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SEASONAL CHANGES IN ADIPOKINES, FAT UTILIZATION, AND
REGULATION OF FOOD INTAKE IN GRIZZLY BEARS

(URSUS ARCTOS HORRIBILIS)

Abstract

by Jamie Lauren Gehring, M.S.
Washington State University
December 2015

Chair: Charles T. Robbins
Co-Chair: Heiko T. Jansen
Many hibernating species have evolved physiological adaptations not found in more

active organisms, including the ability to amass enormous adipose deposits. In humans, large
amounts of adipose tissue are associated with the onset of metabolic diseases. However, in
hibernating grizzly bears (Ursus arctos horribilis), obese animals are not only healthy, they are
more reproductively fit than their leaner counterparts. Because we hypothesized that adipokines
might reflect adiposity, we determined the annual serum profiles of leptin and adiponectin
relative to body fat content. Both adipokines were present at relatively low levels throughout the
active season but peaked in mid-October just prior to hibernation. Neither strongly correlated
with body fat content throughout the year. Since leptin is an appetite suppressant in other
animals, we tested the ability of centrally administered leptin to alter food intake at the beginning
(August) and end (October) of the annual hyperphagic period. Bears treated with leptin in
October significantly reduced their food intake whereas in August intake was unchanged,

suggesting that the brain’s sensitivity to leptin varies seasonally. We also cultured adipocytes



from the active season and from hibernation under a variety of conditions to measure changes in
gene expression and cellular lipolytic ability. Following treatment with bear serum collected at
different times of year, leptin and its receptor responded differentially to catecholaminergic
stimulation. The expression of genes closely related to lipolysis was significantly higher in
hibernation cells, revealing cell autonomous changes. Taken together, the results reveal both

cell-specific and systemic seasonal changes in bear adipose physiology.
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INTRODUCTION

Grizzly bears (Ursus arctos horribilis) exhibit extraordinary physiological adaptations
which allow them not only to survive extended fasts by using stored energy but also to give birth
and lactate during hibernation (Stringham 1990). Bears can gain and lose up to 40% of their
body mass during the annual cycle of pre-hibernation mass gain and subsequent loss during
hibernation (Kingsley et al. 1983). Importantly, fatter females produce more and larger cubs that
have an increased chance of survival compared to cubs born to leaner females (Dahle et al. 2006;
Derocher and Stirling 1996; Robbins et al. 2012). Females with less than 20% body fat entering
hibernation generally do not produce cubs (Robbins et al. 2012). Although female mate choice
somewhat depends on population density (Steyaert et al. 2012), females generally mate with
larger males (Bellemain et al. 2006). Thus, the selective benefits accrued by fatter females and
larger males have resulted in large appetites and almost unlimited fat accumulation in grizzly
bears. By human standards, many bears would be considered morbidly obese as they prepare to
enter hibernation. Nevertheless, they are completely healthy with no detectable circulatory,
respiratory, or other pathologies. Despite the potential significance of this adaptation, the precise
relationship between adipose tissue and the control of food intake in grizzly bears has not been
studied thoroughly.

Given the need for bears to gain body fat, we hypothesized that many of the systems that
other animals use to suppress appetite would be inoperative in grizzly bears during the active,
feeding season. Hibernation lasts 3 — 7 months in grizzly bears, yet they do not eat or drink
during this time (Hilderbrand et al. 2000; Nelson et al. 1983). Thus, a seasonal change in appetite
must occur. How bears transition from hyperphagia to anorexia is unknown but could be

facilitated by increases in adipose-derived appetite-suppressing hormones like leptin. By linking



amplitude of the signal to the quantity of adipose tissue, female bears could potentially determine
the number of embryos to implant at the beginning of hibernation (Friebe et al. 2014).

Adipose is a metabolically active endocrine organ that secretes a wide variety of peptides,
termed adipokines, which influence diverse physiological processes such as immune response,
energy homeostasis, and neuroendocrine function (Galic et al. 2010; Kershaw and Flier 2004;
Trayhurn and Beattie 2001). Adipokines are capable of acting in an autocrine, paracrine, or
endocrine fashion, thereby serving as both local and global mediators of energy status (Ahima
and Flier 2000; Friihbeck et al. 2001; Gregoire et al. 1998). Thus, seasonal variation in adipokine
concentrations is likely of critical importance to mammalian hibernators. One of these
adipokines, adiponectin, may prove to be a particularly valuable indicator of body fat content
and, therefore, reproductive fitness. Adiponectin is produced almost exclusively by adipose
tissue (Havel 2002). Although its mechanisms of action have not yet been fully elucidated,
adiponectin is thought to be an endogenous insulin sensitizer that also inhibits inflammation,
atherogenesis, and apoptosis (Bliiher 2012; Ziemke and Mantzoros 2010). In humans, circulating
adiponectin concentrations are negatively correlated with body weight (Arita et al. 1999; Bullo et
al. 2005; Meier and Gressner 2004). However, in American black bears (U. americanus) serum
adiponectin was lowest during hibernation (Hill 2013) and higher at other times of the year
(McGee-Lawrence et al. 2015). Because adiponectin levels rose as bears emerged from
hibernation, they did not correlate with adiposity as these bears could not yet have regained fat
stores comparable to pre-hibernation levels. Therefore, serum adiponectin concentrations in
hibernating mammals may be partially governed by a circannual rhythm rather than strictly by

fat mass.



Another adipokine, leptin, a product of the ob gene (Tartaglia et al. 1995), is produced
mainly by white adipose tissue (WAT), although it and its receptors are also produced in other
organs (Reidy and Weber 2000; Trayhurn and Beattie 2001). Leptin is an important regulator of
appetite in humans and rodents, with increased serum concentrations decreasing food intake
(Keim et al. 1998; Trayhurn et al. 1999; Wang et al. 1997). One of its most potent and well-
studied mechanisms of action is its inhibition of gene expression of the orexigen neuropeptide Y
in the arcuate nucleus of the hypothalamus (Cowley et al. 2001; Mantzoros et al. 2011).
However, leptin is more than simply a satiety signal — it is a highly pleiotropic hormone that
influences multiple biological pathways. It is possible that, like adiponectin, serum leptin
concentrations may be uncoupled from WAT mass (Ahima et al. 1998; Dark 2005; Kronfeld-
Schor et al. 2000). In addition to its hypothalamic influence on appetite, leptin is also involved
more directly in lipolysis (Frihbeck et al. 2014). Administration of leptin to mice activates
sympathetic nerves that innervate WAT, increasing lipolysis, local catecholamine release, and
phosphorylation of hormone sensitive lipase (Zeng et al. 2015). However, earlier studies showed
that leptin administered peripherally to rodents with denervated adipose tissue depots did not
diminish leptin’s lipolytic effect (Rooks et al. 2005), suggesting that leptin’s actions can occur
independently of sympathetic innervation.

Lipolysis is induced by catecholamines acting through the 3 main B-adrenergic receptor
subtypes (Arner 2005; Carpéné et al. 1998), which are differentially expressed depending on
species and sex (Lafontan and Berlan 1993). It is unknown which of these receptors are
expressed in grizzly bear adipose tissue. B-adrenergic receptors mediate lipolysis via endogenous
catecholamines or synthetic agonists such as isoproterenol, ultimately activating lipases like

adipose triglyceride lipase (ATGL). Lipases hydrolyze triacylglycerol (TAG) to liberate free



fatty acids (FFA) and glycerol (Ahmadian et al. 2010; Gonzéalez-Yanes and Sanchez-Margalet
2006; Lafontan et al. 1997). ATGL is the rate-limiting enzyme in TAG hydrolysis, as it removes
the first FFA (Bézaire et al. 2009; Haemmerle et al. 2006). The importance of lipolysis as an
energy source can be seen in fasting ATGL-deficient mice, which exhibit hypothermia within 5
hours of cold exposure at 4°C (Haemmerle et al. 2006). Thus, ATGL-induced lipolysis likely
plays an important role in hibernating bears.

Another important metabolic issue for hibernating bears is the limited supply of glucose
precursors. Because bears do not eat during hibernation, glycerol in lipids and amino acids in
tissue proteins are two potential substrates for glucose synthesis. However, since tissue proteins
are conserved during hibernation (Hellgren 1998; Lohuis et al. 2007), fatty acids and glycerol
released during lipolysis likely provide both the energy for hibernation and the glucose necessary
to conserve lean body mass (Ahlquist et al. 1984; Nelson et al. 1983).

