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Abstract

Changes in photoperiod length are transduced into neuroendocrine signals by melatonin (MEL)
secreted by the pineal gland triggering seasonally adaptive responses in many animal species.
Siberian hamsters, transferred from a long-day ‘summer-like’ photoperiod (LD) to a short-day
‘winter-like’ photoperiod (SD), exhibit a naturally-occurring reversal in obesity. Photoperiod-
induced changes in adiposity are mediated by the duration of MEL secretion and can be mimicked
by exogenously administered MEL into animals housed in LD. Evidence suggests that MEL
increases the sympathetic nervous system (SNS) drive to white adipose tissue (WAT). Here, we
investigated whether MEL-driven seasonally adaptive losses in body fat are associated with WAT
lipolysis and browning. Hamsters were subcutaneously administered vehicle (LD + VEH) or 0.4
mg/kg MEL (LD + MEL) daily for 10 weeks while animals housed in SD served as a positive
control. MEL and SD exposure significantly decreased the retroperitoneal (RWAT), inguinal
(IWAT), epididymal (EWAT) WAT, food intake and caused testicular regression compared with the
LD + VEH group. MEL/SD induced lipolysis in the IWAT and EWAT, browning of the RWAT,
IWAT, and EWAT, and increased UCP1 expression in the IBAT. Additionally, MEL/SD
significantly increased the number of shared MEL receptor 1a and dopamine beta-hydroxylase-
immunoreactive neurons in discrete brain sites, notably the paraventricular hypothalamic nucleus,
dorsomedial hypothalamic nucleus, arcuate nucleus, locus coeruleus and dorsal motor nucleus of
vagus. Collectively, these findings support our hypothesis that SD-exposed Siberian hamsters
undergo adaptive decreases in body adiposity due to SNS-stimulated lipid mobilization and
generalized WAT browning.
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INTRODUCTION

Seasonally adaptive responses such as changes in adiposity are induced by seasonal changes
in photoperiod length. Siberian hamsters (Phodopus sungorus) have proven to be an
outstanding model with which to study these naturally-occurring changes in obesity. During
exposure to a long-day ‘summer-like’ photoperiod (LD) hamsters become obese (/.¢€., 50 %
body fat) but display a naturally-occurring adaptive loss of ~30 % body fat when transferred
to a short-day ‘winter-like’ photoperiod (SD) [1, 2]. These photoperiod-dependent effects
are mediated by changes in the duration of melatonin (MEL) secreted by the pineal gland.
The seasonal changes in lipid mass can be mimicked in the laboratory by manipulating the
duration of circulating MEL. For example, exogenously administered MEL can be used to
increase the duration of circulating MEL in hamsters housed in LD resulting in a loss of
body fat mimicking that seen in SD (for review see: [3, 4]). The MEL receptor subtype
mediating the body fat and other photoperiodic responses is the MEL 1a receptor (for review
see: [4], [B]).

Although MEL plays a critical role in regulating the seasonal rhythmicity of body weight, it
does not stimulate lipolysis /n vitro [6] indicating that other signals are responsible for
triggering SD-induced loss of body fat. The sympathetic nervous system (SNS) innervation
of white adipose tissue (WAT) is sufficient and necessary for the initiation of WAT lipolysis
[7]. Importantly, we determined that MEL1a receptor mRNA is colocalized in neurons that
comprise the central SNS outflow circuitry from the brain to WAT [8]. We also found that
exposure to SD photoperiod stimulates the SNS drive to WAT as indicated by increases in
norepinephrine turnover [9]. Taken together these data support the hypothesis that MEL
activation of MEL1a on the central SNS efferent neurons to WAT triggers lipolysis and
ultimately reverses the obese phenotype of LD animals by accelerating SNS drive on WAT.

