knockout (MC4-RKO), brown
adipose tissue deficient (UCP-DTA) , and tubby mice (Guan et al., 1998a; Guan et al.,
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1998b; Kesterson et al., 1997; Tritos et al., 1998). Guan et al. first reported that NPY mRNA
expression is induced in the DMH after 24 weeks of high fat diet treatment in mice (Guan et
al., 1998a), while NPY expression in the ARH is noticeably decreased, suggesting that
DMH-NPY induction plays a major role in hyperphagic behavior observed in obese mice.

The DMH neurons project to many hypothalamic areas, including the paraventricular
nucleus (PVH) and lateral hypothalamus (LH) (Thompson and Swanson, 1998), where
hypothalamic and brainstem signals are integrated to modulate feeding behavior and
sympathetic outflow (Bai et al., 1985; Broberger et al., 1998; Legradi and Lechan, 1999; Li
et al., 1998b). Although DMH-NPY mRNA induction is closely linked to hyperphagic
behavior, there is little evidence of a functional connection between DMH-NPY neurons and
these feeding regulatory sites in the brain. To better understand the role of DMH-NPY
induction in chronic hyperphagic models, we injected the anterograde tracer, biotinylated
dextran amine (BDA), into the DMH to identify the potential targets of DMH-NPY
projections in the hypothalamus and brainstem of lactating rats and DIO mice.

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Oregon National Primate Research Center
Institutional Animal Care and Use Committee. Rat studies: Pregnant or cycling female
Wistar rats (220g) were purchased from Simonsen Laboratories (Gilroy, CA). The animals
were housed individually and maintained under a 12 hr light/dark cycle (lights on at 7:00
A.M.) and constant temperature (23 £ 2°C). Food and water were provided ad /ibitum. The
pregnant rats were checked for the birth of the pups every morning; the day of delivery was
considered day O postpartum, and litters were adjusted to eight pups on day 2. Mouse
Studies: 4 week-old C57BL/6 male mice were purchased from the Jackson Laboratory (Bar
Harbor, Maine, USA). To generate DIO mice, 5 week-old C57BL/6 mice were fed a 60%
high fat diet (Research Diets, NJ, USA, Cat# D12492) or normal chow diet (Purina lab chow
#5001) for 20 weeks. Five mice were group-housed in the same cage and maintained under a
12 hr light/dark cycle (lights on at 7:00 A.M.) and constant temperature (23 = 2°C). Food
and water were provided ad libitum.

Stereotaxic surgery for BDA injection

Lactating rats—On postpartum day 6 or 7, the lactating rats were separated from the pups
and anesthetized with 3% isoflurane. The rats (both lactating and cycling) were placed in a
stereotaxic apparatus and maintained under 2-2.5% isoflurane mixed with oxygen for the
entire duration of the surgery. A small hole was drilled into the skull under aseptic
conditions. A glass micropipette (20.m tip diameter) connected to an air pressure injector
system was positioned via the stereotaxic manipulator. 60nls of the anterograde tracer biotin
dextran amine (BDA; 5% in water; Molecular Probes, Eugene, OR; 10,000 MW; cat. #
D1956)(Reiner et al., 2000) was inserted into the area surrounding the compact zone of
DMH (coordinates: 3.3 mm caudal, 0.5 mm lateral to bregma, and 8.4 mm ventral to the
dura), according to the atlas of Paxinos and Watson. This is the area containing a high
density of suckling-activated NPY neurons. As a comparison to lactating rats (with NPY
expression in both DMHnc and DMHc), we also investigated DMH projections in virgin rats
(which have expression only in the DMHc). The virgin rats were studied during random
stages of the estrous cycle. BDA injections were targeted to the NPY neurons in the DMHc
(coordinates: 3.3 mm caudal, 0.4 mm lateral to bregma, and 8.4 mm ventral to the dura).
After injection, the micropipette was removed and the incision was closed with surgical
staples. Rats were monitored during the recovery period, and the pups were returned to the
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dams immediately after the recovery. The rats were monitored for normal food intake and
weight recovery for 7 days before sacrificing for the following experiments.

Male DIO mice—On the day of surgery, DIO or chow diet (CD) mice were anesthetized
with tribromoethanol (20 mg/kg body weight, i.p.). The mice were placed in a stereotaxic
apparatus and a small hole was drilled into the skull under aseptic conditions. A glass
micropipette (20 wm tip diameter) connected to an air pressure injector system was
positioned via the stereotaxic manipulator. 40 nl of BDA was injected into the area
surrounding the compact zone of DMH [coordinates: 1.2 mm caudal, 0.2 mm lateral to
bregma, and 5.15 mm ventral to the dura, according to the mouse brain atlas of Paxinos and
Franklin (second edition, 2001)]. After injection, the micropipette was removed and the
incision was closed with surgical staples. The mice were monitored for normal food intake
and weight recovery for 3 days before sacrificing for the following experiments.

Tissue preparation

Antibodies

The animals were anesthetized with tribromoethanol (20 mg/100g body weight, i.p.) and
perfused transcardially with 150 ml of 0.9 % in saline, followed by 300 ml of 4% -
paraformaldehyde, pH 7.4. The brain was removed and post-fixed overnight in 4%
paraformaldehyde. The following day, the brains were transferred and stored in 25% sucrose
solution containing 0.05 M potassium PBS (KPBS; pH 7.4) until frozen in dry ice. The
frozen brains were cut on a sliding microtome in 25 um sections and collected and stored in
cryoprotectant at —20°C until use.