To explore the seasonal control of appetite and metabolic fuel usage in grizzly bears, we
used a combination of in vivo and in vitro studies. We characterized annual fluctuations in serum
leptin and adiponectin, predicting that these would correlate with fat mass prior to hibernation if
they provide a means for bears to sense body fat content. Since leptin is also an appetite
suppressant, we hypothesized that serum leptin would exhibit a seasonal rhythm independent of
body fat content during the active season but would both suppress appetite and reflect body fat
content immediately before hibernation. Because embryo implantation occurs in early November
at the beginning of hibernation, leptin, adiponectin, or other adipokines could serve as an
important lipostatic determinant of the reproductive processes (Moschos et al. 2002).
Furthermore, we anticipated that adipocytes obtained from hibernating bears would exhibit

greater lipolytic activity in response to -adrenergic stimulation, and serum factors could



influence the lipolytic potential of adipocytes (Bruce et al. 1984; Ruitt et al. 1987; Vybiral and

Jansky 1997).



METHODS AND MATERIALS

Animals and Facilities

Grizzly bears (adult males, adult females, and juvenile males) were housed at the
Washington State University Bear Research, Education, and Conservation Center, Pullman, WA.
All procedures were approved by the WSU Institutional Animal Care and Use Committee
(protocols #3802, 4373, and 3054). Bears were maintained in accordance with the Bear Care and
Colony Health Standard Operating Procedures (protocol #4259). Unless otherwise specified,
anesthesia followed protocols described in Ware et al. (2012). Bears hibernated from November
through early- to mid-March each year, depending on weather conditions. Early August through
mid-October was considered the hyperphagic period. Beginning in mid-October food intake
decreased, ceasing entirely by late October. Bears were fed lightly beginning in mid-March, with
intake increasing to maintenance levels in early April.
Blood Sampling for Adipokine and Glycerol Determination

Over a period of 6 years, blood was collected from both anesthetized (n = 13) and trained
unanesthetized (n = 4) grizzly bears. Blood was drawn from the jugular vein in anesthetized
bears, whereas in trained bears blood was taken from a dorsal metatarsal vein while the bears
were rewarded with dilute honey. All animals had been fasted for 14-16 hours prior to sampling,
which occurred between 7:30AM and 10:00AM. Serum was separated from whole blood via
centrifugation and samples from all bears were assayed for leptin. The serum obtained from the 4
trained bears was collected over the course of 8 months (April — November) and was assayed for
adiponectin as well as leptin. Serum was collected weekly from these trained bears between
August and early November to better characterize the fall patterns in adipokine concentrations

seen in preliminary studies.



Percent body fat was determined via isotopic water dilution using a technique previously
validated for black bears, polar bears, and grizzly bears (Farley and Robbins 1994). Briefly, a
baseline blood sample was taken from a hind limb prior to injection of 8 ml of 99.8% deuterium
oxide, which was followed by a sterile saline flush. A blood sample was taken 1 hour after
deuterium oxide injection. Previous studies using anesthetized bears found that 2 hours were
required for deuterium oxide equilibration (Farley and Robbins 1994), but our preliminary
studies showed that 1 hour allowed complete equilibration in unanesthetized bears. A
commercial lab (Metabolic Solutions, Inc., Nashua, NH) analyzed pre- and post-injection serum
samples for deuterium oxide by cavity down-ring spectroscopy. Blood from anesthetized (n = 9)
and trained unanesthetized (n = 4) bears was also assayed for glycerol.

Effect of Leptin on Food Intake

To determine if leptin produces season-specific effects on food intake, we injected 4
bears with recombinant human (rh) leptin centrally during feeding trials that occurred in August,
when the bears have low serum leptin concentrations, and in October, when serum leptin
concentration peaks during the transitional period prior to hibernation. Four males (3 and 4 years
old, weighing from 120 to 220 kg) were used in these trials. Adult male bears were excluded
because the subarachnoid space could not be accessed even with fluoroscopic techniques. Bears
were housed individually in 3 m x 3 m x 2.5 m dens adjoining 3 m x 5 m x 5 m pens. During the
trial, bears were given ad libitum access to Hill’s Science Diet dry adult dog food for three days
and their intake was recorded twice daily. All food was removed on the evening of the fourth day
of the trial to allow the bears to fast 12 hours prior to anesthesia. The next day all bears were

anesthetized, with half receiving injections of rh-leptin (R&D Systems, Inc., Minneapolis, MN)



into the cerebromedullary space while the other half received injections of artificial cerebrospinal
fluid (aCSF).

Once anesthetized, the bears were placed in lateral recumbency with the head flexed
ventrally. The skin overlying the cervical spine was shaved and surgically prepared with
chlorhexidine and 70% ethanol. Anatomical landmarks such as the occipital protuberance and
the wings of the atlas were palpated to identify the appropriate injection site. A beveled spinal
needle (20- or 22-gauge, 8.89 cm in length) was inserted parallel to the ramus of the mandible
and was advanced slowly into the atlantooccipital space until clear CSF began to flow from the
hub, indicating that the subarachnoid space had been reached. A contrast study was performed on
a 3-year-old male bear to confirm this. After collecting 20 ml of the bear’s CSF, we injected 20
ml Omnipaque™ (GE Healthcare Life Sciences, Marlborough, MA) and used fluoroscopy to
visualize the flow of contrast. Omnipaque™™ entered the spinal cord, filled the subarachnoid
cisterns of the cerebrum, and moved rostrally around the brain, ultimately reaching the base of
the hypothalamus (Fig. 1). During the leptin injection feeding trials, a 35 cm extension tube was
attached to the spinal needle and then 2-6 ml CSF was collected. Next, either rh-leptin or aCSF
was injected, followed by a 2 ml flush of aCSF or the bear’s own previously collected CSF. The
amount of rh-leptin was based on brain allometry and previous studies in rodents and non-human
primates examining the effect of central leptin on food intake (Koch et al. 2010; McCarthy et al.
2002; Seeley 1996). Based on these estimates and a BLASTp search of National Center for
Biotechnology Information database, which yielded a predicted homology of 81% between
human and polar bear leptin, we increased the amount of leptin by 4.5-fold. Thus, the resulting
amounts of rh-leptin administered to the bears ranged from 2.44 to 3.42 mg. Leptin was

delivered centrally because a prohibitively large volume would be required for intravenous or



intraperitoneal delivery. Following recovery, all 4 bears were again given free access to food for
an additional 4 days, and their consumption was determined twice daily as before.

On one occasion the subarachnoid space could not be accessed. This occurred in bear C
in October 2013. However, this individual was successfully injected 48 hours later using
fluoroscopy. In this instance, food intake measurements from the first 3 days of the trial served
as baseline intake and food ingested the day after the second round of anesthesia was considered
experimental intake. Intake during the 48 hours between procedures was not used in calculations.

The average daily intake over the first three days of ad libitum feeding was designated
baseline and was compared to intake from the day of treatment. Baseline food intake was also
compared to intake from the 4 days following the injection, which was analyzed as a percentage
of the averaged 3 days of baseline consumption. Bears were fasted for 8 hours after the injection
procedure to ensure complete recovery before being given unlimited access to food. Thus, food
intake for the day of treatment was limited to 16 hours, although previous studies indicated that
bears given ad libitum access to food over 12 hours consumed the same amount of food as those
given access for 24 hours (Hilderbrand et al. 1999).

Adipocyte Culture

Fat biopsies were performed on 2 female and 2 male adult bears in the active season
(May), hyperphagic period (September and October), and during hibernation (January) to obtain
adipose-derived mesenchymal stem cells (MSC). The isolated MSC were cultured under sterile
conditions in 24-well plates using protocols described in Gehring et al. (2015, in review). Cells
were differentiated into the adipogenic lineage upon reaching confluence. On day 10-11 post-
differentiation, after cells had been in maintenance medium without rosiglitazone for the

standard 48 hours, this medium was gently aspirated and the cells were rinsed with 37°C 1 X



Krebs-Ringer Phosphate Buffer (KRPH)(20 mM HEPES, 5 mM KH;PO4, 1 mM MgSO,4, 1 mM
CaCl,, 136 mM NaCl, and 4.7 mM KCI, pH =7.4). The cells were then maintained in 667 puL
starve medium (1% antibiotic/antimycotic, 99% DMEM/F-12 containing GlutaMAX™) for 24
hours. Following another KRPH rinse, 445 uLL KRPH or KRPH with isoproterenol (0.01, 0.1, 1,
10, or 50 uM) at 37°C was added to each well. The plate was incubated in a humidified
environment at 37°C and 5% CO, for 1 hour, after which the medium was removed and stored at
-80°C until assayed for glycerol to attain the median effective dose. This general culture protocol
was used in the experiments described below with modifications where indicated.