It has been reported that MEL decreases body mass due to increases in energy expenditure
in the BAT [10, 11]. Another potential factor in seasonal obesity reversal is the ability to
harness heat production by converting white adipocytes to a beige phenotype via specific
increases in the SNS drive to these browned WAT depots (for review see: [12]). Evidence
suggests that recruitment of classical brown adipocytes in WAT can be induced by various
metabolic stimuli such as cold exposure or browning agents, as the result of g3-adrenoceptor
(B3-AR) stimulation (for review see: [12, 13]). This process involves induction of
mitochondrial uncoupling protein 1 (UCP1), which uncouples oxidative phosphorylation
from ATP synthesis, releasing chemical energy as heat. In turn, the expression of UCP1 is
regulated by specific transcriptional factors, most notably peroxisome proliferator-activated
receptor-y coactivator-1a (PGC-1a) ([14]; for review see: [15]). Both UCP1 and PGC-1a
are found at high levels in multilocular brown adipocytes of the brown adipose tissue (BAT),
thus serving as brown/beige fat-specific markers. In support of the SNS impact on WAT
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browning, Himms-Hagen and colleagues [16] demonstrated that chronic administration of
the specific £3-AR agonist, CL316,243, triggered the multilocular phenotype of WAT
adipocytes. Moreover, we previously reported that Siberian hamsters transferred from LD to
SD in the laboratory without lowering ambient temperature exhibit increased 53-AR,
PGC-1a and UCP1 mRNA expression in the retroperitoneal WAT (RWAT), the only fat pad
examined thereat [17].

It has been shown that the dorsomedial hypothalamic nucleus (DMH), containing orexigenic
neuropeptide Y (NPY), is critical in inducing browning phenotype of adipocytes specifically
in the inguinal IWAT (IWAT) [18]. Selective knockdown of NPY in the DMH triggers IWAT
browning and chemical IWAT SNS denervation blocks browning response [18] suggesting
that browning effect is mediated by WAT SNS innervation. In this study, we tested the
hypothesis that MEL-driven seasonally adaptive losses in body fat are due to SNS-
stimulated lipolysis, browning of WAT and increased energy expenditure as a result of
enhanced UCPL1 expression in the BAT.

METHODS

Animals and photoperiodic conditions

Adolescent male Siberian hamsters (Phodopus sungorus, 2 months old, total /7= 45) from
our breeding colony were single-housed in a long-day (LD) photoperiod (16h:8h light:dark
cycle with lights on at 0300 Eastern Standard Time; at 22 + 2 °C) with ad /ibitum access to
water and regular chow (#5001; 3.4 kcal/g, protein — 29.8 %, fat — 13.4 %, carbohydrates —
56.7 %; Ralston Purina, St. Louis, MO) for 2 wks before they were randomly assigned to
one of two photoperiodic conditions. One third of LD hamsters (n= 15) were transferred to
SD photoperiodic condition (8h:16h light:dark cycle; at 22 + 2 °C) while the remaining two-
thirds of hamsters (/7= 30) continued to be housed in LD. Half of the LD hamsters were
given a single subcutaneous injection of ethanolic saline (1:9 parts; LD + VEH group) or
MEL [16 4g in 0.15 ml ethanolic saline MEL (LD + MEL), prepared fresh daily from a
stock solution of 500 tg/ml MEL in 100 % ethanol] daily for 10 wks at 3 hours before lights
out. SD animals served as a positive control. Body mass and food intake were measured at
0900 hours weekly throughout the experiment as previously described [19]. All procedures
were approved by the Georgia State University Institutional Animal Care and Use
Committee and are in accordance with Public Health Service and United States Department
of Agriculture guidelines.

Tissue sampling and Western blotting

After 10 wks all animals were euthanized with pentobarbital sodium (300 mg/kg) and
approximately 100 mg of each fat pad [the interscapular brown adipose tissue (IBAT), IWAT,
RWAT, epididymal WAT (EWAT)] as well as testes were rapidly removed snap frozen in
liquid nitrogen and stored at —80 °C. The tissues were homogenized in cold homogenization
buffer [50 mM HEPES, 100 mM NacCl, 10.0 % SDS, 2 mM EDTA, 0.5 mM DTT, 1 mM
benzamidine, protease inhibitor cocktail (Calbiochem, EMD Chemicals, Gibbstown, NJ),
and phosphatase inhibitor cocktail (Thermo Fischer Scientific, Rockford, IL)] and then
centrifuged at 13,000 g for 10 min at 4 °C. The supernatants were measured for protein
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content using the bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Rockford,
IL). Samples containing 10 /g of protein were mixed with loading buffer, heated at 95 °C for
5 min, electrophoresed on a low-bis SDS-PAGE [10.0 %:0.08 % acrylamide:bis] and
transferred to polyvinylidene difluoride membranes. Each membrane represented a single
gel and was cut in half so that immunoblotting could be done on duplicate lanes with
different antibodies. The membranes were reacted with primary rabbit anti-UCP-1 (1:1000;
Abcam, Cambridge, MA), PGC-1a (1:1000; Novus Biologicals, Littleton, CO), hormone-
sensitive lipase (HSL), phosphorylated HSL (pHSL) and g-actin (each 1:1000; Cell
Signaling Technology, Danvers, MA) antibodies for 2 days at 4 °C followed by incubation
with secondary goat anti-rabbit IgG HRP-linked antibody, 1:1000; Cell Signaling
Technology, Danvers, MA) antibody for 2 h at room temperature. The immunoblots were
rinsed and incubated with LumiGLO chemiluminescent kit (Cell Signaling Technology,
Danvers, MA) to visualize bands. The IBAT depots from Siberian hamsters were used as a
positive control for UCP-1 and PGC-1a Western blotting showing the resulting proteins of
the expected size.

