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Abstract

Thriving in times of resource scarcity requires an incredible flexibility of be-
havioral, physiological, cellular, and molecular functions that must change
within a relatively short time. Hibernation is a collection of physiological
strategies that allows animals to inhabit inhospitable environments, where
they experience extreme thermal challenges and scarcity of food and water.
Many different kinds of animals employ hibernation, and there is a spectrum
of hibernation phenotypes. Here, we focus on obligatory mammalian hiber-
nators to identify the unique challenges they face and the adaptations that
allow hibernators to overcome them. This includes the cellular and molec-
ular strategies used to combat low environmental and body temperatures
and lack of food and water. We discuss metabolic, neuronal, and hormonal
cues that regulate hibernation and how they are thought to be coordinated
by internal clocks. Last, we touch on questions that are left to be addressed
in the field of hibernation research. Studies from the last century and more
recent work reveal that hibernation is not simply a passive reduction in body
temperature and vital parameters but rather an active process seasonally reg-
ulated at the molecular, cellular, and organismal levels.
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THE HISTORY OF HIBERNATION

Hibernation [see also hybernation in the Oxford English Dictionary (Oxf. Univ. Press 2020)] comes
from the Latin hibernare, meaning “to pass the winter.” The first recorded use of hibernation dates
to the Greek philosopher Aristotle (350 BCE), who observed animals such as mollusks, insects,
fish, birds, and warm-blooded quadrupeds that “concealed” themselves “out of the way” during
winter and often did not touch food. Three hundred years later, Roman naturalist Pliny the Elder
also described animals that “passed the time [of winter] in sleep” (Pliny 77 CE). Experimental
investigation into hibernation commenced during the Renaissance era, when pioneering Swiss
physiologist Conrad Gessner (1551) described brown adipose tissue in hibernating marmots.

Given the usage of hibernation dates to BCE, the term has been used colloquially and impre-
cisely over the years. Even modern-day publications confusingly interchange many terms relating
to hibernation, including torpidity and hypothermia. For this reason, we define these terms in the
context of this review.

WHAT IS HIBERNATION?

Mammalian hibernation refers to a physiological state during which animals repeatedly enter
bouts of torpor interspersed with brief periods of interbout arousals (IBAs) (Figure 1). Torpor is
characterized by regulated core body temperature (CBT) adjustment toward environmental tem-
peratures; decreased heart, respiration, and metabolic rates; decreased blood pressure; and overall
activity. An IBA is a temporary state where CBT, heart and respiration rates, blood pressure, and
animal activity return to euthermic, or nonhibernating, active values. Although the reason for
IBA existence continues to be unclear, it appears to be an essential part of hibernation physiol-
ogy, as 70% of energy used during hibernation is spent arousing and rewarming the body during
IBA (Wang 1979). Several important processes that occur during IBA, but not during torpor,
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Figure 1

Schematic of core body temperature of (a) a daily heterotherm undergoing daily torpor bouts and (b) an
obligatory hibernator demonstrating seasonal hibernation. The gray dashed lines represent room
temperature.

have been identified. These include resumption of transcription, translation, and cell division to
produce proteins and cells to replenish and repair old ones; stimulation of the immune system to
protect against pathogens; restorative sleep and reversal of dendritic retraction that occurs during
torpor; and waste removal from the body (Andrews 2019, van Breukelen & Martin 2015). The
length of hibernation, torpor bouts, and IBAs varies by species, size, and geographical range (Ruf
& Geiser 2015). For example, thirteen-lined ground squirrels (Ictidomys tridecemlineatus), which
weigh ∼200 g and reside at 41° north of the equator, generally hibernate for 5–7 months and ex-
perience torpor bouts every 2–3 weeks, interrupted by IBAs lasting ∼24 h.Meanwhile, Formosan
leaf-nosed bats (Hipposideros armiger terasensis), which weigh ∼50 g and reside at 17° north of the
equator, generally hibernate for 3 months and experience torpor lasting 1 week, interrupted by
2-h-long IBAs.

The term hypothermic has also been commonly used to describe torpid hibernators. Clini-
cally, it refers to an abnormally reduced CBT that is pathologically detrimental to health. Most
generally, it can simply refer to a reduction in CBT. Here, we use hypothermia in the latter sense
to describe lowering of CBT regardless of hibernation status. Active animals are solely euthermic,
with vital parameters and metabolism similar to those of nonhibernators. The set of physiological
alterations observed during hibernation is not limited to winter. Some animals living in hot or dry
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Figure 2

State-specific challenges and adaptations of hibernators. Animals face unique challenges during their active,
torpid, and interbout arousal states. They perform anticipatory and acute actions to address these challenges.
Abbreviation: IBA, interbout arousal.

environments can estivate during unfavorable conditions and show depression of the same vital
signs and metabolism as hibernators (Storey & Storey 1990).

WHICH ANIMALS HIBERNATE AND WHY DO THEY DO IT?