All primary antibodies (Table 1) were titrated to give optimum signal with minimal
background. For detection of NPY immunoreactivity, a sheep polyclonal NPY antibody
(Chemicon, Temecula, CA; Cat. #1583), raised against synthetic NPY peptide conjugated to
bovine thyroglobulin, was used. This antibody was shown by competitive
radioimmunoassay to exhibit #36% and 0.05% crossreactivity for Peptide YY (PYY) and
bovine pancreatic polypeptide (PP), respectively, and staining was completely abolished
following preabsorption with the immunogen (manufacturer’s technical information). To
determine whether the NPY antibody crossreacted with PY'Y or other antigens in our
preparation, we compared antibody staining between an NPY knockout mouse and a
wildtype mouse. No staining was seen in the forebrain or brainstem when the antibody was
used in the NPY knockout mouse (not shown), suggesting that this antibody is specific for
NPY and does not crossreact with PY'Y in our preparation.

Cocaine- and amphetamine-regulated transcript (CART) immunoreactivity was detected
using a well-characterized rabbit polyclonal CART antibody (Phoenix Pharmaceuticals,
Burlingame, CA,; Cat.# H-003-62) raised against CART peptide 55-102. This antibody was
shown to exhibit 100% crossreactivity with human, rat, and mouse CART and 0%
crossreactivity with NPY, a-MSH, orexin A and B by competitive radioimmunoassay
(manufacturer’s technical information). The antiserum stains a single band of 5-kD
molecular weight on Western blot (manufacturer’s technical information) and preabsorption
of this antiserum with the CART (55-102) peptide fragments eliminated immunostaining of
neurons and fibers in the brain of rats (Dun et al., 2000a; Dun et al., 2000b; Dun et al.,
2000c).

The orexin antibody used in the present study was a goat polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA; Cat. #sc-8070, C-19) raised against a peptide mapping at
the carboxy terminus of human orexin A (residues 48-66 of the orexin precursor, identical
to corresponding mouse sequence; manufacturer’s technical information). The specificity of
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this antibody has previously been verified by preabsorption with orexin, which abolished all
staining (Florenzano et al., 2006) and by Western blotting which shows specificity for rat,
mouse, and human orexin A (manufacturer’s technical information). The antibody was also
shown to label hypothalamic neurons in the lateral hypothalamus, perifornical region, and
dorsomedial nucleus (Florenzano et al., 2006), consistent with the known pattern of orexin
neurons (Sakurai et al., 1998). We confirmed the expected pattern of orexin staining in our
preparation and that preabsorption of the antibody with orexin A (Phoenix Pharmaceuticals)
abolished all staining in both the forebrain and the brainstem.

For gonadotropin releasing hormone (GnRH) immunoreactivity, we used a monoclonal
mouse anti-GnRH (HU4H) directed against the mammalian GnRH decapeptide. This
antibody has been extensively characterized (Urbanski, 1991). Immunocytochemical
labeling of brain sections using HU4H as a primary antibody produced intense and highly
specific staining of neuronal cell bodies and fibers; preabsorption of the primary antibody
with excess GnRH or substitution with a non-GnRH monoclonal antibody eliminated the
specific staining.

The anti-tryptophan hydroxylase (TPH) mouse monoclonal antibody (Sigma, St. Louis,

MO ; Cat. # T0678, clone WH-3) was a purified immunoglobulin raised against a
recombinant rabbit TPH and was generated from a WH-3 hybridoma. This antibody reacted
specifically with TPH in immunoblotting assays, with a single band of the correct molecular
weight of 55 kDa (manufacturer’s technical information). Western blotting of this antibody
was also shown in human brains (Kish et al., 2008). T0678 has also been used in double-
labeling experiments of brainstem serotonergic neurons by a number of investigators
(Burman et al., 2003; Liu and Wong-Riley, 2010).

Immunohistochemistry for BDA and NPY

To visualize the BDA injection site, the sections containing the DMH were washed in 0.05
M potassium PBS (KPBS) and incubated in 1:200 Streptavidin Alexa Fluor 568 conjugate
(Invitrogen; Cat # S11226) in KPBS for 4 hrs. The sections were then rinsed in KPBS and
incubated in Hoechst nuclear staining solution (Molecular probes, Cat# H1398) for 5min at
room temperature to identify the morphological limits of the DMH. BDA injection sites
were determined under fluorescent microscopy.

To visualize BDA and NPY co-localized fibers, a one in six series of 25 um sections were
rinsed in KPBS (pH 7.4), followed by blocking solution containing 0.4% Triton-X and 2%
normal donkey serum in KPBS (KPBS-TX-NDS) for 30 min at room temperature. Sections
were then incubated in 1:3000 sheep anti NPY antibody (Chemicon) in KPBS-TX-NDS for
48 hr at 4° C. After incubation, the tissue was rinsed in KPBS and incubated in 1:1000
Alexa Fluor 488 donkey anti-sheep (Invitrogen ; Cat# A11015) and 1:200 Streptavidin
Alexa Fluor 568 in KPBS containing 0.4% Triton-X (KPBS-TX) for 4 hr at room
temperature. The tissue sections were then mounted on gelatin-coated glass slides and
coverslipped with SlowFade Gold antifade reagent (Invitrogen; Cat# S36936).

Triple-label Immunohistochemistry

PVH—To visualize BDA/NPY co-localized axonal swellings in relation to CART neurons,
tissue sections were incubated in NPY antibody (described above) and 1:5000 rabbit anti
CART (Phoenix pharmaceuticals) in KPBS-TX-NDS for 48 hrs at 4° C. The tissues were
then rinsed and incubated in 1:1000 Alexa Fluor 488 donkey anti-rabbit (Invitrogen; Cat#
A21206,) 1:200 Alexa Fluor 568 Streptavidin for BDA detection and 1:1000 Dylight 649
donkey anti-sheep (Jackson ImmunoResearch; Cat# 713-496-147) for 4 hrs at room
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temperature. After rinsing in KPBS, the tissue sections were mounted on gelatin-coated
glass slides and coverslipped with SlowFade Gold antifade reagent.