Following fat pad extraction, hamsters were transcardially perfused with 0.9 % heparinized
saline followed by 4.0 % paraformaldehyde in 0.1 M PBS. The brains were collected,
postfixed in the same fixative for 3—4 h and then transferred to a 30.0 % sucrose solution in
0.1 M PBS with 0.1 % sodium azide at 4 °C overnight until the brains were sectioned on a
freezing stage sliding microtome at 30 xm. For the double-label fluorescent
immunohistochemistry, free-floating brain sections were rinsed in 0.1 M PBS (2 x 15 min)
and 0.1 % sodium borohydride in 0.1 M PBS followed by 30 min incubation in a blocking
solution of 10.0 % normal horse serum (NHS) and 0.3 % Triton X-100 in 0.1 M PBS.
Sections were then incubated in the mixture of primary rabbit anti-MEL 1a (1:200;
NBP1-71113, Novus Biologicals, Littleton, CO) and mouse anti-dopamine beta-hydroxylase
(DBH) (1:500; clone 4F10.2, EMD Millipore, Billerica, MA) antibodies containing 1.0 %
NHS and 0.3 % Triton X-100 in 0.1 M PBS for 48 h at 4 °C. Following rinsing with 0.1 M
PBS (3 x 15 min), sections were incubated in the mixture of the secondary donkey anti-
rabbit Alexa 488 (1:500; Jackson Immunoresearch, West Grove, PA) and donkey anti-mouse
Cy3 (1:500; Jackson Immunoresearch) antibodies in 0.1 M PBS overnight at room
temperature. For immunohistochemical controls, the primary antibody was either omitted or
preadsorbed with the immunizing recombinant peptide (H00004543-Q01, Novus
Biologicals) overnight at 4 °C resulting in no immunoreactive (-ir) staining. Brain sections
were mounted onto slides (Superfrost Plus) and coverslipped using ProLong Gold Antifade
Reagent (Life Technologies, Grand Island, NY).

Quantitative and statistical analysis

Intensity of Western blot bands was quantified with ImageJ (US National Institutes of
Health, Bethesda, MA). Data are presented as percentage values normalized to LD + VEH
control.

Brain images were viewed and captured using 100x and 200x magnification with an
Olympus DP73 imaging photomicroscope (Olympus, Tokyo, Japan) with appropriate filters
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for Alexa 488 and Cy3. The single-labeled MEL1a and DBH images were evaluated and
overlaid with the aid of CellSens (Olympus) and the Adobe Photoshop CS5 (Adobe
Systems, San Jose, CA) software. Singly-labeled MEL1- or DBH-ir and doubly-labeled
MEL1a + DBH-ir neurons were counted in every sixth section using the manual tag feature
of the Adobe Photoshop CS5 software thus eliminating the likelihood of counting the same
neurons more than once. Absolute neuronal numbers in the brain were averaged across each
examined region from all animals. A mouse brain atlas [20] was used to identify brain areas
because no Siberian hamster brain atlas is available and because of the similarity in size and
shape of most of the brain structures between Siberian hamsters and mice. For the
preparation of the photomicrographs, we used Adobe Photoshop CS5 (Adobe Systems) only
to adjust the brightness, contrast and sharpness, to remove artifactual obstacles (/.e.,
obscuring bubbles) and to make the composite plates.