Temperature Experiment

. Chronic low temperature: Active season and hibernation cells from the same 4 bears
were grown at a lower temperature to better approximate the in vivo condition seen in
hibernating bears (Nelson et al. 1983). Thermochron® iButton® model DS1922L (Maxim
Integrated, Inc., San Jose, CA) temperature loggers implanted subcutaneously in the axillae of
these bears in previous years indicated an average hibernating body temperature of 34.7°C.
Therefore cells were moved to a humidified incubator with 5% CO, at 34.7°C upon
differentiation. Cells were maintained at this temperature until treatment 11 days later. Treatment
with KRPH and 0.1 uM isoproterenol occurred as described above, with the 1 hour incubation
again occurring at 37°C. Treatment medium and total RNA were collected and stored at -80°C.
1. Acute low temperature: We observed that the cells grown chronically at 34.7°C had
visibly smaller lipid droplets compared to cells that had been grown at 37°C for the entirety of
the maturation process (not shown). Because of concerns that this may impact glycerol release,
we performed a second experiment using active season and hibernation cells from the same 4

bears but transferred cells to the 34.7°C incubator 8 days after differentiation medium was added.
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Thus, these cells were grown for only 3 days at the lower temperature. Treatment medium was
stored at -80°C until assayed for glycerol as before.
Undifferentiated Cells

Cells from the same bears described above were grown in a humidified environment at
37°C and 5% CO; until they reached confluence. However, rather than being exposed to
differentiation medium, the cells were immediately treated with KRPH or KRPH containing 0.1
uM isoproterenol as described above (see ‘Adipocyte Culture’) and medium was collected and
stored at -80°C as before.
Serum Swap Experiment

We collected serum at different times of year and added it to adipocyte culture medium to
investigate the possibility that a serum factor influences lipid metabolism. Active season and
hibernation cells were collected from the same 4 adult bears described above and from 3
additional juvenile male bears. Blood was collected from the jugular vein during biopsies and the
serum was separated via centrifugation and stored at -80°C. Each bear’s own serum was used on
its cells rather than pooled serum. Serum was collected during the active season (May),
hyperphagic period (September and early October), and mid-hibernation (January and February).
Prior to use in cell culture, thawed bear serum was filtered twice using 0.22 um Millex-GP
syringe filters (#SLGP033RS, EMD Millipore) and then once with a 0.1 um Anotop™ filter
(#6809-3112, Anopore™ Inorganic Membrane Filter & Glass Fiber Prefilter, Whatman™, GE
Healthcare Life Sciences, Marlborough, MA\), then treated with Primocin™ (100 pg/ml)(#ant-
pm-1, Invivogen, San Diego, CA) overnight while stored at 4°C. All surfaces and instruments

were sterilized with UV light and/or 70% ethanol between filtration steps.
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Both active season and hibernation cells were treated with one of the three serum types or
FBS upon differentiation. All medium contained 10% serum and Primocin™™ was added at a
concentration of 100 ug/ml as before. Serum substitution and medium changes continued for 10
days following differentiation. On day 12, cells were treated with KRPH or KRPH with 0.1 uM
isoproterenol as described above. Treatment medium was collected, centrifuged (10 min; 12,000
X g; 4°C) to remove debris, and stored at -80°C prior to use in a glycerol assay.

Total RNA was collected from cultures from the 4 adult bears and stored as previously
described until assayed with TagMan probes (Thermo Fisher Scientific, Beverly, MA) for the
following genes: B2-adrenergic receptor (ADRB?2), leptin (LEP), leptin receptor (LEPR), and
adipose triglyceride lipase (ATGL). These genes were selected following a search of GenBank to
confirm predicted polar bear homology (Table 2). Ribosomal protein S18 (RPS18) was used as a
housekeeping gene to normalize expression. Gene expression was quantified as fold change.
Assays

A canine leptin ELISA (#£ZCL-31K, EMD Millipore, Billerica, MA) was used to
determine serum leptin concentrations. A mouse/rat adiponectin ELISA from B-Bridge
International (#UM-100201, Thermo Fisher Scientific) was used to determine adiponectin
concentrations in serum. Glycerol content in medium was quantified using a colorimetric
glycerol assay kit from Cayman Chemical (#10010755, Ann Arbor, MI). Real-time quantitative
PCR (RT-gPCR) was performed as described in Gehring et al. (2015, in review). All samples
were handled following the manufacturer’s recommended protocol and were run in duplicate.
Adrenergic Receptors

A search of GenBank was unable to confirm the presence of B1- or $3-adrenergic

receptors in polar bears (Ursus maritimus), the closest relative to the grizzly bear (Welch et al.
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2014). Thus, the lipolytic action of isoproterenol is likely to occur via 32-adrenergic receptors,
unless grizzly bear adipocytes express different receptors than are found in polar bears. To
clarify how grizzly bears regulate lipolysis, we tested probes for f1-adrenergic receptor
(ADRB1) and 3-adrenergic receptor (ADRB3) to determine whether or not these receptors are
present in grizzly bear subcutaneous adipocytes.

Statistical Analysis

One-way ANOVAs were used to compare serum adipokine concentrations with baseline
values while unpaired two-tailed t-tests were used to assess differences in serum glycerol. In
statistical analyses of the ad libitum feeding trials, the first 3 days of intake were designated
baseline and the 4 full days following the injection were considered experimental. Two-way
ANOVAs were used to compare food intake in the feeding trials and to determine the effect of
anesthesia on serum adipokine concentrations. A paired t-test was used to find the median
effective dose of isoproterenol for use in cell culture and an unpaired t-test was used to compare
glycerol release in active and hibernation cells.

For gene expression studies treatment groups were defined as samples derived from cells
from the same season that had been cultured with the same type of serum. Fold changes were
then used to examine differences in gene expression in two ways. First, to examine baseline
seasonal differences among treatment groups that were not exposed to isoproterenol, fold
changes were calculated relative to active season cells cultured with FBS. Second, to clarify the
effect of isoproterenol stimulation on gene expression, fold change was calculated between the 0
dose and the 0.1 uM isoproterenol dose within each treatment group. Two-way ANOVAs were
used to assess the effect of cell season and serum or temperature treatment by comparing gene

expression of ADRB2, ATGL, LEP, and LEPR. We used Tukey’s multiple comparisons tests to
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determine which cell/treatment pairings had a significant effect. For LEP gene expression in
isoproterenol-treated serum swap cultures, a Sidak’s multiple comparisons test was performed to
assess differences in fold change relating to cell season of origin. Unpaired t-tests were used to
examine the relationship between cell type and serum treatment for ADRB1 expression. The a

level was 0.05 and all data are presented as mean+SEM.
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RESULTS

In Vivo Studies
Annual Serum Adipokine Profiles

Serum leptin concentrations varied over the annual cycle with the highest levels
occurring in October (F(1,156) = 7.593; P < 0.0001)(Fig. 2). Average serum leptin concentrations
in October (4.56+0.42 ng/ml, n = 12) were 4 times higher than those occurring during the rest of
the year (1.14+0.19 ng/ml, n = 17). Leptin concentrations peaked in mid-October (5.72+0.97
ng/ml, n = 7). Anesthesia did not significantly impact leptin levels in that there was no difference
between the values in anesthetized and unanesthetized bears (F,125) = 1.107; P = 0.2947).
Average serum adiponectin concentrations increased from baseline levels in April and May
(0.65+0.21 pg/ml, n = 4) to a high in October (5.45+0.4528 pg/ml, n = 4)(F67=12.67; P <
0.0001)(Fig. 3). Neither leptin nor adiponectin was highly correlated with body fat content (Fig.
3).
Feeding Trials

Ad libitum food intake did not differ between bears injected with leptin and the control
bears in August (effect of day, F 36 = 0.6736; P = 0.5739; effect of treatment, F(135=1.197; P
=0.2811), while in October the leptin treatment group consumed significantly less food than the
aCSF group (effect of day, F28) = 2.272; P = 0.1020; effect of treatment, F 2 = 5.233; P =
0.0299)(Fig. 4). No significant differences occurred between average daily intake during the
baseline period and that occurring on the day of the injection in all trials (effect of month, F ) =
1.034; P = 0.3358; effect of treatment, F( 9y = 0.1354; P = 0.7215; effect of individual, F() =
0.7578; P = 0.6569).

