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Suppressed bone remodeling in black bears conserves energy
and bone mass during hibernation
Meghan McGee-Lawrence1, Patricia Buckendahl2, Caren Carpenter3, Kim Henriksen4, Michael Vaughan5 and
Seth Donahue6,*

ABSTRACT
Decreased physical activity in mammals increases bone turnover
and uncouples bone formation from bone resorption, leading to
hypercalcemia, hypercalcuria, bone loss and increased fracture risk.
Black bears, however, are physically inactive for up to 6 months
annually during hibernation without losing cortical or trabecular bone
mass. Bears have been shown to preserve trabecular bone volume
and architectural parameters and cortical bone strength, porosity and
geometrical properties during hibernation. The mechanisms that
prevent disuse osteoporosis in bears are unclear as previous studies
using histological and serum markers of bone remodeling show
conflicting results. However, previous studies used serum markers of
bone remodeling that are known to accumulate with decreased renal
function, which bears have during hibernation. Therefore, we
measured serum bone remodeling markers (BSALP and TRACP)
that do not accumulate with decreased renal function, in addition to
the concentrations of serum calcium and hormones involved in
regulating bone remodeling in hibernating and active bears. Bone
resorption and formation markers were decreased during hibernation
compared with when bears were physically active, and these findings
were supported by histomorphometric analyses of bone biopsies.
The serum concentration of cocaine and amphetamine regulated
transcript (CART), a hormone known to reduce bone resorption, was
15-fold higher during hibernation. Serum calcium concentration was
unchanged between hibernation and non-hibernation seasons.
Suppressed and balanced bone resorption and formation in
hibernating bears contributes to energy conservation, eucalcemia
and the preservation of bone mass and strength, allowing bears to
survive prolonged periods of extreme environmental conditions,
nutritional deprivation and anuria.
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INTRODUCTION
Bones perform essential mechanical functions in vertebrates, and
therefore bone mass is maintained in proportion to the mechanical
loading the skeleton experiences. Bone loss due to physical
inactivity is a universal feature in humans and the experimental

menagerie (e.g. mice, rats, turkeys, dogs and sheep) (Rubin et al.,
1988; Gross and Rubin, 1995; Li et al., 2005; Turner et al., 2006;
Lloyd et al., 2012). Disuse-induced bone loss is associated
with unbalanced bone remodeling (i.e. increased bone resorption
and/or decreased bone formation), which leads to increased
concentrations of serum and urinary calcium (Watanabe et al.,
2004). Bone is also a calcium reservoir, containing 99% of the
calcium in the body, and participates in systemic calcium
homeostasis by helping maintain the minute-to-minute regulation
of blood calcium concentration through bone remodeling (Green,
1994). Additionally, there are recently discovered roles for bone in
the regulation of fat and energy metabolism (Karsenty and Ferron,
2012). Thus, along with mechanical loading, there are many
competing physiological demands to which bone remodeling
activity responds, ultimately influencing bone mass, strength and
fracture risk (Doherty et al., 2015).