Hibernation, at its root function, employs a collection of physiological strategies that allow an-
imals to inhabit inhospitable environments, where they experience extreme thermal challenges
and scarcity of food and water (Figure 2). The alternative strategy to hibernation is migration, in
which animals relocate to avoid extreme climates in favor of temperate ones with readily available
resources.While migrators maintain core physiological parameters and find environments to suit
their set points, hibernators instead manipulate integral physiological parameters to stay in one
location. This may be one reason why there are few avian hibernators, because many birds are
capable of flying thousands of miles to reach more temperate climates.

To go from being an active animal, hunting/foraging, growing, and mating, to being inactive
for half a year in a burrow requires immense coordination of different systems that must adjust to
hibernating levels at the appropriate time and rate. Despite the challenges of coordinating hiber-
nation, the diversity of animals that demonstrate it is surprisingly vast.Warm-blooded hibernators
include mammals (e.g., rodents, marsupials, carnivores, bats, and primates) and one known species
of bird (the common poorwill, Phalaenoptilus nuttallii) (Lyman et al. 1982). The presence of hiber-
nators among evolutionarily distant clades suggests the adaptation stems from modifications of
conserved physiological pathways common to all vertebrates. The most parsimonious hypothesis
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Examples of warm-blooded animals undergoing daily torpor, hibernation, or both. (Left to right) Daily torpor: deer mice,
hummingbirds, and dormice; both daily torpor and hibernation: shrews and bats; hibernation: bears, dwarf lemurs, hamsters, marmots,
and ground squirrels.

for the evolution of hibernation is that it is plesiomorphic. That is, the ability to enter torpor dur-
ing hibernation is a remnant of ancestral heterothermy that has been retained in some animals,
whereas homeothermy was adapted by others (Geiser 2008, Grigg et al. 2004, Lovegrove 2012).

There is a wide variety of hibernation and heterothermic phenotypes (Figure 3). Daily het-
erotherms enter torpor during their natural inactive period and follow a circadian cycle, more
similar to deep sleep than hibernation. Daily heterothermy, or daily torpor, is highly prevalent in
many species of birds, small rodents, marsupials, and bats (Ruf & Geiser 2015). Other animals,
termed facultative hibernators, enter torpor when resources are scarce, temperatures are cold, and
changes in photoperiod forebode changes in the season (Folk 1974, Harlow 1997). Facultative hi-
bernators include small- and medium-sized rodents such as hamsters, as well as some marsupials
and bats. Still other animals, termed obligatory hibernators, enter torpor seasonally, regardless of
resource availability, environmental temperature, and photoperiod (Davis 1976, Folk 1974). Hi-
bernation phenotypes can also be classified by depth, or the general reduction of key physiological
parameters described above. Characteristics of hibernation and torpor patterns can be attributed
to taxonomy, geographical range, body size, social versus solitary living, and energetic demands
of mating and growth. Given the variety of heterothermic phenotypes, hibernators and daily het-
erotherms likely utilize different mechanisms to regulate torpor. Therefore, it should also not be
assumed that all animals use some extension of a central hibernation physiology.

Given the diversity of animals and variety of hibernation strategies they employ, this review
focuses on obligatory mammalian hibernators. We identify unique challenges these animals face
and explain what is known about adaptations that allow hibernators to overcome them. This in-
cludes cellular and molecular strategies used to combat low environmental and body temperatures
and lack of food, water, and sleep. We discuss metabolic, neuronal, and hormonal cues important
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Table 1 Core physiological parameters of mammalian sleep, daily torpor, and hibernationa

Sleep Daily heterothermy
Hibernation

Shallow torpor Deep torpor
Minimum body temperature (°C) 35–37°C 5–30°C 10–30°C −3–10°C
Respiration rate (% of active) 100–80% 5–20% 84% 2–3%
Heart rate (% of active) 70–90% 10–30% 10–50% 1–4%
Metabolic rate (% of BMR) 70–90% 5–70% 10–20% 1–10%
Blood pressure (% of active) 85% 60–70% 20–60%
Daily activity level High High Low None
Average energy savings 5–15% 60–70% Up to 90%
Duration <24 h <24 h >24 h >24 h
Occurrence Year-round Year-round Season inducible Seasonal

aShading refers to magnitude of parameter (i.e., more intense color represents higher body temperature or longer duration of time).
Abbreviation: BMR, basal metabolic rate.

for regulating hibernation and their coordination by circadian and circannual rhythms. Last, we
touch on questions left to be addressed in the field of hibernation research.

WHAT IS OBLIGATORY HIBERNATION?