Serum Glycerol

15



Serum glycerol was highest during mid-hibernation and dropped to a minimum by
October (Fig. 5). Serum glycerol concentrations did not differ between anesthetized and
unanesthetized bears (tua1,62) = 1.371; P = 0.178). Outliers were identified using robust regression
and outlier removal (ROUT) and were excluded from analysis.

In Vitro Studies
Median Effective Dose

Maximum glycerol release occurred when differentiated cells from all 3 seasons were
exposed to 1 uM isoproterenol. Hyperphagic season cells released approximately 3 times more
glycerol than active season or hibernation cells, but this difference was only statistically
significant at the 0.1 uM dose (active cells tp) = 6.945; P = 0.02; hibernation cells tz) = 4.850; P
=0.0167). Therefore 0.1 uM isoproterenol was designated the median effective dose.
Undifferentiated cells released undetectable amounts of glycerol (< 0.366 ug/ml) when induced
with 0.1 uM isoproterenol.

Serum Swap Experiment

l. Glycerol Release: Glycerol release following stimulation with isoproterenol did not differ
between cells obtained during the active season and cells from hibernating bears (P = 0.125)(Fig.
6). Among active season cells, serum treatment did not influence medium glycerol content. Only
the addition of isoproterenol created significant differences (effect of isoproterenol, F 36 =
43.35; P < 0.0001; effect of serum type, F 36 = 1.328; P = 0.2804). The same trends were found
in hibernation cells (effect of isoproterenol, F 44y = 34.36; P < 0.0001; effect of serum type,
F(a44) = 0.4296; P = 0.7328).

1. Baseline Differences in Gene Expression (Fig. 7):

16



I ADRB2: Serum treatment had a significant impact on fold change (effect of cell season,
F.52) = 0.2353; P = 0.6296; effect of serum treatment, F3s2) = 12.3; P < 0.0001). All bear sera
suppressed baseline ADRB2 expression compared to FBS treatment. Active cell bear serum
treatment fold changes were significantly lower than those of hibernation cells treated with FBS.
Similarly, active season cells grown with FBS expressed higher levels of ADRB2 than did active
season cells treated with bear serum, but this difference was only significant in cells cultured
with active season serum (P = 0.029).

ii. ATGL.: Although cells grown in FBS generally expressed more ATGL than cells
incubated in bear serum, this difference was only significant in active season cells treated with
active season serum, which expressed ATGL at minimal levels compared to active season cells
grown in FBS. No other significant differences were found at baseline (effect of cell season,
Fs4) = 2.042; P = 0.1588; effect of serum treatment, Fzs4) = 2.075; P = 0.1143).

iii. LEP: Both serum treatment and interactions were found to be statistically significant
(effect of cell season, F(156) = 3.786; P = 0.0567; effect of serum treatment, Fs6) = 4.682; P =
0.0055; interaction, Fs6 = 6.189; P = 0.0010). Active season cells treated with hibernation
serum had significantly increased LEP gene expression compared to any other treatment group.
iv. LEPR: Interaction and serum treatment both exerted significant effects on fold change
(effect of cell season, F s0) = 3.553; P = 0.0653; effect of serum treatment, Fs0) = 6.490; P =
0.0009; interaction, F(s0) = 6.388; P = 0.0009). All treatment groups expressed significantly
smaller amounts of LEPR than active season cells treated with FBS.

IIl.  Response to Isoproterenol (Fig. 8):

I ADRB?2: Statistical analysis revealed significant effects of cell season, serum type, and

interaction on gene expression (effect of cell season, F(1.48) = 17.51; P = 0.0001; effect of serum
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type, Fas) = 3.918; P = 0.0140; interaction, F(4s) = 3.103; P = 0.0352). No significant
differences existed among serum treatments in active season cells (P = 0.9999). However,
hibernation cells treated with hibernation serum (16.0252+6.7287) or FBS (15.4896+6.1581)
exhibited sex-dependent responses to isoproterenol stimulation. Male bear hibernation cells
treated with FBS had an average fold change of 29.5043+6.7802; in female bears, average fold
change was only 1.4749+0.2416. Male bear hibernation cells treated with hibernation serum had
an average fold change of 30.9856+7.8782, while female bear cells from the same treatment
group averaged 1.0648+0.1129. In contrast, fold change in hibernation cells treated with active
or hyperphagic season serum did not significantly differ from the responses of active season
cells.

ii. ATGL.: Only cell season significantly impacted gene expression following stimulation
with isoproterenol (effect of cell season, F( s6 = 13.90; P = 0.0005; effect of serum type, Fs6) =
1.295; P = 0.2851). Hibernation cells treated with active season serum had significantly larger
fold changes than did active cells treated with active serum (P = 0.047), FBS (P = 0.0081), or
hibernation serum (P = 0.0283).

iii. LEP: Only cell season altered fold change among treatments (effect of cell season, F se)
=5.684; P = 0.0205; effect of serum type, Fs6 = 2.245; P = 0.0930). This difference was only
significant in active season and hibernation cells treated with hibernation serum.

iv. LEPR: Interaction and serum treatment impacted gene expression (effect of cell season,
Fse = 1.528; P = 0.2218; effect of serum type, F(z54) = 5.651; P = 0.0019; interaction, F(s4) =
8.060; P = 0.0002). Active season cells treated with hyperphagic serum had significantly larger

fold changes (4.052+0.4907) than any other treatment group. This difference was most
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pronounced when compared with active cells treated with hibernation serum or FBS (P < 0.0001)

and hibernation cells treated with hibernation or hyperphagic serum (P = 0.0005).

Temperature Experiments

An analysis of baseline subtracted medium glycerol measurements showed no difference
in glycerol release between cells from different seasons. However, temperature treatment did
influence medium glycerol (effect of cell season, F1 21y = 1.106; P = 0.3048; effect of
temperature treatment, F(21) = 12.88; P = 0.0002). Medium glycerol did not differ between
groups of cells grown at 34.7°C for 3 or 11 days (P = 0.7527), but cells grown at the lower
temperature did release less glycerol than control cells grown at 37°C (3 days, P = 0.0003; 11
days, P = 0.002). Again, gene expression did not differ between cold-cultured cells and cells
grown at 37°C, nor was cell season of origin significant in cells grown at 34.7°C.

RT-gPCR for ADRB2, ATGL, LEP, and LEPR in isoproterenol-stimulated samples
maintained at 34.7°C for 11 days showed no significant differences between cell seasons in cells
grown at lower temperatures. Additionally, gene expression did not differ significantly between
isoproterenol-stimulated cells grown at 34.7°C and 37°C.

Adrenergic Receptors

A canine probe for p3-adrenergic receptor (ADRB3) failed to amplify in mRNA samples
from differentiated cells. However, a canine probe for f1-adrenergic receptor (ADRB1) did
amplify in mRNA from cultured active season and hibernation adipocytes from male and female
bears. RT-qPCR for ADRBL1 in these samples revealed that ADRBL1 is expressed at relatively
low levels in bear adipocytes. We found no differences between hibernation cells treated with
hibernation serum or FBS (P = 0.2502), active season cells treated with active season serum or

FBS (P = 0.5488), or both cell types treated with FBS (P = 0.9567).
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DISCUSSION

Grizzly bears are metabolically primed for lipogenesis during the active season and
lipolysis during hibernation. A variety of physiological parameters were investigated to verify
this both at the cellular level and in the whole animal. Bears exhibited seasonal differences in
plasma adipokine concentrations that were at least partially independent of body fat content.
Thus, neither leptin nor adiponectin appears useful as indicators of body fat content. However,
centrally administered leptin altered ingestive behavior in pre-hibernation bears, decreasing daily
food intake compared to control animals in all trials. This effect was only seen just prior to
hibernation, supporting our hypothesis that bears are leptin-insensitive in August at the
beginning of the fall hyperphagic period. In studies of isolated bear adipocytes, quantitative PCR
showed that cell season and serum treatment can impact genes that influence adipose-derived
hormones and lipolysis.