AVPV—To visualize BDA/NPY fibers with GnRH neurons, tissue sections were incubated
in 1:5000 mouse anti GhRH (HU4H, Dr. Henryk Urbanski, OHSU, OR) and NPY antibody
containing KPBS-TX-NDS solution for 48 hrs. GnRH, BDA and NPY were visualized with
1:1000 Alexa Fluor 488 donkey anti-mouse, 1:200 Alexa Fluor 568 Streptavidin and 1:1000
Dylight 649 donkey anti-sheep. BDA, NPY, and CART triple label immunostaining was
performed as described in the as described above (PVH section).

rRPa—Tissue sections were incubated with 1:2000 goat anti orexin antibody (Santa Cruz
Biotechnology) for 48 hrs and BDA/orexin colocalized fibers were visualized by 1:1000
Alexa Fluor 488 donkey anti goat and 1:200 Alexa fluor 568 streptavidin treatment. For
triple labeling of BDA, orexin and TPH, tissue sections were incubated in 1:2000 goat anti
orexin antibody and 1:1000 mouse anti TPH (Sigma) KPBS-TX-NDS solution. BDA,
orexin, and TPH were visualized with 1:1000 Alexa Fluor 488 donkey anti-mouse, 1:200
Alexa Fluor 568 Streptavidin and 1:1000 Cy5 donkey anti-goat (Jackson ImmunoResearch;
Cat# 705-176-147) respectively.

Confocal microscopy

RESULTS

Confocal laser microscopy was used to analyze the double- and triple-label IF images for
BDAJ/NPY colocalization and close appositions as described by our laboratory (Campbell et
al., 2003; Glavas et al., 2008). The TSC SP confocal system (Leica Corp., Germany) was
used to scan the images, consisting of a RBE inverted microscope, an Ar laser-producing
light at 488 nm (for visualization of FITC), a Kr laser-producing light at 568 nm (for
visualizing TRITC), and a HeNe laser-producing light at 647 nm (for visualization of Cy5).
Various objectives (25X, numerical aperture 0.75 and 40X, numerical aperture 1.25) were
used to scan and capture images. In order to detect BDA/NPY co-localization, each brain
area (two medial sections per animal) was divided into smaller areas using 2x optical zoom
at 40X magnification. Each image was scanned at 1pum intervals. For each experiment,
fluorophore signals were checked individually for bleed-through to the apposing detector.
Bleed-through was eliminated by adjusting laser intensity and the width of the detector
window. To assess colocalization of BDA/NPY signals in close apposition to a cell body, a
sequential series of optical sections, 0.5 wm intervals along the z-axis of the tissue section,
were scanned for each fluorescent signal. The signals were obtained for each fluorophore on
one series of optical sections and stored separately as a series of 512 x 512 pixel images.
The stacks of individual optical slices were analyzed using ImageJ software (NIH, Bethesda,
MA) to determine co-localization and close appositions. The confocal images are presented
as projections of stacks of optical images or as individual slices, as indicated. The brightness
and contrast of the images were adjusted in Photoshop to match microscope visualization
(Adobe Systems Inc., San Jose, CA).

BDA labeling of DMH projections in rats and mice

In order to trace DMH-NPY neuronal projections, BDA was stereotaxically injected into the
DMH in lactating and cycling rats. DMH neuronal projections labeled with BDA closely
resembled the pattern of PHA-L labeled DMH projections in the rat reported by Thompson
and Swanson (1998). The BDA-labeled fiber projections were mainly restricted to the
hypothalamus, with limited projections to the brainstem. The fiber projection pattern was
indistinguishable between lactating and cycling rats. We also injected BDA into the DMH of
male mice fed with either high fat diet (DIO) or normal chow diet (CD) for 20 weeks. BDA-
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labeled fiber projections in mice were similar to DMH projections in rats. As illustrated in
Fig 1 A,B (rats), and Fig 2 A,B (mice), BDA injection sites were included in the areas where
the most NPY induction is observed during lactation and DIO condition. In the present
study, all the BDA injections within the DMH border also showed a similar fiber
distribution in major target areas, including the anteroventral periventricular nucleus
(AVPV), PVH, and LH in the hypothalamus, and the rRP in the brainstem as illustrated in
Fig.1 C-F (rats) and Fig. 2 C-F (mice). In the ascending pathways, most BDA labeled fibers
are found in the PVH, perifornical area (PFA) in the LH, and preoptic areas including
parastrial nucleus (PS), lateral preoptic (LPO) and AVPV. Caudal to the DMH, numerous
BDA labeled fibers were also detected in supramammillary nucleus (SUM), ventral
tegmental area (VTA), ventrolateral periaqueductal grey (VIPAG), barrington’s nucleus
(BA), locus ceoruleous (LC) and lateral parabrachial nucleus (LPB). A small number of
BDA labeled fibers were also observed in caudal brainstem areas including the rRPa, raphe
magnus (RM), nucleus of the solitary tract (NTS), and ventral lateral medulla (VLM).

DMH-NPY neurons project to the PVH in lactating rats

To further characterize DMH-NPY projections to the PVVH, two medial PVVH sections per
animal were scanned at 1um intervals using a confocal laser microscope to identify BDA/
NPY labeled fibers (Fig. 3A). BDA/NPY co-localized fibers (total 8-10 fibers/animal) were
detected in the PVH (Fig. 3B-D), primarily located in the medial parvicellular and posterior
magnocellular areas in lactating rats (n=4) (Fig. 3E). In lactating animals, BDA labeled NPY
neurons in both compact (DMHc) and non-compact (DMHnc) subdivision. No BDA/NPY
co-localized fibers were detected in the PVH when the BDA was injected into the DMH
border or slightly outside of the DMH in lactating rats. While cycling female rats express a
low level of NPY mRNA in the DMHc with no expression within the DMHnc, the pattern of
BDAJ/NPY co-localized fibers (total 2-4/ animal, n=3) within the P\VH was similar to that
observed in the lactating rat (Fig. 3F).