Mammalian, obligatory hibernators undergo seasonal hibernation despite favorable conditions,
including mild ambient temperatures and plentiful access to shelter and resources, and without
changes in photoperiod. Because obligatory hibernation is robust to most environmental manip-
ulations, it is thought to be coordinated by an internal seasonal clock. Obligatory hibernators in-
clude several members of the Sciuridae family, including species of ground squirrels, white-tailed
prairie dogs (Cynomys leucurus), and marmots; some species of the primate genus Cheirogaleus,
known as dwarf lemurs; European hedgehogs (Erinaceus europaeus); and European badgers (Meles
meles). Of these, the deep hibernators live in the most extreme environments and remain in hi-
bernation for 5–7 months. During torpor, animal CBT drops to near ambient levels, although it
is defended from dropping far below 0°C. This is necessary in climates of Alaska, Siberia, West-
ern Canada, and the Great Lakes region of North America, where ambient temperatures, even
in insulated burrows, can drop below 0°C. For example, the Arctic ground squirrel (Spermophilus
parryii) in Alaska can drop its CBT to below freezing but defends it against a decrease below
−3°C. Hypothermia is also associated with a reduction in heart and respiration rates, which drop
to 3–10% of euthermic values (Andrews 2019). Blood pressure is reduced to 20–60% of euther-
mic values (Horwitz et al. 2013, Lyman &O’Brien 1963), and metabolism is reduced to 1–10% of
basal metabolic rates (Barnes & Ritter 1993, Buck & Barnes 2000, Geiser & Kenagy 1988, Geiser
& Ruf 1995, Heldmaier et al. 2004) (Table 1). During IBA, when animals temporarily enter an
active-like state, feeding and drinking either cease or are dramatically reduced. Physiology and
animal behavior during hibernation are driven by fundamental differences in the function of cel-
lular and molecular processes in the cold. For example, transcription and translation are halted
at temperatures that obligatory hibernators’ bodies experience during torpor. Therefore, the sur-
vival of obligatory hibernators depends on important adaptations to work at the limitations of
basic biology and physiology.

HOW TO GET ENOUGH SLEEP AND RETAIN MEMORIES

Hibernation has historically been likened to sleep. Indeed, sleep and entrance into torpor are
endogenously regulated and similar parameters decrease during both: activity, CBT, blood
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pressure, and heart and respiration rates (Table 1). It may be tempting to think of torpor as deep
sleep. Early evidence suggests sleep does not occur during torpor, and animals may become sleep
deprived during the process. Mammalian sleep can be described by two main phases: rapid eye
movement (REM) and slow wave sleep (SWS). During early entrance into torpor (CBT of 35 to
25°C), cortical electroencephalography (EEG) in ground squirrels measures slow wave activity
(SWA) of 1 to 4 Hz, suggesting sleep may be permissive of hibernation entrance. As CBT further
decreases to 25–10°C, signal amplitude decreases, the width of spikes increases, and there is a
shift toward cycles of 4 to 8 Hz. During deep torpor, below 10°C, brains are isoelectric. When
squirrels transition to IBA, they immediately enter what appears to be SWS. Post-torpor SWA
intensity increases with torpor length and decreases during IBA (Daan et al. 1991, Walker et al.
1977), suggesting sleep deprivation is accumulated during torpor and resolved during IBA.

However,more recent studies question post-torpor SWA as an indicator of sleep deprivation. If
animals are prevented from sleeping upon entrance into IBA, the originally observed SWA indica-
tive of sleep deprivation is eliminated (Larkin &Heller 1999, Strijkstra &Daan 1998).Djungarian
hamsters (Phodopus sungorus), which experience daily torpor, show similar SWA even though less
sleep deficit is built up (Deboer & Tobler 2003). Furthermore, EEG correlates characterizing
resolution of sleep deprivation induced during the main phase of IBA differ from those character-
izing resolution of post-torpor SWA (Strijkstra & Daan 1998). Therefore, post-torpor SWA may
not be an indicator of sleep deprivation but rather a period of synaptogenesis following reversible
loss of dendritic complexity during torpor (e.g., Popov et al. 2007, von der Ohe et al. 2006), where
SWA reflects tonic hyperpolarization of cortical neurons until dendritic connections are reformed
(reviewed in Heller & Ruby 2004, Roth et al. 2010). Sleep occurs during the main phase of IBA
and likely is an important reason why it exists. The quality of sleep may also be temperature and
species dependent, with some species of primates showing exclusively SWS or REM sleep (Blanco
et al. 2016, Krystal et al. 2013). Therefore, although sleep does not occur during deep torpor, its
homologous functions may be permissive for entrance into it.

Whether animals retain memories during hibernation is still controversial. Studies of ground
squirrels suggest, upon spring emergence, animals have reduced spatial, operant, and social mem-
ory (Mateo & Johnston 2000, Millesi et al. 2001), while studies of alpine marmots and bats sug-
gest long-term memory of operant conditioning and spatial tasks is not impaired (Clemens et al.
2009, Ruczynski & Siemers 2011). The time it takes marmots to learn a task taught in the spring
is decreased, hinting at a seasonal dependence of learning ability in this species (Clemens et al.
2009). Indeed, dynamic changes in the nervous system of hibernators, including increased den-
dritic lengths, arborization, number of dendritic spines, and synapse size, are demonstrated during
spring emergence (Ruediger et al. 2007; Strijkstra et al. 2003; von derOhe et al. 2006, 2007).Given
the importance of sleep, including memory consolidation, immune function, energy conservation,
and stress responses (Roth et al. 2010, Sharma & Kavuru 2010), its role during IBA holds impor-
tance for further investigation.