Data were analyzed by one-way repeated measures analysis of variance (ANOVA) followed
by Holm-Sidak’s or Bonferroni’s least significant difference (PLSD) post-hoc tests using
NCSS (version 2007, Kaysville, UT). Western blot values were analyzed by ANOVA and
Student’s #test. Significance was set at £< 0.05. For simplicity and clarity, exact test results
and exact Pvalues are not presented.

Weekly body mass and food intake

Chronic LD + MEL injections and SD photoperiod exposure caused decreases in body mass
from Week 2 that became statistically significant starting Week 4 until the end of the
experimental period (P < 0.05; Fig. 1A). Weekly food intake did not differ between groups
until Week 3 whereupon food intake was suppressed in the chronic LD + MEL and SD
photoperiod groups compared to that of the LD + VEH group starting Week 5 (P < 0.05; Fig.
1B). In accordance with our previous studies [2, 21], consistent decreases in body mass
preceded intermittent decreases in food intake in LD + MEL-treated or SD photoperiod-
exposed hamsters suggesting that SD-related changes in food intake are likely a
consequence of changes in body mass. In order to examine if body mass differences between
the groups were due to the developmental increases in body mass in LD + VEH animals, we
compared body mass losses of SD animals at each weekly point to the baseline body mass
(data not shown). None of the body mass losses of SD animals throughout 10 weeks were
significantly lower than those at the baseline (P values ranging from 0.2 to 0.993) suggesting
that SD photoperiod affects not only reproductive function but also downregulates
developmental processes. These changes may represent adaptive preparatory responses to
enhance winter survival in Siberian hamsters.

Adipose tissue and testes masses

Terminal adipose tissue analyses indicated that chronic LD + MEL or SD photoperiod
induced marked decreases in fat mass. Specifically, in both the LD + MEL and SD groups
IWAT, RWAT and EWAT fat pad mass was profoundly lower than in the LD + VEH group
whereas IBAT fat pad mass was not significantly different among the groups (P < 0.05; Fig.
1C). WAT mass decreases were accompanied with one of the most obvious physiological
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changes that occur in response to SD-like MEL signaling, that is, testes regression. Hamsters
in the LD + MEL and SD groups had significantly reduced paired testis size and mass
compared with the LD + VEH group (P < 0.05; Fig. 1C). These results are in line with
previous studies by us [2, 22] and others [23]. Five hamsters whose testes did not regress in
response to LD + MEL treatment or SD photoperiod were considered non-responders and
excluded from the study. Four hamsters failed to respond to the MEL treatment and also
were excluded.

Effects of MEL and photoperiod on lipolytic activity

To measure changes in lipolytic activity, we performed Western blot analysis for HSL and
pHSL in adipose tissue. The necessity of HSL for SNS-induced lipolysis has been
previously demonstrated by a severe reduction of lipolysis products, i.e. glycerol and free
fatty acids, in isolated adipocytes from HSL knockout mice [24]. SNS stimulation in WAT
activates protein kinase A (PKA), which subsequently phosphorylates HSL at three serine
sites 563, 659 and 660 in rodents, leading to the translocation of HSL to lipid droplets [25].
Activated PKA also phosphorylates perilipin A on lipid droplets, which functions as a
scaffolding protein exposing the lipid droplet to HSL. Therefore, the ratio of pHSL/HSL
provides important information indicating increases/decreases of lipolysis. This ratio was
quantified by dividing the optical density for the signal produced from pHSL by the optical
density for total HSL and normalized to the LD + VEH control group. There was a
significant increase in the ratio of pHSL to HSL in the chronic LD + MEL and SD
photoperiod groups compared with the LD + VEH group in the IWAT (P < 0.05; Fig. 1D)
and EWAT (P< 0.05; Fig. 1E). No significant differences were observed between groups in
the ratio of pHSL to HSL in either the RWAT (Fig. 1F) or IBAT (Fig. 1G).