CART-expressing neurons are located in the parvicellular area where it is co-localized with
thyrotropin-releasing hormone (TRH) neurons involved in the regulation of energy
homeostasis by the activation of the hypothalamic-pituitary-thyroid axis (Elias et al., 2001;
Lechan and Fekete, 2006; Silva, 1995). To determine the spatial relationship between DMH-
NPY projections and CART-immunoreactive (ir) neurons in the PVH single optical slice
analysis with a confocal microscope was used. Triple-label immunostaining for BDA/NPY/
CART revealed that DMH-BDA/NPY axonal swellings are in close apposition (within 0.5
pwm) to PVH -CART-ir neurons in lactating rats (Fig. 4 A-G).

DMH-NPY neurons project to the LH in lactating rats

Using the same confocal analysis method (2 sections/animal), BDA/NPY co-localized fibers
(total 5-6/animal) were observed in the LH of lactating rats (n=4), mainly concentrated in
the perifonical area (Fig. 5). While BDA/NPY fibers were readily detected in all of the
lactating rats, the occurrence of co-labeled fibers in the virgin cycling rats were scarce (total
0-2/animal, n=3). Furthermore, while these BDA/NPY projections were readily evident in
areas containing MCH (Fig. 6) and Orexin (not shown) immunoreactive fibers, we observed
no evidence of close appositions.

DMH-NPY neurons project to the AVPV in lactating rats

NPY is also one of the essential players in modulating reproductive function and NPY
inhibits GnRH neuronal activity in lactation (Smith et al., 2010). Although BDA containing
fibers were observed in close apposition to GnRH neurons, none of them contained NPY
immunoreactivity (data not shown; n=4). However, the AVPV, which is known to have
strong connections with the GnRH axis, did contain BDA/NPY co-localized fibers in
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lactating rats (Fig. 6). Furthermore, BDA/NPY containing axonal swellings were detected in
close apposition to CART expressing neurons in the AVPV in lactating rats (Fig. 7). In
contrast, BDA/NPY fibers were not present in the AVPV of cycling rats (n=3).

DMH-NPY neurons do not project to the rRPa in lactating rats

While DMH projections to the brainstem were sparse relative to the hypothalamus, we did
detect significant BDA positive fibers in a few key areas in the regulation of sympathetic
outflow. One such area with readily detectable BDA-labeled fibers was the rRPa. However,
while NPY positive fibers were abundant within the rRPa, no BDA/NPY co-localization was
observed in this region of either lactating or cycling rats (Fig. 8 A,B). Instead, many of the
BDA-labeled fibers projecting to the rRPa were double-labeled for orexin (Fig. 9).
Additionally, we found BDA /orexin co-localized axonal swellings in close apposition to the
neurons expressing tryptophan hydroxylase (TPH), a serotonergic cell marker (Fig. 9 E-G).
Furthermore, no BDA/NPY co-localized fibers were observed in other brainstem regions
including the NTS, VLM and LPB.

DMH-NPY neuronal projections in DIO mice

Since DMH projections have not been reported in the mouse we performed a
characterization of DMH projections in lean and DIO mice. As is shown in Fig. 10, the
afferent projections of the DMH, as represented by the presence of BDA fibers, is similar to
that previously reported for the rat.

In contrast to the rat, NPY neurons are limited to the DMHnc in the DIO mouse. In spite of
this, BDA/NPY projections were similar between male DIO mouse and the lactating rat.
Most notably, BDA fibers containing NPY immunoreactivity were readily detectable in the
parvicellular area of the PVH (Fig. 11) and PFA of the LH in DIO mice (two sections for
each area, n=4). In the brainstem, consistent with the findings in lactating rats, BDA and
NPY were not co-localized in the rRPa in DIO mice. Similar to the rat, BDA labeled fibers
contained orexin immunoreactivity in the rRPa (Fig. 12). Importantly, no BDA/NPY co-
localized fibers were observed in the same regions in CD mice (n=2), which do not have
detectable NPY mRNA expression in the DMH.

DISCUSSION

The present study characterizes the efferent projections of NPY expressing neurons in the
DMH in chronic hyperphagic models, the lactating rat and DIO mouse, using BDA
anterograde tracing method. The primary DMH-NPY projection targeted hypothalamic
regions, i.e., PVH and LH, could be involved in the regulation of many physiological
functions, including food intake and autonomic function. We also demonstrated interactions
between DMH-NPY projections and CART neurons in the hypothalamic target areas. In
contrast, DMH-NPY projections were not observed in the brainstem areas implicated in
energy homeostasis, including the rRPa and NTS. Instead, many of the BDA fibers in the
rRPa contained orexin immunoreactivity, consistent with a role for orexin neurons in the
DMH in the regulation of BAT thermogenesis.

Technical considerations

NPY is expressed in two subregions of the DMH, the DMHc and DMHnc, depending on the
species. NPY is constitutively expressed in the DMHc in intact rats. However, there is no
evidence of DMHc-NPY expression in other species including the mouse and non-human
primate, during development or in adults (Grayson et al., 2006), suggesting that DMHc-
NPY expression is unique to rats. The absence of NPY expression in the DMHc suggests
that DMHc-NPY neurons are not required for normal energy balance in mice. On the other
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hand, both rats and mice exhibit a transient expression of NPY in the DMHnc during
postnatal development, lactation, and obesity, all of which are characterized by hyperphagia,
suggesting that DMHnc-NPY neurons have similar functions in both species.