Hibernating bears are physically inactive for up to 6 months per
year, but unlike most mammals, bears do not experience negative
effects of this disuse period on bone structure and strength (McGee
et al., 2008; McGee-Lawrence et al., 2009a,b). Thus, bears have
evolved mechanisms to survive prolonged periods of extreme
conditions without increased bone loss and fracture risk. This
adaptation helps bears maintain the necessary physicality to forage
and copulate (implantation is delayed until hibernation) following
emergence from hibernation, promoting species survival. The
biological mechanism that prevents bone loss in hibernating bears is
unknown, but it was suggested that bone resorption and formation
remain balanced in hibernating bears to help maintain calcium
homeostasis (Donahue et al., 2006). It has been suggested bears do
not excrete waste during hibernation (Nelson et al., 1984), although
it is possible that they excrete miniscule amounts of waste during
this period. It was previously proposed that bears recycle calcium
released from bone by osteoclastic resorption back into bone
via osteoblastic bone formation to help maintain homeostatic
serum calcium concentration (Donahue et al., 2006), similar to the
bear’s ability to recycle urea nitrogen during hibernation (Nelson
et al., 1984). Mechanistic data for these hypotheses, however, are
conflicting. A cross-sectional static and dynamic histomorphometry
study in hibernating and active grizzly bears, Ursus arctos
horribilis, showed bone remodeling is decreased to 25% of
summer levels during hibernation and bone resorption and
formation activity are balanced (McGee et al., 2008), which
would contribute to eucalcemia. In contrast, a cross-sectional study
of serum markers of bone remodeling (bone formation: bone-
specific alkaline phosphatase, BSALP; bone resorption: carboxy-
terminal telopeptide of type 1 collagen, CTX) in black bears, Ursus
americanus, indicated increased bone resorption with decreased
bone formation during hibernation (Seger et al., 2011), whereas a
longitudinal study of serum markers of bone remodeling (bone
formation: C-terminal propeptide of type 1 procollagen, PICP;Received 6 February 2015; Accepted 21 April 2015
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bone resorption: C-terminal cross-linked telopeptide of type 1
procollagen, ICTP) in black bears indicated that both resorption and
formation markers increased during hibernation (Donahue et al.,
2006). A possible explanation for the conflicting results from
previous studies is that they analyzed circulating markers of bone
remodeling that accumulate in serum with decreased renal function
(Urena and de Vernejoul, 1999), and bears have decreased renal
output during hibernation (Nelson et al., 1975). The bone formation
marker BSALP and bone resorption marker TRACP (tartrate-
resistant acid phosphatase) do not accumulate with advancing
kidney dysfunction and decreased glomerular filtration rate
(Fahrleitner-Pammer et al., 2008). Given decreased glomerular
filtration rates in hibernating bears (Brown et al., 1971), BSALP and
TRACP are among the most reliable bone remodeling markers but,
to date, no studies on hibernating bears have measured thesemarkers
simultaneously in a longitudinal study.
Hibernation, in many species, is characterized by suppressed

metabolism to conserve energy during prolonged fasting (Carey
et al., 2003; Toien et al., 2011). For example, metabolic rate and
heart rate are reduced to approximately 25% of summer levels in
hibernating black bears (Toien et al., 2011); it is intriguing to note
that intracortical bone remodeling in hibernating bears is also
reduced to about 25% of summer levels (McGee et al., 2008).
Because bone remodeling is metabolically expensive, increased
bone remodeling, which typically occurs with disuse, during
hibernation would compete for energy stores with other
physiological functions critical for survival, such as cardiac
output and respiration. It seems more likely that bone turnover
would be reduced during hibernation, as other physiological
functions are, to conserve energy, but results from previous studies
have provided conflicting evidence. To better address mechanisms
of bone turnover and calcium homeostasis during hibernation,
seasonal changes in serum concentrations of calcium and bone
remodeling markers that do not accumulate with decreased renal
function (BSALP and TRACP) were quantified in hibernating
black bears. Additionally, trans-ilial biopsies were obtained
from two bears during pre-hibernation, hibernation and the
transition out of hibernation to assess histological indices of

bone remodeling longitudinally. Insulin, glucose, adiponectin and
neuroendocrine factors also were quantified to assess energy
metabolism as there is a switch from carbohydrate- to fat-based
energy sources during hibernation (Carey et al., 2003) and there is
a strong link between fat, energy and bone metabolism (Karsenty
and Ferron, 2012).

RESULTS
Decreased serum blood urea nitrogen:creatinine ratios
indicate hibernation status
The serum blood urea nitrogen (BUN):creatinine ratio showed
significant (P=0.0004) seasonal variations. It was lowest in
hibernating bears, confirming reduced renal clearance during
hibernation (Table 1). Historically, a serum urea:creatinine ratio of
less than 10, indicative of reduced renal function, has been
considered the defining state of hibernation in bears that are on an
adequate nutritional plane (Nelson et al., 1984). BUN levels were
lowest and creatinine levels were highest in the hibernating bears,
resulting in a BUN:creatinine ratio of 3.4 during hibernation
compared with a ratio of 15.7 pre-hibernation. BUN:creatinine
ratios of 6.1 and 10.5 for periods of transition into hibernation
and out of hibernation, respectively, reflect that hibernation is not
an all-or-none process, but rather is a gradual transition into and
out of a hypometabolic state (Fig. 1). In the 10 bears for which
body mass was measured at the beginning and end of hibernation,
there was a 26.5±6.4% loss of body mass over the 3 month
hibernation period.