Effects of MEL and photoperiod on the browning of WAT

To detect browning of WAT depots, we also performed Western blots for the markers of
white adipocyte browning, thermogenic 32-kDa UCP-1 and ~91 kDa PGC1a, which induces
the transcription of downstream thermogenic genes, including UCP-1 [15]. UCP1 and
PGC1a protein levels were significantly higher in the IWAT of the chronic LD + MEL and
SD groups compared with the LD + VEH group (£ < 0.05; Fig. 2A,E). In addition, the SD
group had a tendency of higher UCP1 and PGC1a protein compared with the LD + MEL
group, however without statistical significance (Fig. 2A,E). Similarly, UCP1 protein was
found to be significantly higher (P < 0.05) in the EWAT of the chronic LD + MEL and SD
groups than in controls (P< 0.05 vs. SD; Fig. 2B). We also found UCP1 levels were
significantly higher in the EWAT of LD + MEL group than that of the SD group (P < 0.05;
Fig. 2B). Surprisingly, PGC1a protein in the EWAT was significantly lower in the LD +
MEL and SD groups compared with the LD + VEH controls (P < 0.05; Fig. 2F). UCP-1 and
PGC1a protein in the RWAT was significantly higher in the chronic LD + MEL and SD
groups when compared with the LD + VEH controls (P < 0.05; Fig. 2C,G). There also were
significantly higher levels of UCP1 in the SD group compared with the LD + MEL group (P
< 0.05; Fig. 2C). UCP-1 protein in the IBAT was significantly higher in the chronic LD +
MEL and SD groups as compared with the LD + VEH group (£ < 0.05; Fig. 2D). There
were no significant differences in PGCla protein levels between groups (Fig. 2H).
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Co-localization of MEL1a and dopamine beta-hydroxylase

On the basis of our previous finding that SD photoperiod increases the SNS drive to WAT
[9] and demonstration that surgical SNS denervation of WAT blocks SD-induced lipid
mobilization [26], we performed immunohistochemistry for the MEL 1a and the marker for
the central noradrenergic nervous system DBH to determine whether MEL 1a was co-
localized in the central SNS circuits ultimately innervating WAT.

The results of the immunohistochemical analysis revealed clusters of neurons containing
MEL1a-ir, DBH-ir and MEL1a + DBH-ir in a variety of brain regions [higher magnification
images of the (a) arcuate nucleus (Arc), (b) paraventricular hypothalamic nucleus (PVH), (c)
nucleus accumbens (Acb) and (d-f) locus coeruleus (LC) are shown in Fig. 3].

Chronic LD + MEL and/or SD photoperiod significantly increased the numbers of MEL1a-ir
neurons in multiple brain regions. Specifically, MEL 1a-ir was significantly greater in the
DMH, PVH and suprachiasmatic nucleus (SCh) of the hypothalamus; and the HDB of the
anterior forebrain in both LD + MEL and SD groups than in the LD + VEH group (A <
0.05, Fig. 7A). In addition, we observed greater MEL 1a-ir in the LD + MEL but not the SD
photoperiod in the Acb (P< 0.05, Fig. 7A). In the PVA and Arc MEL 1a-ir was greater in the
SD group compared with the LD + VEH group (P < 0.05, Fig. 7A). MEL1a-ir in the LC of
the midbrain appeared to be greater in the SD photoperiod group than in the LD + VEH
group although this difference did not reach statistical significance (Fig. 7A).

Chronic LD + MEL and/or SD exposure also had a profound effect on DBH-ir. Both LD +
MEL and SD photoperiod exposure resulted in higher DBH-ir in multiple brain regions,
including the dorsal motor nucleus of vagus (10N) (Fig. 4 and 7B), LC (Fig. 5 and 7B),
DMH (Fig. 7B) as well as the bed nucleus of the stria terminalis (BST), magnocellular
preoptic nucleus (MCPO) and anterior hypothalamic area (AHA) (5 < 0.05, Fig 7B) than in
the LD + VEH group. SD exposed hamsters had significantly more DBH-ir cells in the
nucleus of the solitary tract (NTS) (Fig. 7B). Although LD + MEL treatment tended to result
in more DBH-ir in the NTS than in hamsters treated with LD + VEH, this difference did not
reach statistical significance (Fig. 4 and 7B).

Lastly, the numbers of double-labeled MEL1a + DBH-ir neurons were significantly higher
in the chronic LD + MEL and SD groups as compared to the LD + VEH controls in the 10N
of the hindbrain (Fig. 4 and 7C); the LC of the midbrain (Fig. 5 and 7C) and DMH (Fig. 7C)
of the hypothalamus (A < 0.05).