The DMH is closely surrounded by other hypothalamic regions including the PVH, LHA,
VMH and ARH, therefore it is especially difficult to make accurate injections selectively
into the DMH without diffusion of the tracer into neighboring regions. Thus, we injected a
small amount of BDA tracer into the DMH to limit the spread, and specifically to avoid the
spread to the ARH, which also contains NPY neurons. Since no BDA contamination was
observed in the ARH, DMH-NPY neurons are likely to be the only sources of NPY fiber
projections labeled with BDA. In spite of the small injection volumes, we were unable to
distinguish between projections of the two subregions of the DMH since the tracer injections
directed at the DMHnc diffused into the neighboring DMHc. In an attempt to distinguish
between the DMHc and DMHnNc projections, we instead used a combination of models: a)
lactating rats that have NPY expression in both DMH subregions, b) virgin female rats that
have NPY expression specifically in the DMHc, ¢) male DIO mice that have NPY
expression specifically in the DMHnc, and d) male CD mice that have no NPY expression in
the DMH.

Another limitation of these studies is that NPY cells in the DMHnc are scattered throughout
the rostral to caudal extent of the nucleus. Therefore, it is likely that the amount of BDA
volumes used in this study only labeled a small percentage of NPY neurons in the DMH in
each animal. This sparse labeling greatly limits our ability to quantify the density of
projections. Due to the technical limitations with the antibody staining, we were also unable
to count the number of DMH-NPY neurons labeled with BDA. While we observed some
differences in the projections between the models, it is not clear whether this is due to a true
difference in projections or due to the number of NPY neurons labeled in each case. Despite
these variations, all animals with injection sites within the borders of the DMH showed a
similar BDA/NPY co-localized fiber projection pattern.

In the present study, a single optical slice analysis was used to characterize the spatial
relationship between BDA/NPY -containing axonal swellings and CART neurons. Although
we often detected a close apposition between them in the lactating animals, it is difficult to
make any quantifiable conclusions from this observation due to the small number of DMH-
NPY projections labeled with BDA. A close apposition within 0.5 wm distance suggests a
potential synaptic contact, but it is also not possible from this technique to determine the
precise anatomical structure of close appositions without electron microscopic analysis.
However, previous studies which imaged close appositions of peptidergic fibers on a cell
soma using confocal microscopy found evidence that the peptidergic appositions were
indeed synaptic in nature (Kiyoshi et al., 1998; Takenoya et al., 2006). Furthermore, lack of
synapse contacts does not rule out the possibility of volume transmission of NPY over
considerable distances to reach the targets (Agnati et al., 2010).

The PVH is the major target for DMH-NPY neurons

According to a previous report (Swanson and Kuypers, 1980), DMH neurons project heavily
to the parvicellular region of the PVH, which contains neurons that project to sympathetic
and parasympathetic preganglionic nuclei, as well as to the median eminence and posterior
pituitary (Engelmann et al., 2004; Hallbeck et al., 2001; Sawchenko and Swanson, 1982). In
the present study, BDA fibers containing NPY immunoreactivity were observed in the
parvicellular and, although less dense, the magnocellular areas of the PVH in lactating and
virgin rats as well as male DIO mice. Because we observed DMH-NPY projections to the
PVH in both virgin (which express NPY only in the DMHc) and lactating rats (which
express NPY in both the DMHnc and DMHCc) we have to conclude that both subregions of
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the DMH contribute to the NPY projections to this area. However, because of the limitations
of this technique, it is not possible to determine the relative contribution of the two
subregions of NPY neurons in the DMH.

In the parvicellular area of the PVH, TRH neurons are one of the important players in the
regulation of food intake and autonomic function (Lechan and Fekete, 2006). In the fasting
condition, increased NPY inputs from the ARH inhibit TRH production and stimulate food
intake (Fekete and Lechan, 2007). Despite high levels of NPY expression in the ARH,
lactation is associated with increased TRH expression in the PVH, which stimulates
prolactin secretion (Sanchez et al., 2007). In addition to its main role in milk production,
prolactin has an orexigenic effect and is involved in the hyperphagia associated with
lactation (Chen and Smith, 2004; Woodside, 2007). CART is also expressed in the
parvicellular area (Elias et al., 2001; Fekete et al., 2000), and is linked to the inhibition of
TRH-induced prolactin release from the anterior pituitary gland (Fekete and Lechan, 2006).
Therefore, an inhibition of CART expression controlled by DMH-NPY neurons could
potentially contribute to the increase in prolactin secretion and hyperphagia during lactation.
In support of this hypothesis, we demonstrated that DMH-NPY fibers are in close apposition
to CART expressing neurons in the PVH in lactating rats.

CART expressing terminals in the PVH are also implicated in the regulation of BAT
thermogenesis (Kong et al., 2003; Lechan and Fekete, 2006). I.c.v. injection of CART up-
regulates BAT uncoupling protein-1 (UCP-1) mRNA in rats (Wang et al., 2000) and CART
MRNA expression in the PVH is increased during cold exposure in lactating rats (Sanchez et
al., 2007). Therefore, increased DMH-NPY inputs to suppress CART neurons may also
contribute to the suppression of BAT activity during lactation. Additionally, NPY inputs to
PVH could reduce BAT activity by acting presynaptically to reduce GABA release (Melnick
et al., 2007) onto BAT sympathoinhibitory neurons in the PVH (Madden and Morrison,
2009).