Normal serum calcium concentration is maintained during
hibernation
Neither total nor ionized serum calcium concentration showed
significant (P>0.14) seasonal variation (Table 1, Fig. 2), confirming
eucalcemia throughout the year as reported previously for total
serum calcium (Floyd et al., 1990; Seger et al., 2011). Seven of
the bears studied gave birth during hibernation to an average litter
size of 2.1±0.4 cubs. Total serum calcium concentration was
independent of cub birth, but ionized calcium concentration was
significantly (P=0.033) lower (4%) in bears that gave birth.

Table 1. The concentrations of serum chemistry, energy metabolism, bone remodeling and endocrine parameters

Pre-hibernation Transition in Hibernation Transition out

Serum chemistry
BUN:creatinine 15.7±5.5a 6.1±1.2b,c 3.4±2.0c 10.5±4.3a,b

Total calcium (mg dl−1) 8.7±0.4 8.7±0.2 8.6±0.2 8.3±0.3
Ionized calcium (mg dl−1) 3.7±0.1 3.7±0.2 3.6±0.2 3.8±0.1

Energy metabolism
Glucose (mg dl−1) 165±49a,b 185±34a 120±16c 139±41b,c

Insulin (μIU ml−1) 8.5±3.2a 6.4±2.0a,b 5.7±1.7b 7.5±3.4a,b

Bone remodeling
OCN (ng ml−1) 24.3±15.4a 25.3±16.1a 53.9±26.1b 41.6±18.9b

BSALP (U l−1) 20.0±16.3a 13.4±9.3a,b 9.6±3.2b 21.2±10.7a

TRACP (OD) 1.12±0.16a,b 1.22±0.36a 0.98±0.21b 1.32±0.18a

Endocrine
Adiponectin (ng ml−1) 2013±434a 1815±239a 1333±177b 1907±366a

NPY (pmol l−1) 202±59a,b 221±56a 226±46a 192±57b

CART (ng ml−1) 8.0±10.8a 35.7±36.7b 119.2±52.6c 16.7±10.9d

Seasonal means±s.d. are presented; values with different superscript letters are significantly (P<0.05) different from one another. OD, optical density.
Number of serum samples and bears used for each assay: BUN (blood urea nitrogen):creatinine, 63 samples from 5 bears; total calcium, 63 samples from 5
bears; ionized calcium, 95 samples from 7 bears; glucose, 167 samples from 10 bears; insulin, 170 samples from 10 bears; OCN (osteocalcin), 182 samples from
10 bears; BSALP (bone-specific alkaline phosphatase), 154 samples from 10 bears; TRACP (tartrate resistant acid phosphatase), 169 samples from 9 bears;
adiponectin, 165 samples from 9 bears; NPY (neuropeptide Y), 186 samples from 5 bears; CART (cocaine and amphetamine regulated transcript), 97 samples
from 5 bears.
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Bone remodeling is suppressed during hibernation
Serum concentrations of osteocalcin (OCN) were significantly
(P=0.0001) elevated by 113% during hibernation relative to pre-
hibernation levels (Table 1), similar to previous findings
(Donahue et al., 2006). However, serum osteocalcin is known

to accumulate and not reliably indicate bone formation during
renal dysfunction (Fahrleitner-Pammer et al., 2008). Serum
BSALP, which does not accumulate during decreased
glomerular function, showed significant (P=0.007) seasonal
variation; there was a gradual reduction from pre-hibernation to
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Fig. 1. The ratio of the serum concentrations of blood urea
nitrogen (BUN) to creatinine in a representative sample of two
black bears. One bear gave birth during hibernation (bear 105), the
other did not (bear 103). Dashed lines represent the approximate start
and end times of hibernation (January to March).
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Fig. 2. Total and ionized calcium concentration in serum from four black bears. Filled symbols, total calcium concentration; open symbols, ionized calcium
concentration. Dashed lines represent the approximate start and end times of hibernation (January to March). The age of the bear and the birth of cubs during the
hibernation season are indicated in the key; only bear 103 did not have cubs during hibernation.
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hibernation and an increase from hibernation through the transition
out of hibernation, where it reached the pre-hibernation levels
(Table 1, Fig. 3). Similarly, bone biopsies showed a reduced number
of osteoblasts on bone surfaces during hibernation (0.15±0.11%)
compared with pre-hibernation (1.96±0.29%) and the transition out
of hibernation (9.37±12.23%) (Table 2). The serum level of TRACP
also showed significant (P=0.003) changes, with a gradual decline
from pre-hibernation to hibernation and a gradual increase during the
transition out of hibernation (Fig. 4), reaching its lowest value during
hibernation (Table 1), indicating reduced osteoclast number.
Histological analyses also indicated reduced osteoclast number on
bone surfaces during hibernation (0.63±0.78%) compared with pre-
hibernation (1.45±0.46%) and the transition out of hibernation
(4.01±2.46%) (Table 2). Serum TRACP levels were significantly
(P=0.034) higher (20%) in sows that gave birth compared with
non-parous females.