The LD + MEL group, but not the SD group had significantly greater colocalization of
MEL1a + DBH-ir in the SCh (Fig. 6) and MCPO while in the SD group MEL1a + DBH-ir
colocalization was statistically higher in the PVA compared with the LD + VEH group (5 <
0.05; Fig. 7C).

DISCUSSION

The data obtained in the present study support the hypothesis that MEL-driven seasonally
adaptive losses in body fat are due to SNS-stimulated lipolysis, browning of WAT and
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increased energy expenditure as a result of enhanced UCP1 expression in the BAT. More
specifically, we found that MEL administration to hamsters housed in LD or exposure to SD
significantly decreased the RWAT, IWAT, EWAT, food intake and caused testicular
regression compared to hamsters housed in LD and administered vehicle. MEL
administration as well as SD exposure also induced lipolysis in IWAT and EWAT, browning
of RWAT, IWAT, and EWAT, and increased UCP1 expression in the IBAT. Furthermore,
these studies demonstrated for the first time that LD + MEL and SD photoperiod exposure
increased MEL 1a receptor protein expression and overall noradrenergic tone within the
brain. Importantly, MEL 1a was found on the SNS efferent neurons throughout the brain
regions previously reported to be the SNS outflow to WAT and IBAT depots [8, 27-32].
Taken together, these findings reveal a distributed neural system that integrates the impact of
“winter-like” MEL signaling on the SNS to trigger obesity reversal by vast WAT browning
phenomenon.

Consistent with our previous study [2], we found that chronic LD + MEL and SD
photoperiod exposure caused a profound reduction in fat mass. It was previously reported
that MEL-induced decreases in body mass could be attributed to IBAT nonshivering
thermogenesis, increased locomotor activity and basal metabolic rate (for review see: [10,
11, 33]), despite some suggestion to the contrary [34]. Yet, regardless of the significant
reductions in WAT mass, the IBAT mass remained unchanged supporting inefficiency of
either LD + MEL or SD photoperiod to stimulate IBAT lipolysis in this study. This suggests
that LD + MEL- and SD-induced decreases in adiposity of Siberian hamsters may be
accounted for by a coordinated suite of lipolytic changes in the WAT, but not the IBAT,
ultimately facilitating lipid mobilization and utilization of WAT lipid fuels essential for the
IBAT thermogenesis.

Given that activation of the SNS innervation of WAT is the principal trigger of lipolysis via
B3-AR stimulation in all mammals (for review see: [35-37]), we measured lipid
mobilization with HSL and pHSL, in all fat pads diminished by LD + MEL or SD exposure.
In the present study, only the IWAT and EWAT of LD + MEL and SD exposed hamsters had
increased lipid mobilization as seen by the elevated pHSL/HSL ratio whereas the IBAT and
RWAT did not appear to incur lipolysis responding to the same conditions. While the
absence of pronounced lipolysis in the IBAT is not surprising given its primary role as an
effector of nonshivering thermogenesis, RWAT mass was profoundly diminished by
MEL/SD exposure despite no significant changes in lipolytic activity. In this regard, we
previously demonstrated that RWAT £3-AR protein expression, though increased after 5
weeks of SD exposure, was unaffected after 10 weeks [17]. This suggests that RWAT
lipolysis occurred at an earlier time point. Ten weeks of daily MEL injections or SD
photoperiod exposure resulted in dramatic reduction of the RWAT size, which in addition,
almost completely browned in comparison with the larger and white RWAT of vehicle-
treated littermates (unpublished observations). Together, these data suggest that the RWAT
might undergo faster lipid mobilization comparing to the IWAT or EWAT in response to LD
+ MEL/SD photoperiod, perhaps, due to ongoing browning.