The LH is a potential mediator of hyperphagia

Although NPY in the PVH coordinates various aspects of energy metabolism in addition to
controlling appetite, NPY in the LH is a potent stimulator of ingestive behavior but may
have less of a direct impact on other metabolic parameters (Currie and Coscina, 1995).
DMH-NPY neurons project to the PFA of the LH in both lactating rats and DIO mice,
suggesting that NPY neurons in the DMHnc are the main sources of DMH-LH projections
and may contribute to the hyperphagic behavior. In support of this, BDA/NPY co-localized
fibers from the DMHc were scarce in the LH in cycling rats.

The NPY effect on food intake may be mediated by the orexigenic neuropeptides, melanin
concentrating hormone (MCH) and orexin, in the LH. Expression of MCH and orexin is
significantly increased in the LH during lactation (Sun et al., 2003; Sun et al., 2004),
suggesting a potential role in the hyperphagia. However, whether NPY plays any role in
increasing MCH and orexin expression during lactation is unknown. Although some studies
have suggested direct actions of NPY on these neurons (Broberger et al., 1998; Horvath et
al., 1999), more recent studies have indicated that this may be indirect through modulation
of presynaptic inputs into the MCH and orexin neurons. NPY Y1R is not expressed in MCH
and orexin neurons, but it was detected in nitric oxide synthesizing (NOS) neurons, which
also stimulate food intake (Fetissov et al., 2003; Morley and Flood, 1991). This is supported
by the finding that NPY injection into the LH did not significantly stimulate c-Fos in either
MCH or orexin neurons, although c-Fos expression was observed in a population of neurons
with unknown phenotype (Campbell et al., 2003). Therefore, the effect of NPY on food
intake may be mediated by direct actions other unidentified cell types in the LH. Indeed, in
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the current study, while BDA-NPY fibers were observed in the vicinity of MCH and orexin
neurons, close appositions, as determined by confocal microscopy, were not detected.

Potential role of DMH-NPY neurons in suppression of reproduction

The increase in hypothalamic NPY activity during lactation may be a key element in linking
changes in food intake to the suppression of GnRH neuronal activity. NPY fibers from the
ARH make direct contacts with GnRH neurons and act as an inhibitory signal to GhnRH/LH
secretion during lactation where estrogen levels are very low and NPY is chronically
elevated (Smith et al., 2010). The NPY effect on GnRH neurons is directly mediated by
NPY Y5 receptors and/or an indirect modulation via NPY Y1 receptors (Campbell et al.,
2001; Li et al., 1999). In the present study, we failed to observe DMH-NPY terminals
derived from the DMH on GnRH cell bodies. Therefore, it is likely that if DMH-NPY
neurons modulate GnRH neuronal function, they do so indirectly through modulation of
other neuronal populations that have direct contacts on GnRH neurons.

One possible mechanism by which DMH-NPY neurons may indirectly modulate GnRH
neuronal activity is through their projections to the AVPV. AVPV-CART neurons send
projections to the area where GnRH neurons are located and CART fibers make close
contacts with GnRH neurons (Leslie et al., 2001; Rondini et al., 2004). CART increases
GnRH pulse amplitude in cycling females and decreases GnRH pulse intervals in
prepubertal rats (Lebrethon et al., 2000; Parent et al., 2000). In the present study, we
demonstrated that DMH-NPY fiber terminals are in close apposition to the CART neurons
within the AVPV in lactating rats. Furthermore, CART neurons in the AVPV appear to be
inhibited in lactating rats (unpublished observation). Therefore, our studies identify DMH-
NPY neurons as candidates for inhibiting CART neurons during lactation that could result in
suppressed GnRH activity.

Projections of DMH-orexin neurons involved in BAT thermoregulation

Since the DMH contains neurons that are synaptically linked to the sympathetic premotor
neurons involved in BAT regulation (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al.,
2002), NPY neurons in the DMH might contribute to the alteration of BAT energy
expenditure in lactation and obesity. One of the critical brainstem areas involved in the
sympathetic regulation of BAT is the rRPa, which contains a dense NPY terminal input.
However, our data showing an absence of BDA/NPY terminals in the rRPa in either the
lactating rat or DIO mouse indicate that NPY-containing neurons in DMH do not contribute
to the NPY input to rRPa. Instead, since NPY terminals in the rRPa also contain markers for
catecholamine synthesis (dopamine B hydroxylase; DBH), they are likely derived from the
brainstem noradrenergic neurons (unpublished observation). While the true source of the
NPY terminals in the rRPa remains to be determined, it is clear that they do not originate
from the DMH, since these terminals do not express the enzyme for catecholamine synthesis
(tyrosine hydroxylase or DBH). Furthermore, the DMH neurons projecting to rRPa (Tupone
et al., 2011) and those synaptically-connected to BAT (Cao et al, 2004) are located in the
dorsomedial portion of the DMH and extend dorsally into the dorsal hypothalamic area. This
area of the DMH contains few NPY -containing neurons and was not directly targeted by our
BDA injections. On the other hand, orexin-containing neurons, while located primarily in
the PFA region of the LH, do extend into the dorsolateral portion of the DMH, an area
covered by the majority of our BDA injections. Thus, our finding that most of the BDA
fibers within the rRPa were co-labeled with orexin is consistent with the demonstration that
orexin-containing neurons project to rRPa (Tupone et al, 2011) and that orexin fibers are
detected in close apposition with BAT-projecting neurons in the rRPa (Berthoud et al., 2005;
Tupone et al., 2011; Zheng et al., 2005). Our demonstration that orexin-BDA fibers make
close appositions to serotonin neurons may reveal another aspect of the regulation of BAT
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thermogenesis since serotonin neurons in this region are important for the regulation of BAT
thermogenesis (Madden and Morrison, 2010; Tupone et al., 2011). Overall, our anatomical
findings support the role of a direct orexinergic input to rRPa in the modulation of BAT
thermogenesis (Date et al., 1999; Szekely et al., 2002; Tupone et al., 2011), but indicate that
DMH NPY neurons do not regulate BAT energy expenditure via a direct projection to BAT
sympathetic premotor neurons in the rRPa.