In humans and rodents, serum leptin concentrations are highly correlated with body fat
(Zhang et al. 2002), unlike that occurring in grizzly bears. Serum leptin concentrations were
reported to be predictive of body fat in the American black bear (Spady et al. 2009). In that
study, serum leptin and body fat content were assessed in January, March, June, and October.
The primary difference in seasonal leptin trends in black and grizzly bears was that in grizzly
bears, leptin dropped to baseline levels by January, while in black bears January leptin
concentrations did not differ from the relatively high concentrations seen in October. However,
only male black bears were sampled in January, and these males had access to supplemental food
throughout the winter. In fact, most males were heavier in January than in October and had
higher body condition indices. These factors may have altered their leptin profiles, potentially

extending or delaying peak serum leptin concentrations. In our bears the rise in leptin was more
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discrete, surging in October. While a relationship still existed, it is clear that the elevated leptin
concentrations of the hyperphagic period account for much of the seasonal positive relationship
(Fig. 3A).

Our annual serum leptin profile for the grizzly bear is strikingly similar to that of the
Japanese black bear (Tsubota et al. 2008) and corroborates patterns seen in the active and
hyperphagic periods in the Spady study (2009). Our research also confirms findings from less
extensive studies of a variety of ursids, including the European brown bear (Ursus arctos arctos)
(Hissa et al. 1998) and the grizzly bear (Gardi et al. 2011). This suggests that the seasonal leptin
profile may be common to the 4 members of the genus Ursus, all of which are known to
hibernate (Nelson et al. 1983; Tsubota et al. 2008).

Based on our feeding studies, it appears that bears are insensitive to leptin during
hyperphagia but resensitize as hibernation approaches, implying that they are capable of
reversing their leptin resistance. In humans, the leptin-resistant state is a hallmark of obesity:
higher concentrations of circulating leptin in obese individuals fail to reduce body weight or
suppress appetite (Galic et al. 2010; Meier and Gressner 2004; Myers et al. 2008). In our study,
increased concentrations of leptin were most effective when bears were at their heaviest during
their annual surge of endogenous leptin. This suggests that a threshold may need to be reached
for appetite to be suppressed. Intriguingly, the fall in leptin that occurs in early hibernation does
not cause bears to resume feeding. Elucidation of the mechanism bears use to alter leptin
sensitivity may therefore have important ramifications for human obesity research. Unpublished
results from our laboratory show that brain leptin signaling is intact during hibernation,
indicating that central leptin sensitivity is independent of circulating leptin concentrations

(Jansen, unpublished results).
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The compensatory feeding that occurred on the day of the injection suggests that
cumulative daily intake is governed by an endogenous rhythm or homeostatic response to caloric
restriction. The ability to sense energy deficits would be a highly adaptive trait given the
imperative for bears to gain weight prior to hibernation (Farley and Robbins 1995). The Syrian
hamster (Mesocricetus auratus), a photoperiodic hibernator, lacks this ability and consequently
can starve to death by failing to compensate for lost food intake despite having the physical
capacity to do so (Silverman and Zucker 1976). Interestingly, while most animals exhibit
compensatory feeding to defend a certain body weight, hyperphagic bears eat enough to not just
maintain their weight, but also to continue to gain weight in preparation for hibernation despite
increasing circulating leptin concentrations.

Serum adiponectin generally followed the same patterns as leptin, except adiponectin
tended to increase slightly earlier and more gradually. Serum adiponectin in American black
bears decreased during hibernation compared to the active season. Adiponectin is thought to
inhibit bone formation, so a reduction in circulating adiponectin during hibernation could
increase osteoblast activity, balancing bone formation and resorption in hibernating bears
(McGee-Lawrence et al. 2015). Adiponectin also has insulin-sensitizing effects that could help
bears maintain lipogenesis during the active and hyperphagic periods, when bears are storing
energy as fat. Likewise, the decrease in adiponectin that occurs during hibernation might
promote insulin resistance, facilitating the development of a highly lipolytic state (Kadowaki et
al. 2006).

The elevated serum glycerol of hibernating grizzly bears relative to that of hyperphagic
bears has not been shown in all ursids. For example, serum glycerol was significantly lower

during hibernation in American black bears (Ahlquist et al. 1984). By contrast, the increased
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serum glycerol seen in hibernating grizzly bears indicates that they were fully catabolizing TAG
to mobilize FFAs as well as glycerol, which is consistent with a switch to a lipid-based
metabolism.

Surprisingly, in our cell cultures, serum treatment and cell type did not impact glycerol
release, implying that the differential glycerol release seen seasonally in vivo is dependent on
factors not found in serum or isolated cells. In the Siberian hamster (Phodopus sungorus),
seasonal differences in lipolytic function are controlled by photoperiod. Light-related signals are
relayed to adipocytes through sympathetic nerves that originate in the spinal cord, modulating
lipolysis in response to the light-dark cycle (Bartness et al. 2014). Changes in photoperiod also
alter activity seasonally in grizzly bears (Ware et al. 2012). It is therefore possible that seasonal
differences in glycerol release are in part governed by direct changes in sympathetic innervation
or activity that were not present in isolated adipocytes.

Another factor that could influence adipocyte responsiveness is the decreased body
temperatures of hibernating bears. In some mammals, cold exposure can cause physiological
remodeling in fat, such as the browning of WAT (Barbatelli et al. 2010). We cultured grizzly
bear subcutaneous adipocytes at lower temperatures to simulate hibernation. When stimulated
with isoproterenol, adipocytes cultured at 34.7°C released less glycerol than cells cultured at
37°C. Adipocytes cultured at the lower temperature for just 3 days released the same amount of
glycerol as adipocytes maintained at 34.7°C for 11 days, so it is unlikely that this decreased
glycerol release is a byproduct of the smaller lipid droplets we saw in cells cultured at low
temperatures for 11 days. As we saw before in serum-treated cells, cell season of origin did not

impact glycerol release within each temperature treatment, which again suggests that seasonal
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differences in plasma glycerol are triggered by elements that are absent from isolated
subcutaneous adipocytes.

One of the genes we investigated was ADRB2, which was selected because it initiates the
lipolytic cascade and can decrease leptin expression (Slieker et al. 1996). Hibernation cells
treated with FBS or serum from hibernating bears expressed ADRB2 at extremely high levels
following exposure to isoproterenol. The fact that these large fold changes were found in cells
treated with either bear serum or FBS suggests that this response is driven by cell autonomous
changes independent of specific serum factors. This increase could serve as a ‘priming’ effect to
facilitate an enhanced lipolytic response in hibernating bears. Closer examination of the data
revealed that this difference was only pronounced in male bears. Due to small sample size,
further study is needed to determine whether this is a valid trend. However, adrenergic receptor
expression in white adipocytes often differs greatly between species and sexes, so it is possible
that male bears do express ADRB2 at much higher levels than females (Llado et al. 2002). We
also assessed ADRBL to determine which receptor is dominant in white adipocytes. Fold
changes in ADRBL1 following isoproterenol stimulation were generally much smaller than those
seen for ADRB2. This information taken together with the fact that ADRB1 expression did not
differ by season suggests that ADRB2 is the predominant B-adrenergic receptor controlling
seasonal changes in lipolytic function.

While the B-adrenergic receptors serve as the initial interface between the nervous system
and the adipocyte, downstream lipases regulate the amount and type of substrate released from
lipid droplets within the fat cell. We assessed ATGL because it is upregulated in fasting animals
(Viscarra and Ortiz 2013) and because it liberates the first FFA from TAG molecules and thus

should reflect seasonal differences in lipase activity. Prior research in murine 3T3-L1 cells
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showed that exposure to isoproterenol decreased ATGL mRNA expression (Kralisch et al. 2005).
However, in bear cells stimulated with isoproterenol ATGL expression increased or did not
change. Because mice do not hibernate, this increase in ATGL under isoproterenol stimulation
may reflect a specific adaptation found only in hibernators. Interestingly, sera from ‘opposite’
seasons had opposite effects on adipocytes from each season, such that gene expression from
cells treated with the opposing serum type matched that of cells treated with serum from the
same season. This indicates that, as we saw for ADRB2, the cells themselves are more influential
than the serum treatment in altering gene expression, an observation that is consistent with
hibernating bears being strongly predisposed to fat catabolism.

In summary, this study outlines seasonal changes in circulating adipokines and glycerol
as well as glycerol release and gene expression in vitro. In cultured adipocytes, genes involved in
lipolysis seem to be controlled both by serum factors and season-dependent properties of the
cells themselves. We demonstrated that bears are sensitive to leptin’s central effects only during
certain time periods, which will provide the basis for future research into shifting adipokine
sensitivity in other hibernators. Grizzly bears may therefore prove to be an invaluable model of
naturally reversible leptin resistance, a condition strongly associated with obesity and metabolic
dysfunction in humans. Further research is required to identify the mechanisms bears use to

modulate their sensitivity to various adipokines.