Serum cocaine and amphetamine regulated transcript
concentration increases during hibernation
The serum concentration of cocaine and amphetamine regulated
transcript (CART), a hormone known to reduce bone resorption
(Singh et al., 2008), was significantly (P=0.002) different in all four
seasons (Table 1). Lowest values were found in the pre-hibernation
season and the concentration increased during the transition
into hibernation and reached its highest level during hibernation.
Following hibernation, CART concentration significantly
decreased. The significant (P=0.004) seasonal changes in serum

neuropeptide Y (NPY) concentration were relatively modest
(Table 1). NPY is known to inhibit osteoblast and osteoclast cells
(Shi and Baldock, 2012). The serum NPY concentration was lower
during the transition out of hibernation compared with levels in
hibernation and the transition into hibernation. Adiponectin, which
can have negative effects on bone formation (Khor et al., 2013), was
significantly (P=0.0006) lower during hibernation than in the other
three time periods. Both serum glucose (P=0.0003) and insulin
(P=0.012) were significantly lower during hibernation than in the
pre-hibernation period (Table 1).

DISCUSSION
In most mammals, disuse leads to unbalanced bone remodeling and
increases in serum calcium concentration and urinary calcium
excretion (Weinreb et al., 1989; LeBlanc et al., 1995). This leads to
weaker bones and increased fracture risk. Conversely, serum markers
in the current study show hibernating black bears have reduced bone
turnover during hibernation, and this is supported by histological
studies (McGee et al., 2008; McGee-Lawrence et al., 2009b).
Reduced bone remodeling during hibernation would contribute to
the global metabolic suppression that occurs during hibernation
(Toien et al., 2011) to conserve energy supplies (primarily fat) during
the prolonged nutritional deprivation. The finding that serum calcium
concentration is unchanged between hibernation and non-hibernation
periods supports the idea that bone formation and resorption are
balanced during hibernation, as histological studies suggest (McGee
et al., 2008; McGee-Lawrence et al., 2009b), as bears are a closed
system during hibernation (i.e. no calcium intake or excretion).
Balanced bone resorption and formation activity maintains
homeostatic serum calcium concentration, which is critical for
maintaining extracellular fluid calcium concentrations and normal
organ function (Green, 1994), and also preserves bone structure and
strength (McGee et al., 2008; McGee-Lawrence et al., 2009a), which
reduces fracture risk during remobilization upon emergence from
hibernation. This unique ability to reduce bone turnover to conserve
metabolic energy and prevent bone loss during prolonged periods of
disuse contributes to bears’ ability to survive prolonged periods
of extreme environmental conditions.
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Fig. 3. The serum levels of the bone formation marker BSALP
from five black bears. Dashed lines represent the approximate
start and end times of hibernation (January to March). The age of
the bear and the birth of cubs during the hibernation season are
indicated in the key; only bear 109 and 110 had cubs during
hibernation.

Table 2. Histological data from trans-ilial biopsies from two bears

Measured variable Pre-hibernation Hibernation Transition out

ObS/BS (%) 1.96±0.29 0.15±0.11 9.37±12.23
OcS/BS (%) 1.45±0.46 0.63±0.78 4.01±2.46
MS/BS (%) 10.13±8.49 6.64±1.58 5.32±7.22
MAR (µm day−1) 1.70±0.52 1.67±0.57 1.59±0.44