HOW TO ANTICIPATE THE SEASONS: CIRCANNUAL RHYTHMS

Hibernation adapted over time to address ecological challenges presented by seasonal changes.For
facultative hibernators, environmental factors (zeitgebers) such as change in photoperiod, scarcity
of food, and cold are sufficient to induce torpor. In contrast, for obligate hibernators, torpor is
not acutely induced by these factors but instead is regulated by an endogenous circannual clock. A
rhythmic process is circannually regulated if it persists under constant environmental conditions
for a period of approximately 1 year, is entrained by some zeitgeber, and responds differentially to
the zeitgeber at different phases of the cycle (Davis 1976). Circannual clock-keeping is not lim-
ited to regulating immergence into and emergence from hibernation but also includes food and
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water intake,metabolism, endocrine activity, and gonadal development (Armitage& Shulenberger
1972). These processes occur at the expected time of year even when environmental conditions
are kept constant (Davis 1976, Kenagy 1980). In grounds squirrels, the circannual cycle is ap-
proximately 11 months (Kenagy 1980). How the circannual clock is entrained, the timescale of
entrainment, and the zeitgeber(s) are currently unknown. Many hypotheses have been proposed,
including frequency demultiplication, or counting of circadian days; tissue-autonomous cyclic his-
togenesis, in which local ontogenetic life–death programs inform seasonal cellular function; iden-
tification of a sequence of physiological processes such as changes in hormone and enzyme produc-
tion; an unidentified molecular circannual or torpor-arousal clock; and transcription-independent
timekeeping. However, these hypotheses are speculative or unproven for hibernators (Hazlerigg
& Lincoln 2011, Malan 2010, Reddy & Rey 2014,Wikelski et al. 2008).

The earliest and most well-known hypothesis of circannual clock regulation is frequency de-
multiplication of circadian cycles, in which superharmonics of circadian cycles entrained during
the active season create phases of the circannual cycle that allow animals to keep yearly time dur-
ing hibernation, when animals are sequestered in their burrows and do not have access to photic
cues (Gwinner 1986). One study of ground squirrels kept in artificially constant photoperiods for
3 years found circannual regulation of body weight, gonadal development, and water consumption
are lengthened (Lee & Zucker 1991). This finding implies photoperiod may act as a zeitgeber that
requiresmultiple years for entrainment.However, studies performedwith laboratory-born ground
squirrels kept at constant but lower temperatures for 4 years found no such changes (Pengelley
& Fisher 1963, Pengelley et al. 1976), arguing against the frequency demultiplication hypothe-
sis. The effect of photoperiod on entrainment of circannual rhythms therefore is weak and likely
occurs prior to hibernation. For juveniles, this can be only a few months of daylight. Given the
necessity of at least 1 year of altered photoperiod to change circannual rhythms in the labora-
tory, at least in adult animals, there are likely other zeitgebers that play a role or there may be a
privileged developmental stage during which entrainment occurs. Indeed, hibernators do not ex-
perience health problems associated with altered photoperiod, including dysregulation of the im-
mune system andmetabolism, arguing against the singular importance of photoperiod (Labrecque
& Cermakian 2015, Marcheva et al. 2013, Maury 2019). In line with this, there is some variation
in natural hibernation correlated with latitudinal and altitudinal clines, genetic components, or
both, implying there is an environmental effect on circannual regulation in obligate hibernators
(Grabek et al. 2019, Williams et al. 2014).

In search for a central regulator of circannual rhythmicity, researchers have proposed the
suprachiasmatic nucleus (SCN) of the hypothalamus, the site of circadian regulation, is also in-
volved in maintaining circannual rhythms. However, studies that lesioned the SCN in obligate
hibernators found yearly cycles of weight gain, food consumption, and metabolism are mainly un-
altered (Zucker et al. 1983). Further studies of SCN-lesioned animals found increased intergroup
variability as well as a temperature dependence of the hibernation cycle of some ground squirrels
(Ruby et al. 1998, Zucker et al. 1983). Analysis of neuronal activation by c-fos in situ hybridization
revealed increased messenger RNA (mRNA) in the SCN during IBA in ground squirrels (Bitting
et al. 1994). Overall, it appears the SCN is not essential, although it may be involved, in the en-
trainment and progression of circannual rhythms. There are other possible neuronal players re-
sponsible for endogenous regulation of the circannual clock.The circumventricular organs are not
protected by the blood–brain barrier, whereas other regions of the hypothalamus have privileged
access to the blood through fenestrated capillaries. These brain areas have access to circulation
and therefore hold potential as integrators of peripheral cues responsible for orchestrating the
circannual cycle. Neuroendocrine signals, such as thyroid hormones and melatonin, and metabo-
lites, such as adenosine, have been hypothesized to play important roles in seasonal regulation in
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facultative hibernators and may participate in circannual cycles of obligatory hibernators
(Coomans et al. 2015,Dardente et al. 2014,Lewis&Ebling 2017,Olson et al. 2013,Sáenz deMiera
et al. 2014, Schwartz & Andrews 2013). Tanycytes, radial glial cells that line the third ventricle and
send projections into the hypothalamus, have been identified as important players in regulation of
endogenous rhythms in hibernators (Lewis & Ebling 2017). Tanycytes detect metabolites and en-
docrine signals from the periphery and also regulate transport of such components from the blood
into the brain (Langlet et al. 2013). Integration between metabolic, endocrine, and circadian cues
in the hypothalamus may prove necessary for entrainment and regulation of circannual rhythms.