25



LITERATURE CITED

Ahima RS, Flier JS (2000) Adipose tissue as an endocrine organ. Trends Endocrinol Metab 11
(8):327-332. d0i:10.1016/s1043-2760(00)00301-5

Ahima RS, Prabakaran D, Flier JS (1998) Postnatal leptin surge and regulation of circadian
rhythm of leptin by feeding. Implications for energy homeostasis and neuroendocrine
function. J Clin Invest 101 (5):1020-1027. doi:10.1172/jcil176

Ahlquist DA, Nelson RA, Steiger DL, Jones JD, Ellefson RD (1984) Glycerol metabolism in the
hibernating black bear. J Comp Physiol B 155 (1):75-79. doi:10.1007/bf00688794

Ahmadian M, Wang YH, Sul HS (2010) Lipolysis in adipocytes. Int J Biochem Cell Biol 42
(5):555-559. doi:10.1016/j.biocel.2009.12.009

Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa J, Hotta K, Shimomura I,
Nakamura T, Miyaoka K, Kuriyama H, Nishida M, Yamashita S, Okubo K, Matsubara K,
Muraguchi M, Ohmoto Y, Funahashi T, Matsuzawa Y (1999) Paradoxical decrease of an
adipose-specific protein, adiponectin, in obesity. Biochem Biophys Res Commun 257
(1):79-83. doi:10.1006/bbrc.1999.0255

Arner P (2005) Human fat cell lipolysis: biochemistry, regulation and clinical role. Best Pract
Res Clin Endocrinol Metab 19 (4):471-482. doi:10.1016/j.beem.2005.07.004

Barbatelli G, Murano I, Madsen L, Hao Q, Jimenez M, Kristiansen K, Giacobino JP, De Matteis
R, Cinti S (2010) The emergence of cold-induced brown adipocytes in mouse white fat
depots is determined predominantly by white to brown adipocyte transdifferentiation. Am

J Physiol Endocrinol Metab 298 (6):E1244-E1253. doi:10.1152/ajpendo.00600.2009

26



Bartness TJ, Liu Y, Shrestha YB, Ryu V (2014) Neural innervation of white adipose tissue and
the control of lipolysis. Front Neuroendocrinol 35 (4):473-493.
doi:10.1016/j.yfrne.2014.04.001

Bellemain E, Zedrosser A, Manel S, Waits LP, Taberlet P, Swenson JE (2006) The dilemma of
female mate selection in the brown bear, a species with sexually selected infanticide.
Proc R Soc Lond B Biol Sci 273 (1584):283-291. doi:10.1098/rspb.2005.3331

Bézaire V, Mairal A, Ribet C, Lefort C, Girousse A, Jocken J, Laurencikiene J, Anesia R,
Rodriguez AM, Ryden M, Stenson BM, Dani C, Ailhaud G, Arner P, Langin D (2009)
Contribution of adipose triglyceride lipase and hormone-sensitive lipase to lipolysis in
hMADS adipocytes. J Biol Chem 284 (27):18282-18291. doi:10.1074/jbc.m109.008631

Bluher M (2012) Clinical relevance of adipokines. Diabetes Metab J 36 (5):317-327.
doi:10.4093/dmj.2012.36.5.317

Bruce DS, Tuggy ML, Pearson PJ (1984) Summer hibernation induced in ground squirrels
(Citellus tridecemlineatus) by urine or plasma from hibernating bats (Myotis lucifugus or
Eptesicus fuscus). Cryobiology 21 (3):371-374

Bullé M, Salas-Salvadé J, Garcia-Lorda P (2005) Adiponectin expression and adipose tissue
lipolytic activity in lean and obese women. Obes Surg 15 (3):382-386.
doi:10.1381/0960892053576776

Carpéné C, Bousquet-Mélou A, Galitzky J, Berlan M, Lafontan MAX (1998) Lipolytic effects of
B1-, B2-, and B3-adrenergic agonists in white adipose tissue of mammals. Ann NY Acad

Sci 839 (1):186-189. doi:10.1111/j.1749-6632.1998.tb10756.x

27



Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL, Cone RD, Low MJ
(2001) Leptin activates anorexigenic POMC neurons through a neural network in the
arcuate nucleus. Nature 411 (6836):480-484. doi:10.1038/35078085

Dahle B, Zedrosser A, Swenson JE (2006) Correlates with body size and mass in yearling brown
bears (Ursus arctos). J Zool 269 (3):273-283. doi:10.1111/j.1469-7998.2006.00127.x

Dark J (2005) Annual lipid cycles in hibernators: integration of physiology and behavior. Annu
Rev Nutr 25 (1):469-497. doi:10.1146/annurev.nutr.25.050304.092514

Derocher AE, Stirling I (1996) Aspects of survival in juvenile polar bears. Can J Zool 74
(7):1246-1252. doi:10.1139/z96-138

Farley SD, Robbins CT (1994) Development of two methods to estimate body composition of
bears. Can J Zool 72 (2):220-226. doi:10.1139/294-029

Farley SD, Robbins CT (1995) Lactation, hibernation, and mass dynamics of American black
bears and grizzly bears. Can J Zool 73 (12):2216-2222. doi:10.1139/295-262

Friebe A, Evans AL, Arnemo JM, Blanc S, Brunberg S, Fleissner G, Swenson JE, Zedrosser A
(2014) Factors affecting date of implantation, parturition, and den entry estimated from
activity and body temperature in free-ranging brown bears. PLoS One 9 (7):e101410.
doi:10.1371/journal.pone.0101410

Frihbeck G, Gémez-Ambrosi J, Muruzabal FJ, Burrell MA (2001) The adipocyte: a model for
integration of endocrine and metabolic signaling in energy metabolism regulation. AmJ
Physiol Endocrinol Metab 280 (6):E827-847

Frihbeck G, Méndez-Giménez L, Fernandez-Formoso J-A, Fernandez S, Rodriguez A (2014)
Regulation of adipocyte lipolysis. Nutr Res Rev 27 (01):63-93.

doi:10.1017/5095442241400002X

28



Galic S, Oakhill JS, Steinberg GR (2010) Adipose tissue as an endocrine organ. Mol Cell
Endocrinol 316 (2):129-139. doi:10.1016/j.mce.2009.08.018

Gardi J, Nelson OL, Robbins CT, Szentirmai E, Kapas L, Krueger JM (2011) Energy
homeostasis regulatory peptides in hibernating grizzly bears. Gen Comp Endocrinol 172
(1):181-183. doi:10.1016/j.ygcen.2010.12.015

Gonzalez-Yanes C, Sanchez-Margalet V (2006) Signalling mechanisms regulating lipolysis. Cell
Signal 18 (4):401-408. doi:10.1016/j.cellsig.2005.08.009

Gregoire FM, Smas CM, Sul HS (1998) Understanding adipocyte differentiation. Physiol Rev 78
(3):783-809

Haemmerle G, Lass A, Zimmermann R, Gorkiewicz G, Meyer C, Rozman J, Heldmaier G,
Maier R, Theussl C, Eder S, Kratky D, Wagner EF, Klingenspor M, Hoefler G, Zechner
R (2006) Defective lipolysis and altered energy metabolism in mice lacking adipose
triglyceride lipase. Science 312 (5774):734-737. doi:10.1126/science.1123965

Havel PJ (2002) Control of energy homeostasis and insulin action by adipocyte hormones: leptin,
acylation stimulating protein, and adiponectin. Curr Opin Lipidol 13 (1):51-59.
doi:10.1097/00041433-200202000-00008

Hellgren EC (1998) Physiology of hibernation in bears. Ursus 10:467-477. doi:10.2307/3873159

Hilderbrand GV, Jenkins SG, Schwartz CC, Hanley TA, Robbins CT (1999) Effect of seasonal
differences in dietary meat intake on changes in body mass and composition in wild and
captive brown bears. Can J Zool 77 (10):1623-1630. doi:10.1139/299-133

Hilderbrand GV, Schwartz CC, Robbins CT, Hanley TA (2000) Effect of hibernation and
reproductive status on body mass and condition of coastal brown bears. J Wildlife

Manage 64 (1):178-183. doi:10.2307/3802988

29



Hill EM (2013) Seasonal changes in white adipose tissue in American black bears (Ursus
americanus). Master of Science, University of Tennessee, Knoxville, TN