Functional significance and summary

NPY induction in the DMHnc in both rats and mice during hyperphagic conditions suggests
a key role in the stimulation of food intake. In a recent study, AAV mediated RNA
interference was used to specifically knock down DMH-NPY expression in DIO rats which
reduced food intake and induced a protection from HFD -induced obesity (Chao et al.,
2011), suggesting that NPY expression in the DMH may be partially responsible for the
development of obesity. Additionally, these rats exhibited increased BAT sympathetic
activity and as well as a remarkable transdifferentiation of subcutaneous WAT to a BAT-
like phenotype. These findings strongly imply that DMH-NPY expression is involved in an
inhibitory regulation of BAT thermogenesis as well as the stimulation of food intake.
However, the mechanisms by which DMH-NPY neurons regulate feeding behavior and
BAT thermogenesis are not well understood. In the current study, we identified DMH-NPY
projections to the PVH and LH as potential pathways for the hyperphagia and BAT
thermogenesis in lactation and diet-induced obesity. NPY neurons in the DMHc are clearly
not the major orexigenic inputs to these hypothalamic targets in normal conditions. Our data
suggest that hormonal/neural adaptations during physiological conditions requiring energy
conservation activate additional NPY neuronal populations in the DMH and increase DMH-
NPY inputs to the PVH and LH, contributing to the hyperphagia and reduced BAT
thermogenesis. Although we provide evidence for possible interactions between DMH-NPY
projections and CART neurons, additional studies are needed to confirm the functional
connection between two neurons.

In summary, we characterized the distribution of DMH-NPY neuronal projections in the
brain areas involved in the regulation of food intake and BAT thermogenesis in two chronic
hyperphagic models, lactation and DIO. Comparison of DMH-NPY projections in these two
models clearly suggests that DMH-NPY induction plays a critical role in promoting
hyperphagia, reducing BAT thermogenesis, and suppressing reproduction via hypothalamic
projections, but not the brainstem. The current findings provide a neuroanatomical
framework to understand the potential roles and mechanism of DMH-NPY neurons.
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The dorsomedial hypothalamic nucleus (DMH) is known to be involved in many
homeostatic processes, and to have broad projections throughout the hypothalamus and
brainstem. In specific models of obesity and hyperphagia Neuropeptide Y neurons are
activated within the DMH; however, the efferent projections of these neurons was
unknown. In the current study we used anterograde tracers combined with histochemical
analysis to demonstrate that NPY neurons in the DMH of both lactating rats and obese
mice have a strong projections within the hypothalamus, with limited projections to the
brainstem.
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Figure 1. BDA injection in the DMH of lactating rats

(A) Injection site in the DMH in 10x confocal image. BDA (magenta) was visualized 7 days
after injection using streptavidin amplification method. (B) The mapping of BDA injection
sites in rostral (upper) and caudal (lower) DMH. Lactating rats (circle) and cycling rats
(triangles) hit and miss cases are illustrated. BDA fiber distribution in the AVPV (C), PVH
(D), LH/PFA(E), and rRPa (F) are illustrated in 20x confocal images.
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Figure 2. BDA injection in the DMH of DIO mice

(A) Injection site in the DMH in 10x confocal image. BDA (magenta) was visualized 3 days
after injection. (B) The mapping of BDA injection sites. The circles indicate the hit cases in
DIO group and triangles indicate CD mice. BDA labeled fibers were mainly distributed in
the AVPV (C), PVH (D), LH (E) in the hypothalamus, and rRPa (F) in the brainstem, as
illustrated in 20x confocal images.
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Figure 3. DMH-NPY projectionstothe PVH in lactating rats

(A) 20x confocal image showing BDA (magenta) and NPY (green) fiber distribution in the
PVH. (B) BDA fiber distribution in 40x confocal image. Arrows indicate BDA/ NPY co-
localized fiber. (C) NPY fiber distribution in 40x confocal image. Arrows indicate BDA/
NPY co-localized fiber. (D) Overlay of 40x confocal images showing BDA/NPY co-
localized fiber. Schematic drawings show the distribution of BDA fibers co-localized with
NPY in the PVH of lactating (E) and cycling (F) rat. Projections from 3 different cases with
injections limited to the DMH are represented in different colors (red, blue and black).
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Figure4. DMH-NPY projectionsin close apposition with CART neuronsin the PVH of lactating
rats

(A) 20x confocal image showing triple label immunostaining for NPY (green), BDA (red),
and CART (blue) in the PVH of a lactating rat. The arrow indicates a fiber containing NPY
and BDA near a CART cell body. (B) 40x confocal image showing BDA-containing axonal
swelling (white arrow) in close apposition to a CART cell (yellow arrowhead). (C) 40x
confocal image showing NPY-containing axonal swelling in close apposition to a CART
cell. (D) Overlay image for BDA and NPY co-localized fiber in close apposition to a CART
cell. (E-G) Stacks of optical slices (3 wm total at 0.5um increments) of a CART cell body in
close contact with BDA and NPY-containing axonal swelling. Z-coordinates are indicated in
single optical slices relative to a reference point, z = 0 pm.
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Figure 5. DMH-NPY projectionstothe LH in lactating rats