Although most focus has been placed on finding a central regulator of circannual rhythms,
an intriguing speculation is the cyclic histogenesis hypothesis, in which tissue-autonomous life–
death cycles induce seasonal physiology (Hazlerigg & Lincoln 2011). The proposed mechanism
is governed by an ontogenetic program in which progenitor cells of tissues synchronously initiate
cellular division, proliferation, migration, and differentiation to produce mature cells in time with
seasonal changes. This putative process could occur in key tissues such as the thyroid, gonads,
adrenal glands, and the hypothalamus and could further interact with central and hormonal cues
(Hazlerigg&Lincoln 2011).Uncovering themechanism(s) of circannual regulation in hibernators
will require creativity and investigation at multiple levels in both the brain and the periphery, as
many of the hypotheses put forth may not be mutually exclusive.

HOW TO NOT FEEL HUNGRY WITHOUT EATING

Mammalian obligatory hibernators can endure 5–7 months without eating. How do animals not
feel hungry during hibernation? Obligatory hibernators exhibit seasonal differences in feeding.
During summer, they eat voraciously, doubling or tripling their food intake to regain weight lost
during hibernation, and preferentially feed on high polyunsaturated fatty acid–containing grains
thought to supply essential nutrients for hibernation (Florant et al. 1993, Frank 1994, Geiser &
Kenagy 1987, Mrosovsky & Boshes 1986). They continue to generate energy stores throughout
the late summer to fall, during the fattening period, in the form of white adipose tissue (WAT).
During 2–3 months, wild Arctic ground squirrels increase their fat content seven- to eightfold
and golden-mantled ground squirrels (Callospermophilus lateralis) can double their body weight
(Mrosovsky 1975, Sheriff et al. 2013).Given the importance of obtaining appropriate energy stores
to last the winter, an interesting phenomenon is a period of anorexia that occurs a few weeks
before hibernation (Schwartz et al. 2015b).During this period, animals show a dramatic reduction
in feeding, even if food is plentiful. It is not well understood why and how this elimination of
hunger drive occurs. Indeed, such active suppression of appetite appears counterproductive for
hibernators, as it wastes time and resources that could be put toward fattening.During hibernation,
animals demonstrate little to no feeding, supporting seasonal inhibition of hunger (Healy et al.
2011, Mrosovsky & Boshes 1986).

Feeding regulation inmammals occurs through interactions between peripheral hunger/satiety
signals and the hypothalamus. The arcuate nucleus (ARC) has privileged access to blood through
which it detects hunger/satiety and energy balance signals produced in peripheral organs. Down-
stream integrative hypothalamic regions, most importantly the paraventricular nucleus, produce
the appropriate feed or stop feeding signals in response to ARC input (Gao & Horvath 2007,
Waterson & Horvath 2015). Leptin, produced in WAT, and insulin, produced in pancreatic B
cells, are two satiety signals that bind to receptors in the ARC to reduce feeding (Friedman &
Halaas 1998, Huang et al. 1996, Niswender & Schwartz 2003). Adiponectin, another hormone
produced in WAT, plays a role in insulin sensitization and encourages energy expenditure by act-
ing on hypothalamic targets (Berg et al. 2001, Qi et al. 2004).
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During the anorexic period preceding hibernation, thirteen-lined ground squirrels exhibit in-
creased hypothalamic RNA for leptin receptor (LEPR), insulin receptor 2 (ISR2), adiponectin
receptor 2 (ADIPOR2), thyrotropin-releasing hormone (TRH), and the growth factor VGF
(Schwartz et al. 2015b).TRH andVGF are indicative of a positive energy balance, that is, having an
excess of energy stored either as fat or otherwise, and could be involved in orchestrating prehiber-
nation anorexia (Al-Arabi & Andrews 2005, Jethwa et al. 2007, Steward et al. 2003). In support
of transcriptomic data, the concentration of leptin in serum in woodchucks (Concannon et al.
2001, Florant et al. 2004, Schwartz et al. 2015b) and ground squirrels (Chen et al. 2008, Schwartz
et al. 2015b, Xing et al. 2015) increases during the active season as fat mass increases, reaching
a yearly peak concentration after the animals have started fall anorexia. Insulin levels are highest
at peak fat mass during the active season (Boswell et al. 1994). The level of adiponectin mRNA
in WAT is inversely correlated with fat mass (Florant et al. 2004). Infusion of leptin (Boyer et al.
1997, Ormseth et al. 1996, Xing et al. 2016) and insulin (Boswell et al. 1994, Florant et al. 1991)
in active ground squirrels decreases feeding, which makes them important candidates to trigger
prehibernation anorexia. A better understanding of changes in the sensitivity and regulation of
circulating energy balance cues is also essential for understanding different seasonal responses to
the same signal. For example, seasonally distinct feeding responses to insulin are demonstrated
(Florant et al. 1991). Additionally, in obese individuals, leptin and insulin resistance are reported
(Banks et al. 2004, Kahn et al. 2006). Given that hibernators demonstrate increased adiposity dur-
ing the fattening period, these processes may be involved in seasonal feeding regulation (Florant
et al. 1985, Wu et al. 2013).