Hissa R, Hohtola E, Tuomala-Saraméki T, Laine T, Kallio H (1998) Seasonal changes in fatty
acids and leptin contents in the plasma of the European brown bear (Ursus arctos arctos).
Ann Zool Fenn 35 (4):215-224. doi:10.2307/23735612

Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki K, Tobe K (2006) Adiponectin and
adiponectin receptors in insulin resistance, diabetes, and the metabolic syndrome. J Clin
Invest 116 (7):1784-1792. doi:10.1172/JC129126

Keim NL, Stern JS, Havel PJ (1998) Relation between circulating leptin concentrations and
appetite during a prolonged, moderate energy deficit in women. Am J Clin Nutr 68
(4):794-801

Kershaw EE, Flier JS (2004) Adipose tissue as an endocrine organ. J Clin Endocrinol Metab 89
(6):2548-2556. doi:10.1210/jc.2004-0395

Kingsley MCS, Nagy JA, Russell RH (1983) Patterns of weight gain and loss for grizzly bears in
northern Canada. Int C Bear 5:174-178. doi:10.2307/3872535

Koch C, Augustine RA, Steger J, Ganjam GK, Benzler J, Pracht C, Lowe C, Schwartz MW,
Shepherd PR, Anderson GM, Grattan DR, Tups A (2010) Leptin rapidly improves
glucose homeostasis in obese mice by increasing hypothalamic insulin sensitivity. J
Neurosci 30 (48):16180-16187. doi:10.1523/jneurosci.3202-10.2010

Kralisch S, Klein J, Lossner U, Bliher M, Paschke R, Stumvoll M, Fasshauer M (2005)
Isoproterenol, TNFalpha, and insulin downregulate adipose triglyceride lipase in 3T3-L1

adipocytes. Mol Cell Endocrinol 240 (1-2):43-49. doi:10.1016/j.mce.2005.06.002

30



Kronfeld-Schor N, Richardson C, Silvia BA, Kunz TH, Widmaier EP (2000) Dissociation of
leptin secretion and adiposity during prehibernatory fattening in little brown bats. AmJ
Physiol Regul Integr Comp Physiol 279 (4):R1277-R1281

Lafontan M, Barbe P, Galitzky J, Tavernier G, Langin D, Carpéné C, Bousquet-Mélou A, Berlan
M (1997) Adrenergic regulation of adipocyte metabolism. Hum Reprod 12 Suppl 1:6-20.
doi:10.1093/humrep/12.suppl_1.6

Lafontan M, Berlan M (1993) Fat cell adrenergic receptors and the control of white and brown
fat cell function. J Lipid Res 34 (7):1057-1091

Li R, Fan W, Tian G, Zhu H, He L, Cai J, Huang Q, Cai Q, Li B, Bai Y, Zhang Z, Zhang Y,
Wang W, LiJ, Wei F, Li H, Jian M, LiJ, Zhang Z, Nielsen R, Li D, Gu W, Yang Z,
Xuan Z, Ryder OA, Leung FC, Zhou Y, Cao J, Sun X, Fu Y, Fang X, Guo X, Wang B,
Hou R, Shen F, Mu B, Ni P, Lin R, Qian W, Wang G, Yu C, Nie W, Wang J, Wu Z,
Liang H, Min J, Wu Q, Cheng S, Ruan J, Wang M, Shi Z, Wen M, Liu B, Ren X, Zheng
H, Dong D, Cook K, Shan G, Zhang H, Kosiol C, Xie X, Lu Z, Zheng H, Li Y, Steiner
CC, Lam TT, Lin S, Zhang Q, Li G, Tian J, Gong T, Liu H, Zhang D, Fang L, Ye C,
Zhang J, HU W, Xu A, Ren Y, Zhang G, Bruford MW, LiQ, Ma L, Guo Y, AnN, HuY,
Zheng Y, ShiY, Li Z, Liu Q, Chen Y, Zhao J, QuN, Zhao S, Tian F, Wang X, Wang H,
Xu L, Liu X, Vinar T, Wang Y, Lam TW, Yiu SM, Liu S, Zhang H, Li D, Huang Y,
Wang X, Yang G, Jiang Z, Wang J, Qin N, Li L, Li J, Bolund L, Kristiansen K, Wong
GK, Olson M, Zhang X, Li S, Yang H, Wang J, Wang J (2010) The sequence and de
novo assembly of the giant panda genome. Nature 463 (7279):311-317.

doi:10.1038/nature08696

31



Lladé I, Rodriguez-Cuenca S, Pujol E, Monjo M, Estrany ME, Roca P, Palou A (2002) Gender
effects on adrenergic receptor expression and lipolysis in white adipose tissue of rats.
Obes Res 10 (4):296-305. doi:10.1038/0by.2002.41

Lohuis TD, Harlow HJ, Beck TDI (2007) Hibernating black bears (Ursus americanus)
experience skeletal muscle protein balance during winter anorexia. Comp Biochem
Physiol B Biochem Mol Biol 147 (1):20-28. doi:10.1016/j.cbpb.2006.12.020

Mantzoros CS, Magkos F, Brinkoetter M, Sienkiewicz E, Dardeno TA, Kim SY, Hamnvik OP,
Koniaris A (2011) Leptin in human physiology and pathophysiology. Am J Physiol
Endocrinol Metab 301 (4):E567-584. doi:10.1152/ajpendo.00315.2011

McCarthy TJ, Banks WA, Farrell CL, Adamu S, Derdeyn CP, Snyder AZ, Laforest R, Litzinger
DC, Martin D, LeBel CP, Welch MJ (2002) Positron emission tomography shows that
intrathecal leptin reaches the hypothalamus in baboons. J Pharmacol Exp Ther 301
(3):878-883. doi:10.1124/jpet.301.3.878

McGee-Lawrence M, Buckendahl P, Carpenter C, Henriksen K, Vaughan M, Donahue S (2015)
Suppressed bone remodeling in black bears conserves energy and bone mass during
hibernation. J Exp Biol 218 (13):2067-2074. doi:10.1242/jeb.120725

Meier U, Gressner AM (2004) Endocrine regulation of energy metabolism: review of
pathobiochemical and clinical chemical aspects of leptin, ghrelin, adiponectin, and
resistin. Clin Chem 50 (9):1511-1525. doi:10.1373/clinchem.2004.032482

Moschos S, Chan JL, Mantzoros CS (2002) Leptin and reproduction: a review. Fertil Steril 77
(3):433-444. doi:10.1016/S0015-0282(01)03010-2

Myers MG, Cowley MA, Munzberg H (2008) Mechanisms of leptin action and leptin resistance.

Annu Rev Physiol 70:537-556. doi:10.1146/annurev.physiol.70.113006.100707

32



Nelson RA, Folk GE, Jr., Pfeiffer EW, Craighead JJ, Jonkel CJ, Steiger DL (1983) Behavior,
biochemistry, and hibernation in black, grizzly, and polar bears. Int C Bear 5:284-290.
doi:10.2307/3872551

Reidy SP, Weber J (2000) Leptin: an essential regulator of lipid metabolism. Comp Biochem
Physiol A Mol Integr Physiol 125 (3):285-298. doi:10.1016/S1095-6433(00)00159-8

Robbins CT, Ben-David M, Fortin JK, Nelson OL (2012) Maternal condition determines birth
date and growth of newborn bear cubs. J Mammal 93 (2):540-546. doi:10.1644/11-
mamm-a-155.1

Rooks CR, Penn DM, Kelso E, Bowers RR, Bartness TJ, Harris RBS (2005) Sympathetic
denervation does not prevent a reduction in fat pad size of rats or mice treated with
peripherally administered leptin. Am J Physiol Regul Integr Comp Physiol 289 (1):R92-
R102. doi:10.1152/ajpregu.00858.2004

Rutt KA, Bruce DS, Chiang PP, Oeltgen PR, Welborn JR, Nilekani SP (1987) Summer
hibernation in ground squirrels (Citellus tridecemlineatus) induced by injection of whole
or fractionated plasma from hibernating black bears (Ursus americanus). J Therm Biol 12
(2):135-138. doi:10.1016/0306-4565(87)90052-0

Seeley RJ, Van Dijk, G., Campfield, L. A., Smith, F. J., Burn, P., Nelligan, J. A., Bell, S.M.,
Baskin, D.G., Woods, S.C., Schwartz, M. W. (1996) Intraventricular leptin reduces food
intake and body weight of lean rats but not obese Zucker rats. Horm Metab Res 28
(12):664-668. doi:10.1055/s-2007-979874