Means±s.d. are presented.
ObS, osteoblast surface; OcS, osteoclast surface; MS, mineralizing surface;
BS, bone surface; MAR, mineral apposition rate; Pre-hibernation, October;
Hibernation, February; Transition out: April.
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The serum level of the osteoclast marker TRACPwas 20% higher
in sows that gave birth as compared with those that did not. This
raises the possibility that some calcium may be liberated from the
maternal skeleton for milk production. The serum ionized calcium
concentration was significantly (4%) lower in bears that gave birth,
suggesting some calcium may be transferred from the sow to
facilitate fetal development and lactation post-partum. Despite the
possibility of increased bone resorption activity in sows that gave
birth, female bears have bones that are mineralized to the same
levels as male bears (McGee-Lawrence et al., 2009a). Bear cub birth
mass is extremely low relative to maternal body mass: about 0.3% of
maternal mass for bears compared with 1–5% for other carnivores
(Oftedal et al., 1993). Thus, the extremely small cub birth mass may
have evolved in part to protect the maternal skeleton as she does not
ingest calcium during pregnancy and lactation. The small amount of
calcium lost to cubs may be recovered when foraging resumes
following hibernation.
Factors like adiponectin, CART and NPY, which are commonly

associated with feeding and fat metabolism, can also have peripheral
influences on bone metabolism. For example, in vitro and clinical
studies suggest adiponectin has negative effects on bone formation
(Khor et al., 2013). Thus, reduced circulating adiponectin during
hibernation possibly removes an inhibitory effect on osteoblasts,
allowing bone formation to maintain balance with bone resorption
even though osteoblasts are challenged by reduced mechanical
loading during the physical inactivity that occurs during
hibernation. Low adiponectin is also linked to insulin resistance
(Caselli, 2014). Thus, reduced adiponectin during hibernation also
likely promotes the insulin resistance and lypolytic state observed in
hibernating bears (Nelson et al., 2014). Peripheral NPY inhibits
the number and activity of both osteoblast and osteoclast cells
(Shi and Baldock, 2012). Thus, the high circulating NPY levels in
hibernating bears may contribute to the decreased bone remodeling
activity during hibernation. Central CART and NPY are well
known for their effects on the regulation of feeding. However, the
endocrine actions of peripheral CART, produced primarily in the

pituitary and pancreas, may be more important in the regulation
of bone remodeling than central CART (Singh et al., 2008).
Overexpression of peripheral CART was shown to inhibit
osteoclastogenesis and rescue the low bone mass phenotype of
CART knockout mice. Serum CART was approximately 15 times
higher in hibernating bears than in pre-hibernation bears, raising the
possibility that it has a potent inhibitory effect on bone resorption
during hibernation. This hypothesis is consistent with findings from
the current study of lower values of serum TRACP and histological
indices of osteoclast number during hibernation, and the previous
finding of reduced activation frequency of bone remodeling units in
hibernating grizzly bears (McGee et al., 2008). However, at present, it
is unclear whether these results are correlative, or whether CARTmay
act as an effector molecule inmechanisms regulating bone remodeling
in hibernating bears. Ongoing and future studies, including
proteomics analyses, will be necessary to better understand the role
of peripheral CART in hibernating bear physiology.

Fat is the primary energy source bears use to survive hibernation
(Hellgren, 1998). Black bears lose approximately 25% of their body
mass, almost exclusively fat mass, during hibernation (Hellgren
et al., 1990). Hyperphagia prior to hibernation promotes the
accumulation of large fat stores and there is a transition from
carbohydrate oxidation to fat combustion during hibernation (Carey
et al., 2003). Consistent with this, we found that serum levels of
glucose significantly decreased between pre-hibernation and
hibernation seasons (Table 1). Insulin also decreased from pre-
hibernation to hibernation periods, similar to findings in grizzly
bears, which show insulin resistance without hyperglycemia during
hibernation (Nelson et al., 2014). Insulin signaling in osteoblasts
triggers decreased production of osteoprotegerin and subsequent
activation of osteoclast-mediated bone resorption (Karsenty and
Ferron, 2012). Thus, reduced circulating insulin during hibernation
may help promote reduced bone remodeling, which would contribute
to energy conservation. In mice, insulin signaling in osteoblasts is
associated with undercarboxylated osteocalcin-induced insulin
secretion from beta cells (Karsenty and Ferron, 2012). Osteocalcin
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Fig. 4. The optical density (OD) for the serum
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also promotes adiponectin expression in the adipocytes of mice (Lee
and Karsenty, 2008). We were unable to measure undercarboxylated
osteocalcin in bear serum, but it is strongly correlated with total
osteocalcin in other species and total osteocalcin is inversely
correlated with glucose metabolism in humans (Booth et al., 2013).
In bears, elevated serum osteocalcin during hibernation coincided
with decreased insulin and adiponectin concentrations; however, the
increase in the serum concentration of total osteocalcin during
hibernation is likely a result of reduced renal clearance (Fahrleitner-
Pammer et al., 2008). It is also possible that increased concentrations
of osteocalcin fragments contributed to the increased osteocalcin
concentration found during hibernation (Calvo et al., 1996). Thus, it
is difficult to interpret the role osteocalcin plays in energymetabolism
in hibernating bears.
It should be noted that serum markers of bone metabolism reflect