The ability to harness thermogenic power by converting white adipocytes to a beige
phenotype by increasing SNS drive is an attractive perspective for obesity reversal (for
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review see: [12]). Evidence suggests that recruitment of classical brown adipocytes in WAT
induced by various metabolic stimuli (7.e., cold exposure, browning agents), primarily is due
to SNS-induced £3-AR stimulation (for review see: [12, 13]). This process generates UCP1,
which uncouples oxidative phosphorylation from ATP synthesis, releasing chemical energy
as heat. Specifically, the expression of UCP1 is regulated by the transcriptional factor
associated with the ‘thermogenic program’, PGC-1a ([14]; for review see: [15]). The key
support favoring the SNS-induced WAT browning rests on several findings: (1) the specific
and potent £3-AR agonist CL316,243 induces multilocular BAT-pertaining phenotype of
adipocytes [16], (2) the density of the SNS innervation correlates with the production of the
brown/beige adipocytes within the WAT [38] and (3) Siberian hamsters transferred from LD
to SD photoperiod in the laboratory without decreases in ambient temperature exhibit
increased B3-AR, PGC-1a and UCP1 mRNA expression in the RWAT (the only WAT pad
examined at that time) [17]. Interestingly, oral MEL has been recently found to trigger
browning of the IWAT in laboratory Zucker diabetic fatty rats [39]. In the present study, both
chronic LD + MEL and SD photoperiod exposure increased UCP1 protein in all fat depots
tested indicating the existence of a generalized browning phenomenon. SD exposure
appeared to have a more profound effect on WAT browning compared to MEL suggesting
that under SD conditions Siberian hamsters exhibit more effective browning potential. In
spite of elevated PGC-1a protein in the RWAT and IWAT induced by MEL or SD exposure,
PGC-1a levels in the IBAT was not altered across all the groups. This finding could be
explained by a ceiling effect on the quantities of PGC-1a that naturally inhabit IBAT given
its role in thermogenesis-related mitochondrial function ([40]), [41-44], for review see:

[33]).

Surprisingly, despite increased browning of the EWAT, protein for PGC-1a was significantly
diminished by LD + MEL/SD exposure. Mitochondrial biogenesis/energy metabolism, with
PGC-1a as a master regulator, is essential for the normal physiological functioning of the
testes, which is a highly active reproductive organ heavily dependent on mitochondrial
energy consumption. Previous studies have demonstrated the importance of mitochondrial
function as well as the EWAT for normal spermatogenesis; that is, testicular mitochondrial
impairments or surgical removal of the EWAT could result in testis atrophy, thus
deteriorating reproductive function [45-51]. Therefore, the decreased EWAT PGC-1a in LD
+ MEL/SD exposed animals in this study likely reflected the decreased energy usage of the
testes which regress in SDs.

The only brain region that appears to induce browning of the IWAT is the DMH.
Specifically, Chao et al. demonstrated that selective knockdown of NPY in the DMH causes
IWAT browning and, importantly, chemical IWAT SNS denervation blocks the browning
response [18]. NPY knockdown also increases UCP1 expression in both the IWAT and IBAT
suggesting enhanced energy expenditure [18]. Siberian hamsters, exposed to SD
photoperiod, have an increased SNS drive to WAT [9]. In this regard, we previously
demonstrated that MEL1a mRNA is expressed in neurons that comprise the central SNS
outflow circuitry from the forebrain [8]. Using DBH immunohistochemistry as a marker for
the central noradrenergic system [52], we found that both daily LD + MEL and SD exposure
increased MEL 1a immunostaining and overall sympathetic tone within the brain. More
specifically, the hypothalamic DMH, the midbrain LC, and the hindbrain 10N contained the
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highest number of catecholaminergic neurons expressing MEL 1a in response to MEL/SD
signals. Whereas the role of the DMH in IWAT browning was mentioned, the roles of the LC
and 10N in triggering SD responses remain elusive. The LC influences the SNS outflow to
the cardiovascular system via noradrenergic coeruleo-vasomotor and coeruleo-spinal
pathways [53-56] and regulates autonomic function via direct projections to the SNS
preganglionic neurons in the spinal cord [57-62] and, notably, via direct projections to
autonomic nuclei including the PVH, 10N, the rostral ventrolateral medulla, the amygdala
and several other nuclei, through which the activated LC produces increases in the SNS
drive and decreases in the parasympathetic activity (for review see: [63]). Finally, it is worth
mentioning that most of these sites comprised the brain circuitries for the SNS outflow to
and the sensory inflow from WAT [27, 64-66]. The results of the present study significantly
expand our knowledge of the neuroanatomical distribution of MEL 1a on the central SNS
outflow neurons projecting to WAT in view of the fact that midbrain or hindbrain
contributions had not been assessed previously.