Hunger cues in hibernators have also been investigated. Plasma ghrelin, a hunger hormone
produced in the stomach that acts on the ARC (Betley et al. 2015, Kojima et al. 1999), is increased
during spring emergence (Healy et al. 2010). Injection of ghrelin and neuropeptide Y (NPY),
a potent orexigenic modulator with actions on the hypothalamus (Clark et al. 1984, Stanley &
Leibowitz 1984), increases feeding in ground squirrels (Boswell et al. 1993, Healy et al. 2011).
In addition, expression of NPY and agouti-related protein, a neuropeptide and marker of a sub-
population of ARC neurons responsible for hunger (Hahn et al. 1998, Ollmann et al. 1997), is
upregulated during spring emergence (Schwartz et al. 2013). The above studies suggest these neu-
ropeptides and the neurocircuitry underlying feeding behavior may function similarly to those in
nonhibernators, but further investigation is warranted across seasons (Blouet & Schwartz 2012,
Florant & Healy 2012).

Coordination of hunger and satiety is essential for animal survival, as premature emergence
from the hibernacula to seek food may dysregulate other dependent processes and increase the
risk of predation (Turbill et al. 2011). Although food is not necessary during hibernation, some
obligatory hibernators cache food in their burrows. However, it is not clear whether this food is
consumed during IBAs ormeant for consumption during spring,when the animal can benefit from
extra energy to emerge from their burrows, gather food, and find mates. If the latter is true, then
hunger suppression during hibernation would be an important mechanism that prevents animals
from depleting food stores before spring.

HOW TO SUPPLY THE BODY WITH ENERGY:
A SWITCH IN METABOLISM

One of the central concepts behind hibernation is energy conservation during resource scarcity.
It is an adaptive trade-off that outweighs the risk of predation in a decelerated state. Dramatic
reduction in metabolic rate is achieved through temporary reduction in CBT and the function of
several energy-demanding organs, including the brain (Drew et al. 2007), kidneys ( Jani et al. 2013),
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liver (Gehnrich & Aprille 1988), digestive system (Carey & Assadi-Porter 2017), and reproductive
system (Barnes 1996), as well significant reduction in cell autonomous processes (Andrews 2019).

There is some matter of debate about how CBT and metabolic rate are coupled during torpor
entrance. There are three main hypotheses (reviewed in detail in Geiser 2004): (a) Temperature
and metabolism are reduced simultaneously; (b) temperature reduction precedes metabolic reduc-
tion; and (c) metabolic reduction precedes temperature reduction. Mitochondria are responsible
for converting nutrient energy into ATP, and their activity is affected by the Q10 effect. The Q10

effect states that as the temperature of a reaction system is reduced, there is a passive reduction
in the kinetic energy available to fuel the reaction. As such, mitochondrial substrate oxidation
is reduced at low temperatures. In ground squirrels, a liver-specific reduction in mitochondrial
substrate oxidation is reduced beyond what would be predicted by the Q10 effect, implying there
is active inhibition of mitochondrial function (Barger et al. 2003, Muleme et al. 2006). Another
example of active inhibition of metabolism is demonstrated in hibernating bears, who drop their
CBT to only 30–36°C while achieving a metabolic reduction of 75% (Tøien et al. 2011). Thus,
factors such as surface area–to–volume ratio of the animal and torpor pattern also influence the
uncoupling between metabolism and CBT during torpor entrance.