net bone metabolism from the entire skeleton and that it is possible
that focal regions within the skeleton show different seasonal
changes in bone remodeling from those indicated by serummarkers.
It is conceivable that repeated anesthesia during the study period
influenced the serum measurements. However, the anesthesia
administration was consistent throughout the study and none of
the outcome variables increased or decreased continuously over the
entire study period (i.e. with repeated anesthesia). In contrast, they
showed reversible changes (e.g. BSALP) or no changes (e.g.
calcium) over the duration of the study period. It is also possible that
dietary differences between wild and captive conditions influence
bone metabolism. However, all the samples that were analyzed in
this study were collected during captive conditions, and thus the
relative seasonal comparisons are from bears that were on the same
diet (high protein dog food).
A myriad of neural, endocrine, paracrine and mechanical signals

influence bonemass and strength duringdevelopment, senescence and
various disease states. The analysis of the hormones that can influence
bone remodeling in this study is by no means complete, but results
from the current work do provide novel insight into the possible roles
of insulin, adiponectin, NPYand CART in regulating the unique bone
remodeling processes that bears have evolved to avoid the deleterious
consequences of prolonged disuse and to survive, and reproduce
during, the extreme environmental conditions of hibernation.
Additionally, the longitudinal analyses of serum calcium and bone
remodeling markers (i.e. BSALP and TRACP) that do not accumulate
with decreased renal function support the idea that bone remodeling is
decreased, but balanced, during hibernation. Hibernating bears are
metabolicmarvels (Nelson, 1987) that have the ability to be physically
inactive and obese without experiencing complications such as heart
disease, skeletal muscle atrophy and diabetes (Harlow et al., 2001;
Nelson et al., 2003, 2014). Integrative physiologyand systems biology
approaches will undoubtedly shed new light on the mechanisms of the
unique metabolism of numerous tissues and organs in hibernating
bears and have transformative impact on novel approaches to
understanding and treating human diseases.

MATERIALS AND METHODS
Bear handling and blood sample collection
The Virginia Polytechnic Institute and State University Animal Care
Committee approved all bear handling protocols (no. 98-069-F&WS).
A total of 13 female black bears between 2006 and 2009 were captured and
held in pens in the Virginia Tech Center for Bear Research from autumn
through to spring, representing one full hibernation season. Upon
completion of the study, the bears were released. The bears were between
2 and 21 years old, and many gave birth to cubs during hibernation;
information regarding ages and cub births are provided in Table 3. Bears

demonstrating behavior indicative of stress, such as pacing, were released
and not used in the study. Bears were fed 2000 g of high protein (25–27%
protein) dog food daily from the date of capture until 1 December.
Beginning on 1 December, the amount of provided food was reduced by
50% every 10 days until feeding was stopped completely on December 31.
Food was reintroduced to the bears on the first of April upon emergence
from hibernation.

To facilitate blood sample collection during the study, bears were
anesthetized via pneumatic dart with a 2:1 mixture of ketamine
(100 mg ml−1):xylazine (100 mg ml−1); the dosage was 1 ml of the
mixture per 45.5 kg of body mass. Blood samples were drawn from the
femoral vein while the bears were anesthetized, and the samples were
transported to the laboratory in an ice-packed cooler. Immediately upon
arrival in the laboratory, the blood was spun to isolate the serum, which was
partitioned into aliquots and frozen at −80°C. Blood samples were collected
from each bear every 10 days from the beginning of October until the end of
May. Hibernation began in early January and ended in early April. Thus, the
collection dates encompassed an active pre-hibernation period, a disuse
hibernation period and a post-hibernation remobilization period, including
the transitory periods between seasons (defined below).