Collectively, these results strongly suggest that activation of MEL 1a receptors, as the result
of SD photoperiod-induced increases in nocturnal MEL, increases SNS activity within
dispensed CNS nodes and trigger lipid mobilization and generalized browning, ultimately
favoring decreases in adiposity.
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Perspectives and Significance

In conclusion, activation of the SNS innervation of WAT is the principal initiator of
stimulated lipolysis. Siberian hamsters have the remarkable ability to naturally combat
obesity with the simple change of the photoperiod length that initiates a downstream
cascade involving MEL1a — SNS activation — WAT lipolysis — WAT browning. Use of
this powerful model of naturally-occurring obesity has the potential to provide a better
understanding of lipid mobilization and to define how to harness heat production by
browned WAT adipocytes to combat the obesity pandemia.
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Fig. 1.

(A) Weekly body mass gain and (B) food intake. (C) Paired adipose and testes masses
following 10 weeks of chronic MEL or SD exposure. Ratios of phosphorylated hormone-
sensitive lipase (pHSL) over the total HSL are shown in the (D) IWAT, (E) EWAT, (F)
RWAT and (G) IBAT fat depots of Siberian hamsters after 10-week MEL injections or SD
exposure. Data are presented as percentage values normalized to LD + VEH controls. 7=
15. *P< 0.05 vs. LD + MEL, #£< 0.05 vs. SD.
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10 pm 10 pm

Fig. 3.
Representative higher magnification images of the Arc (a), PVH (b), Acb (c) and LC (d-f)

showing single MEL1a (red), single DBH (green) and colocalized DBH + MEL 1a (arrows)
immunostaining. 3V, third ventricle; Acb, nucleus accumbens; Arc, arcuate nucleus; LC,
locus coeruleus; PVH, paraventricular hypothalamic nucleus. 7= 15. Scale bar = 10 ym.
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Fig. 4.
Representative photomicrographs illustrating single DBH (green), single MEL 1a (red) and

colocalized DBH + MEL 1a (yellow) immunostaining in the 10N and NTS after 10 weeks of
vehicle treatment (a-c), chronic MEL treatment (d-f) and SD photoperiod exposure (g-i). 4V,
forth ventricle; 10N, dorsal motor nucleus of vagus; 12N, hypoglossal nucleus; NTS,
nucleus of the solitary tract. 7= 15. Scale bar = 50 tm.
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Fig. 5.

Rgpresentative photomicrographs illustrating single DBH (green), single MEL1a (red) and
colocalized DBH + MEL1a (yellow) immunostaining in the LC after 10 weeks of vehicle
treatment (a-c), chronic MEL treatment (d-f) and SD photoperiod exposure (g-i). 4V, forth
ventricle; LC, locus coeruleus; Me5, mesencephalic trigeminal nucleus. 7= 15. Scale bar =

50 ym.
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LD+MEL LD+VEH

SD

Fig. 6.
Representative photomicrographs illustrating single DBH (green), single MEL 1a (red) and

colocalized DBH + MEL1a (yellow) immunostaining in the SCh after 10 weeks of vehicle
treatment (a-c), chronic MEL treatment (d-f) and SD photoperiod exposure (g-i). 3V, third
ventricle; opt, optic tract; SCh, suprachiasmatic nucleus. 7= 15. Scale bar = 50 tm.
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Fig. 7.

anntification analyses of (A) single MEL1a, (B) single DBH and (C) double MEL1a +
DBH immunoreactive neurons in the brain of Siberian hamsters following 10 weeks of
vehicle injections, MEL injections and SD exposure. 10N, dorsal motor nucleus of vagus;
12N, hypoglossal nucleus; Ach, accumbens nucleus; ADP, anterodorsal preoptic nucleus;
AHA, anterior hypothalamic area, anterior part; Arc, arcuate hypothalamic nucleus; BST,
bed nucleus of the stria terminalis; CGPn, central gray of the pons; DMH, dorsomedial
hypothalamic nucleus; HDB, nucleus of the horizontal limb of the diagonal band; LC, locus
coeruleus; MCPO, magnocellular preoptic nucleus; NTS, nucleus of the solitary tract; Pr,
prepositus nucleus; PT, pars tuberalis; PVA, paraventricular thalamic nucleus, anterior part;
PVH, paraventricular hypothalamic nucleus; Re, reuniens thalamic nucleus; Ro, nucleus of
Roller; SCh, suprachiasmatic nucleus; SO, supraoptic nucleus; VP, ventral pallidum. 7= 15.
*P<0.05vs. LD + VEH.
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