During hibernation, animals switch from carbohydrate-based to primarily lipid-based
metabolism. This strategy is advantageous for hibernators, because more energy can be stored
in the form of fat than in the form of glucose and glycogen. The switch to lipid-based metabolism
can be measured indirectly through calculations of respiratory quotients (RQs), or the ratio of
CO2 to O2. Arctic ground squirrels showed an RQ of 0.7 during torpor bouts, indicating lipid
metabolism (Buck & Barnes 2000, Lusk 1924). This value is supported by the downregulation of
enzymes responsible for carbohydrate metabolism and the upregulation of enzymes responsible
for fatty acid β-oxidation during winter (Andrews 2004, Carey et al. 2003, Epperson et al. 2009,
Hindle et al. 2011). Additional adaptations inhibit carbohydrate metabolism during hibernation,
which may protect carbohydrate stores in case of need. The entry of glycolytic intermediates
into the tricarboxylic acid (TCA) cycle is inhibited through upregulation of pyruvate dehydro-
genase kinase 4 in the heart, WAT, and skeletal muscle (Buck et al. 2002). Upregulation of pan-
creatic triglycerol in the heart and WAT during hibernation increases fatty acid liberation for
β-oxidation (Squire et al. 2003). Although fatty acids act as the main fuel for much of the body,
some tissues, such as brain and heart, require specific energy substrates. In the liver, fatty acids are
converted to ketone bodies, which are readily catabolized by the heart and brain (Andrews et al.
2009). β-Hydroxybutyrate (BHB), one of the endogenous ketone bodies produced from lipid hy-
drolysis, can be used as a marker of ketone bioavailability. Thirteen-lined ground squirrels show
an upregulation in a ketone transporter, monocarboxylic acid transporter 1, and an increase in
plasma BHB during torpor and IBA (Andrews et al. 2009, Feng et al. 2019, Regan et al. 2019).
Ketone metabolism does not produce damaging lactic acid, a by-product of anaerobic glycolysis,
and may protect tissues during hibernation (Andrews et al. 2009). Although in vivo nuclear mag-
netic resonance of radiolabeled glucose shows glucose is increased in the brain during IBA, few
metabolites from the TCA cycle are labeled, indicating glucose is not utilized for ATP production.
Instead, high concentrations of TCA cycle metabolites from radiolabeled BHB are found, imply-
ing ketones are the primary fuel source for the brain during hibernation (Andrews et al. 2009).

Due to the reliance on lipidmetabolism,onemay expect blood glucose levels to be lower during
hibernation than during the active state. Some groups found serum glucose is lower during torpor
than during the active state (Andrews et al. 2009,Galster &Morrison 1975), whereas others report
unchanged glucose levels across states (Feng et al. 2019, Regan et al. 2019). Several studies report
evidence for both gluconeogenesis and glycogen replenishment in the liver and kidney during IBA
(Galster &Morrison 1975, Gehnrich & Aprille 1988, Green et al. 1984), but it is unclear whether
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gluconeogenesis occurs during torpor. Sources for gluconeogenesis include glycerol, a by-product
of triglyceride hydrolysis, and amino acids obtained from protein breakdown. The breakdown of
muscle protein seems to be protected, even despite several months of inactivity (Gao et al. 2012),
and suggests if gluconeogenesis occurs, the substrates likely come from triglyceride breakdown.
Refreshment of glucose during IBAmay serve as an energetic reserve in the case of ketone scarcity
or in response to increased metabolic demand, but the exact role is unclear.

Despite the reduction in cellular energy requirements during hibernation, some cell types
must retain their function to ensure survival of the animal. Specifically, the nervous system plays
an essential role in coordinating torpor–IBA transitions. Although much of the brain is electrically
quiescent during torpor, some regions, such as the hypothalamus, must remain active (Bratincsák
et al. 2007). The hypothalamus is responsible for performing essential autonomic functions
such as thermogenesis, energy and water balance, circadian rhythms, and sleep. Furthermore, the
somatosensory systemmust detect dangerously low ambient temperatures to initiate thermogenic
responses, as well as regain normal function upon arousal (Hoffstaetter et al. 2018).Mitochondrial
respiration and membrane potential of neurons are higher, and proton leak is lower, in hiber-
nating animals than in spring-active animals, implying hibernating neurons are more efficient at
generating energy (Ballinger et al. 2017). Therefore, metabolism requires complex coordination
in order to ensure essential tissues and cell types receive the energy required for proper function
and maintenance.

HOW TO SURVIVE WITHOUT WATER

Hydration and fluid balance are essential for life. Indeed, water makes up 60–80% of the human
body (Masento et al. 2014). Maintenance of proper cellular and blood osmolality, or the concen-
tration of solutes, is necessary tomaintain cellular volume and shape, ionic gradients, and transport
across membranes. As little as a 1% increase in osmolality produces thirst, while an increase of
approximately 3% to 15% results in fatigue, dizziness, and cognitive impairment. Death due to
dehydration occurs at a water loss of 15% to 25% (Ashcroft 2000, Bekkevold et al. 2013, Leib et al.
2016,Masento et al. 2014). Reliable water is even more essential than a reliable food source, as hu-
mans will die in 3–7 days fromdehydration but can survivemore than 1monthwithout food.Given
the importance of hydration, thirst has evolved to become an incredibly potent motivational drive.