To assess the effects of hibernation on bone, calcium and energy
metabolism, serum concentrations of BUN, creatinine, total and ionized
calcium, bone remodeling markers, glucose, insulin, adiponectin, NPY and
CART were quantified. Bone remodeling markers that do not accumulate
with renal dysfunction were selected for analysis. TRACP is an indicator of
osteoclast number and BSALP is an indicator of osteoblastic bone
formation. The serum marker of bone formation osteocalcin, which does
accumulate with renal dysfunction, was also quantified for comparison with
previous findings (Donahue et al., 2006). Additionally, trans-ilial biopsies
(8 mm diameter) were obtained from two bears during pre-hibernation,
hibernation and the transition out of hibernation time points to assess
histological indices of bone remodeling.

The entrance into and emergence from hibernation are not immediate
processes. Instead, metabolism is gradually suppressed over a period of
weeks while the bears are still active outside of the hibernacula, during
which time the animals experience reduced physical activity and feeding.
Similarly, after emergence from the hibernacula, activity, feeding and
metabolism are gradually increased. Black bears require approximately 2–
3 weeks following emergence to reach summer basal metabolic rate (BMR)
(Toien et al., 2011). While in the den, black bear metabolism remains
steadily suppressed to approximately 25% of summer BMR (Toien et al.,
2011). This physiological pattern is reflected by renal activity, measured as
serum ratios between urea and creatinine; hibernation BUN:creatinine ratios
are less than half of summer values (Nelson et al., 1984). There is a gradual
decrease in the BUN:creatinine ratio, prior to the onset of hibernation, that
corresponds approximately to the 30 day period of reduced food intake
(Hellgren et al., 1990). Based on these findings, four periods corresponding
to metabolic status were defined for the collected serum samples:

Table 3. Age, number of offspring and year of blood collection for the
bears used in this study

Bear ID Age No. of cubs Year

98 Unknown 0 2006–7
99 Unknown 2 2006–7
100 2 0 2007–8
101 4 2 2007–8
102 8 2 2007–8
103 5 0 2007–8
104 9 2 2007–8
105 14 2 2007–8
107 2 0 2008–9
108 4 0 2008–9
109 3 2 2008–9
110* 3 3 2008–9
111* 21 0 2008–9

Asterisks indicate bears from which biopsies were obtained for histological
analyses.
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pre-hibernation (10 October to 30 November), transition into hibernation
(10–30 December), hibernation (10 January to 30 March) and transition out
of hibernation (10 April to 10 May).

Fluorochrome labeling and iliac biopsy
Trans-ilial biopsies (8 mm diameter) were available from only two bears
during pre-hibernation, hibernation and post-hibernation time points as
previously described (Floyd et al., 1990); biopsy dates were 20 October
2008, 28 February 2009 and 30 April 2009, respectively. The right ilium
was used for pre- and post-hibernation biopsies and the left ilium was used
for biopsies during hibernation. The second set of biopsies from the right
iliumwere taken approximately 5 cm away from the first biopsy site to avoid
sampling the previous site and any subsequent artifact from ongoing wound-
healing processes (Rao, 1983). Bears were administered i.v. solutions of
tetracycline (15 mg kg−1 body mass; October), calcein (5 mg kg−1 body
mass; February) or alizarin complexone (20 mg kg−1 bodymass; April) twice
prior to each biopsy procedure; injections were given 10 days apart, and
9–11 days passed after the second label was administered before samples were
harvested. Biopsies were fixed in 10% neutral buffered formalin and stored in
70% ethanol prior to being histologically processed as previously described
(McGee-Lawrence et al., 2009b). Osteoblast surface (osteoblast surface/bone
surface, %), osteoclast surface (osteoclast surface/bone surface, %),
mineralizing surface (mineralizing surface/bone surface, %) and mineral
apposition rate (µm day−1) were calculated for each biopsy.

Biochemical assays: bone remodeling
Serum TRACP activity was quantified as follows: 10 µl of plasma from the
bears was diluted in 10 µl MilliQ water, and added to 80 µl of freshly
prepared reaction buffer (0.33 mol l−1 acetic acid, 0.167% Triton X-100,
0.33 mol l−1 NaCl, 3.33 mmol l−1 EDTA at pH 5.5, 1.5 mg ml−1 ascorbic
acid, 7.66 mg ml−1 Na2-tartrate, 3 mg ml−1 4-nitrophenylphosphate). The
optical density at 405 nm, with reference 650 nm, was quantified. Relative
optical densities are reported as no reference enzyme for TRACP exists.
Notwithstanding, there is good correlation between serum optical density
values for TRACP and osteoclast numbers in bone (Henriksen et al., 2007).