(A) 20x confocal image showing BDA (magenta) and NPY (green) fiber distribution in the
LH. (B) BDA fiber distribution in 40x confocal image. Arrows indicate the co-localized
fiber. (C) NPY fiber distribution in 40x confocal image. (D) Overlay 40x confocal image
showing BDA/NPY co-localized fiber indicated by arrows. Schematic drawing showing the
distribution of BDA fibers co-localized with NPY in the LH of lactating (E) and cycling (F)
rats. Projections from 3 different cases with injections limited to the DMH are represented in
different colors (red, blue and black).
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Figure 6. DMH-NPY projections do not make close apposition to MCH neuronsin the LHA of
thelactating rat
A) 20x confocal image showing triple label immunostaining for NPY (green), BDA (red),

and MCH (blue) in the LHA of a lactating rat. The arrow indicates a fiber containing NPY
and BDA near a MCH cell body. (B) 40x confocal image showing BDA-containing axonal
swelling (white arrow) in the vicinity of an MCH positive neuron (yellow arrowhead). (C)
40x confocal image showing NPY-containing axonal swelling in the vicinity of a MCH cell.
(D) Overlay image for BDA and NPY co-localized fiber in the vicinity to a MCH cell. (E-G)
Stacks of optical slices (5.0 wm increments) of a MCH cell body in near but not in close
apposition to a BDA and NPY-containing axonal swelling. Z-coordinates are indicated in
single optical slices relative to a reference point, z = 0 pm.
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Figure 7. DMH-NPY fibersin close apposition to CART neuronsin the AVPV of lactating rats
(A) 20x confocal image showing triple label immunostaining for NPY (green), BDA (red),
and CART (blue) in the AVPV of a lactating rat. The arrow indicates a fiber containing
immunoreactivity for NPY and BDA near a CART neuron. (B) 40x confocal image showing
BDA containing axonal swellings (white arrows) in close apposition to a CART neuron
(yellow arrowhead). (C) 40x confocal image showing NPY-containing axonal swellings
(white arrows) in close apposition to a CART neuron. (D) Overlay image for BDA/ NPY-
containing axonal swellings in close apposition to a CART neuron. (E-G) Analysis of single
optical slice (4 um total, 0.5 wm increments) reveals a close apposition.
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Figure 8. DMH-NPY neuronsdo not project to therRPa

(A) 20x confocal image showing BDA (magenta) and NPY (green) fiber distribution in the
rRPa of a lactating rat. (B) A magnified image of dotted area in (A) showing no co-
localization for BDA and NPY fibers.
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Figure 9. DM H-orexin neurons project to serotonin neuronsin therRPain lactating rats

(A) 20x confocal image showing triple label immunostaining for orexin (green), BDA (red),
and TPH (blue) in the rRPa. The arrow indicates a fiber containing orexin and BDA near a
TPH-expressing neuron. (B) 40x confocal image showing BDA-labeled axonal swellings
(white arrows) in the vicinity of a TPH neuron (yellow arrowhead). (C) 40x confocal image
showing orexin immunoreactivity in the same section. (D) Overlay image indicating
colocalization of BDA and orexin immunoreactivities in the same axonal swellings in the
vicinity of this TPH neuron. (E-G) Examples of single, confocal optical slices (1 pm
thickness) illustrate colocalization of BDA and orexin immunoreactivities in axonal
swellings that are in close apposition to a TPH-expressing neuron.
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Figure 10.

Distribution of DMH projections in the male DIO mouse. Computer-assisted line drawings
illustrate the distribution of BDA immunoreactive fibers in the mouse receiving a BDA
injection into the DMH. The line drawings represent a single case with a BDA injection in
the DMH of a DIO mouse. Brain levels are indicated in the upper left corner of each
representative section (according to the mouse brain atlas Franklin and Paxinos, 1997). The
injection site is indicated by the black shading labeled IS.
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Figure11. DMH-NPY projectionstothe PVH in DIO mice

(A) 20x confocal image showing BDA (magenta) and NPY (green) immunostaining in the
PVH. An arrow indicates the location of BDA/NPY co-localized fiber. (B) 40x confocal
image showing BDA fibers in the PVH. (C) 40x confocal image showing NPY fibers in the
PVH. (D) Overlay 40x confocal image showing BDA/NPY co-localized fiber in the PVH.
Arrows indicate the location of co-localization. Schematic drawings show the distribution of
BDA fibers co-localized with NPY in the PVH of a DIO mouse (E) and no BDA/NPY co-
localized fibers in a CD mouse (F). Projections from 3 different cases with injections limited
to the DMH are represented in different colors (red, blue and black).
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Figure 12. DMH-NPY neurons do not project to therRPa, but DM H-orexin neurons project to
therRPain DIO mice

(A) 20x confocal images showing BDA (magenta, left), NPY (green, middle) and BDA/
NPY (right) fiber distribution in the rRPa in a DIO mouse. No BDA/NPY co-localization is
observed. (B) 20x confocal images showing BDA (magenta, left), orexin (green, middle)
and BDA/orexin (right) fiber distribution in the rRPa in a DIO mouse. Yellow arrows
indicate BDA/orexin co-localization.
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Table 1
Primary antibodies
Antigen | Immunogen Host Dilution | Company Catalog No.
NPY Synthetic NPY peptide sheep | 1:3000 Chemicon AB1583
conjugated to bovine
thyroglobulin
NPY Neuropeptide Y coupled | rabbit | 1:1000 ImmunoStar 22940
to bovine
thyroglobulin
CART CART peptide 55-102 rabbit | 1:5000 Phoenix H-003-62
Pharmaceuticals
Orexin carboxy terminus (amino | goat 1:2000 Santa Cruz SC-8070, C-19
acids 48-66) of human Biotechnology
orexin A
MCH The full-length (19 rabbit | 1:1000 Phoenix H-070-47
amino acid) MCH Pharmaceuticals
peptide
GnRH Mammalian GnRH mouse | 1:5000 Dr. Henryk HU11B, Lot 4
decapeptide Urbanski,
ONPRC
TPH A recombinant rabbit mouse | 1:1000 Sigma T0678, clone
TPH WH-3
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