Silverman HJ, Zucker 1 (1976) Absence of post-fast food compensation in the golden hamster
(Mesocricetus auratus). Physiol Behav 17 (2):271-285. doi:10.1016/0031-

9384(76)90076-7

33



Slieker LJ, Sloop KW, Surface PL, Kriauciunas A, LaQuier F, Manetta J, Bue-Valleskey J,
Stephens TW (1996) Regulation of expression of ob mRNA and protein by
glucocorticoids and cAMP. J Biol Chem 271 (10):5301-5304.
doi:10.1074/jbc.271.10.5301

Spady TJ, Harlow HJ, Butterstein G, Durrant B (2009) Leptin as a surrogate indicator of body fat
in the American black bear. Ursus 20 (2):120-130. doi:10.2192/08GR025.1

Steyaert SMJG, Endrestgl A, Hacklander K, Swenson JE, Zedrosser A (2012) The mating
system of the brown bear Ursus arctos. Mammal Rev 42 (1):12-34. doi:10.1111/].1365-
2907.2011.00184.x

Stringham SF (1990) Grizzly bear reproductive rate relative to body size. Int C Bear 8:433-443.
doi:10.2307/3872948

Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards GJ, Campfield
LA, Clark FT, Deeds J, Muir C, Sanker S, Moriarty A, Moore KJ, Smutko JS, Mays GG,
Wool EA, Monroe CA, Tepper RI (1995) Identification and expression cloning of a
leptin receptor, OB-R. Cell 83 (7):1263-1271. doi:10.1016/0092-8674(95)90151-5

Trayhurn P, Beattie JH (2001) Physiological role of adipose tissue: white adipose tissue as an
endocrine and secretory organ. Proc Nutr Soc 60 (3):329-339. doi:10.1079/pns200194

Trayhurn P, Hoggard N, Mercer JG, Rayner DV (1999) Leptin: fundamental aspects. Int J Obes
Relat Metab Disord 23 Suppl 1:22-28. doi:10.1038/sj.ij0.0800791

Tsubota T, Sato M, Okano T, Nakamura S, Asano M, Komatsu T, Shibata H, Saito M (2008)
Annual changes in serum leptin concentration in the adult female Japanese black bear
(Ursus thibetanus japonicus). J Vet Med Sci 70 (12):1399-1403.

doi:10.1292/jvms.70.1399

34



Viscarra JA, Ortiz RM (2013) Cellular mechanisms regulating fuel metabolism in mammals: role
of adipose tissue and lipids during prolonged food deprivation. Metabolis 62 (7):889-897.
doi:10.1016/j.metabol.2012.12.014

Vybiral S, Jansky L (1997) Hibernation triggers and cryogens: do they play a role in hibernation?
Comp Biochem Physiol A Physiol 118 (4):1125-1133. doi:10.1016/S0300-
9629(97)00239-9

Wang Q, Bing C, Al-Barazanji K, Mossakowaska DE, Wang X-M, McBay DL, Neville WA,
Taddayon M, Pickavance L, Dryden S (1997) Interactions between leptin and
hypothalamic neuropeptide Y neurons in the control of food intake and energy
homeostasis in the rat. Diabetes 46 (3):335-341. doi:10.2337/diab.46.3.335

Ware JV, Nelson OL, Robbins CT, Jansen HT (2012) Temporal organization of activity in the
brown bear (Ursus arctos): roles of circadian rhythms, light, and food entrainment. Am J
Physiol Regul Integr Comp Physiol 303 (9):R890-R902. doi:10.1152/ajpregu.00313.2012

Welch AJ, Bedoya-Reina OC, Carretero-Paulet L, Miller W, Rode KD, Lindqvist C (2014) Polar
bears exhibit genome-wide signatures of bioenergetic adaptation to life in the arctic
environment. Genome Biol Evol 6 (2):433-450. doi:10.1093/gbe/evu025

Zeng W, Pirzgalska RM, Pereira MMA, Kubasova N, Barateiro A, Seixas E, Lu Y-H, Kozlova
A, Voss H, Martins GG, Friedman JM, Domingos Al (2015) Sympathetic neuro-adipose
connections mediate leptin-driven lipolysis. Cell 163 (1):84-94.
doi:10.1016/j.cell.2015.08.055

Zhang Y, Guo K-Y, Diaz PA, Heo M, Leibel RL (2002) Determinants of leptin gene expression
in fat depots of lean mice. Am J Physiol Regul Integr Comp Physiol 282 (1):R226-R234.

doi:10.1152/ajpregu.00392.2001

35



Ziemke F, Mantzoros CS (2010) Adiponectin in insulin resistance: lessons from translational

research. Am J Clin Nutr 91 (1):258S-261S. doi:10.3945/ajcn.2009.28449C

36



Table 1 Treatment each animal received in each trial. A = Artificial CSF; L = Leptin

Trial Date
2013 2014 2015
Bear AUG OCT AUG OCT AUG OCT

OO w>
rr>>
rr>>

L L
A A A A
L L L A

37



Table 2 Target genes, probe names, expected values, and predicted homology with U. maritimus

according to a BLASTn search of the National Center for Biotechnology Information database.

Gene TagMan Probe Interrogated U. maritimus E Identity
ID RefSeq RefSeq Value (%)

ADRB1*  Cf02691269 g1  NM_001008713.1 XM 011232074.1 3e™ 97
ADRB2  Cf02690130 s1 ~ NM_001003234.1 XM _008692744.1 8¢e™ 99

ADRB3*  Cf03022965 s1 ~ NM_001003377.1 XM _002917227 5¢e% 94
ATGL Cf02660386_g1 XM_849071.1  XM_008699672.1 2¢e™* 94
LEP Cf02621954 m1  NM_001003070.1 XM_008705840.1 4 ¢ 97

LEPR Cf02622590 NM_001024634.1 XM_008690767.1 1™ 98

*The marked probes were compared to predicted sequences for the giant panda (Ailuropoda
melanoleuca) after a search of predicted polar bear sequences failed to yield results. The giant
panda is a more distant relative of the grizzly bear for which the full genome has been sequenced

(Li et al. 2010), although this species does not hibernate.
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FIGURES
Fig. 1 Images from a contrast study in a 3-year-old male bear. a The arrow indicates the needle
injecting contrast into the subarachnoid space. S —skull, C1 — atlas, C2 — axis b,c — A false color
image shows contrast (red) spreading through the subarachnoid space, with the hypothalamus

indicated by (*). Arrows indicate the injection site ¢ — The horizontal line on this figure

represents the plane of (b)
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Fig. 2 Average monthly serum adipokine concentrations. All animals had been fasted for 12
hours prior to sampling. SEM is indicated at each time point. a — Leptin (ng/ml) in anesthetized
(n =10) and trained unanesthetized (n = 4) captive grizzly bears. (*) indicates that serum leptin
concentrations differed significantly from January values (p < 0.05). b — Leptin (ng/ml) in
trained unanesthetized (n = 4) captive grizzly bears ¢ — Adiponectin (ug/ml) in trained

unanesthetized (n = 4) captive grizzly bears
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Fig. 3 Monthly serum concentrations of a — leptin (ng/ml) and b — adiponectin (ug/ml) compared
to body fat percentage in 4 unanesthetized adult female bears in April through November of a

single year. Square points represent samples collected in October
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Fig. 4 Average cumulative post-injection intake in male bears in a — August and b — October

presented as a percentage of average baseline intake (i.e. the first 3 days of the trial)
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Fig. 5 Average glycerol concentrations (pg/ml) in serum collected from male (n = 7) and female
(n = 6) bears that were unanesthetized (n = 4) or anesthetized (n = 9). The gray background
indicates hibernation, while the white background marks the active season. The symbol **

indicates a significant difference compared to time point 10.6, when peak leptin occurred
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Fig. 6 Average glycerol concentrations (ug/ml) both at baseline and following a 60-minute

isoproterenol treatment found in medium from a — active season cells and b — hibernation cells
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Fig. 7 Baseline differences in a— ADRB2, b — ATGL, ¢ — LEP, and d — LEPR gene expression.
Fold change was calculated by comparing all samples to active season cells grown with 10%

FBS that were also not treated with isoproterenol
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Fig. 8 Effect of isoproterenol on a— ADRB2, b — ATGL, ¢ — LEP, and d — LEPR gene
expression. Fold change was calculated by comparing samples stimulated with 0.1 uM

isoproterenol with samples that were only incubated in KRPH buffer within each treatment

group
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