Activities of BSALP and total alkaline phosphatase (ALP) were
determined by differential binding to wheat germ lectin (WGL) as
follows: 25 µl of serum was mixed with 25 µl of WGL solution
(4.5 mg ml−1) and the mixture was incubated at 37°C for 30 min. The
mixture was centrifuged for 2 min, and alkaline phosphatase activities of the
supernatant and parallel untreated serum were quantified by a kinetic
colorimetric assay at an optical density of 405 nm (Sigma, St Louis, MO,
USA). Total serum ALP was the activity of the untreated serum. BSALP
activity was quantified by subtracting the WGL supernatant from the total
ALP activity. SerumOCNwas quantified as previously described (Donahue
et al., 2006). Briefly, 10 µl bear serum was assayed in duplicate by
radioimmunoassay (RIA). The antibody was guinea-pig anti-rat OCN and
the tracer was 125I-labeled rat OCN. Dose dilutions of purified bear OCN
(Donahue et al., 2006) were used as standards. Intra-sample measurements
varied by less than 5%.

Biochemical assays: serum chemistry and metabolism
Insulin was quantified using the Millipore (Linco Research Inc., St Louis,
MO, USA) RIA method. Sensitivity of the method is 2 IU ml−1. Intra-assay
precision averaged 3.2% while inter-assay precision averaged 3.9%.
Chemistry panels (including total calcium, glucose, BUN and creatinine)
were performed on a Roche modular P Clinical Chemistry analyzer (Roche,
Nutley, NJ, USA). Kidney function was assessed by calculating BUN:
creatinine ratios. Ionized calcium was quantified with an ion-selective
electrode (Bayer Rapidlab 865, Leverkusen, Germany). Adiponectin was
measured by the human adiponectin double antibody RIA kit (Linco
Research Inc.).

Biochemical assays: neuroendocrine peptides
NPY was quantified using a competitive RIA method with reagents
manufactured by EURIA and distributed by ALPCO (Salem, NH, USA).
The sensitivity of the NPY RIA method was 3 pmol l−1; intra-assay
precision averaged 4.8% while inter-assay precision averaged 8.4%. Serum

CART levels were quantified with a commercial enzyme immunoassay
(EIA; RayBio no. EIA-CART-1). The sensitivity of the CART assay was
13.5 pg ml−1.

Statistics
Because of limitations in the volume of serum obtained at each sampling
time point, it was not possible to analyze samples from every time point for
each bear for each assay. The number of serum samples and number of bears
used for each assay are given in the legend to Table 1. Seasonal changes are
shown graphically for bears that had sufficient data points in all seasons. To
better facilitate seasonal comparisons, longitudinal data points from each
bear were grouped and categorized via seasonal hibernation status. Bears
experience a transitional state beginning roughly 30 days prior to the onset
of hibernation and ending approximately 30 days after emergence from
denning where metabolic processes remain suppressed despite the presence
of physical activity (Nelson et al., 1983, 1984). To account for this
phenomenon, serum samples collected up to 1 December of each year were
designated as ‘pre-hibernation’, whereas samples collected between 1 and
31 December of each year (during which time food access was
systematically reduced) were designated as ‘transition into hibernation’.
Samples collected between 1 January and 31 March of each year were
designated as hibernation, and any samples collected after April 1, when
feeding was re-introduced, were categorized as ‘transition out of
hibernation’. For each serum assay, the mean value for each bear within
each season was calculated and used for analysis of seasonal changes. Data
were analyzed with 2-factor ANOVA (factor 1=season, factor 2=bear) and
seasonal comparisons were subsequently performed using Tukey’s highly
significant difference (HSD) post hoc test.

All of the bears used for the study were female, and many gave birth to
cubs over the course of the hibernation season. To determine whether parity
and lactation affected seasonal trends in serum markers, data were analyzed
with 2-factor ANOVAwith interaction (factor 1=presence of cubs, ‘yes’ or
‘no’, factor 2=season, interaction=parity×season). A significance of P<0.05
was used for all analyses. Because of the small sample size for the
histological data (N=2 per season), statistical comparisons were not
performed; data are presented as means±s.d. for qualitative purposes only.
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