Obligatory hibernators do not drink while they hibernate over a period of 5 to 7 months (Feng
et al. 2019). How are they able to control blood osmolality during this time and withstand the
presumably strong thirst drive to seek water? Intriguingly, studies have found plasma osmolality
of several hibernators, including thirteen-lined ground squirrels, marmots, and prairie dogs, de-
creases during torpor by as much as 10% (Bito & Roberts 1974, Feng et al. 2019, Hamilton &
Pfeiffer 1977). To maintain the appropriate osmolality, animals can increase drinking in response
to, or in anticipation of, activities that would increase osmolality, such as feeding, water depri-
vation, and water loss. In addition, they can increase water retention. Hibernators do not drink
during IBA, even when offered water, and they continue to lose water through respiration and
urination. However, they reduce plasma osmolality during torpor. Although rehydration through
lipid metabolism has been ruled out, it is still not clear how this drop occurs (Feng et al. 2019).
During torpor,watermay leave the intracellular compartment,most likely skeletal muscle, because
of decreasing concentrations of amino acids and metabolites due to inactivity. Possibly, osmolytes
are reabsorbed from the extracellular fluid and sequestered into bodily compartments such as the
bladder, as has been proposed for hibernating bears (Spector et al. 2015). The reduction in plasma
osmolality during torpor further seems to be actively maintained and reversible, as it increases
during IBA to active levels (Feng et al. 2019).When their blood osmolality is artificially raised by

326 Mohr • Bagriantsev • Gracheva



injection of hyperosmotic solutions, IBA ground squirrels increase drinking. These two observa-
tions suggest thirst circuitry is inhibited but remains activatable during hibernation.

Another mechanism to enforce low osmolality is to increase water retention. Water reten-
tion is achieved through interactions between hypothalamic osmosensors, which detect changes
in blood osmolality and produce the feeling of thirst; downstream brain regions, which synthe-
size and release antidiuretic hormones; and the kidneys, which contain receptors that bind these
hormones and promote water retention during dehydration (Bichet 2019, Mandelblat-Cerf et al.
2017, Zimmerman et al. 2017). Antidiuretic hormone release is reduced during torpor, consis-
tent with reduced kidney function reported during torpor (Feng et al. 2019). This also implies
ground squirrels are not able to reduce their blood osmolality through increased retention of
water and that another mechanism is responsible. During IBA, when osmolality returns to ac-
tive levels, antidiuretic hormones also return to active levels despite the reduction of thirst. This
suggests regulation of thirst and antidiuretic pathways are decoupled during hibernation.

Inhibition of thirst during hibernation has a clear adaptational advantage, as hibernators do not
have to emerge from their burrows to seek water and risk predation. However, the mechanisms
of reversible osmolyte redistribution during torpor, neural regulation of thirst and antidiuretic
hormone release, and their uncoupling during hibernation remain to be elucidated.

HOW TO SURVIVE IN THE COLD

Nonhibernating animals that have a reduction in CBT of just a few degrees Celsius experience
moderate hypothermia, associated with shivering and reduced muscle coordination. During pro-
found hypothermia (a reduction of more than 10°C), animals experience massive organ failure due
to dysregulation of ionic gradients and changes in membrane fluidity. Integral cellular processes
such as transcription and translation are also dramatically reduced. Moreover, these temperatures
are perceived as noxious and painful. Shivering to increase CBT is energetically costly and requires
an increase in metabolism that depletes energy stores. Even when nonhibernating animals survive
hypothermia and regain euthermy, cellular damage and apoptosis occur due to reperfusion injury.

Obligatory hibernators experience near-freezing CBTs for 2–3 weeks, multiple times per sea-
son without deleterious effects.What adaptations enable hibernators to survive these conditions?
The following section outlines what is known about cellular mechanisms that maintain ionic gra-
dients and the function of thermosensory ion channels. The reader is advised to refer to the fol-
lowing references to learn about other adaptations not discussed here: translation, transcription,
and posttranscriptional/posttranslational regulation in the cold (Andrews 2019); thermoregula-
tion (Arnold 1988, Heller et al. 1977, Staples 2016, Staples & Brown 2008); reperfusion injury
(Drew et al. 2001); metabolism (see the section titled How to Not Feel Hungry Without Eating);
membrane fluidity (Kolomiytseva et al. 2008; Ruf & Arnold 2008; Suri et al. 2012, 2013); and
mitochondrial function (Hendriks et al. 2020; Staples 2014, 2016).

Alterations in Resting Membrane Potential: How to Remain Functional
in the Cold

Cooling affects many cellular properties, such as membrane fluidity, and the function of mem-
brane proteins, including ion channels and pumps. One molecule susceptible to changes in
temperature and critical for the function of all mammalian cells, particularly of excitable na-
ture, is the Na+/K+-ATPase. The Na+/K+-ATPase maintains appropriate ionic gradients across
the cell membrane, influences the resting membrane potential (RMP), preserves cellular shape
and volume, and acts as a signal transducer. Cold-induced inhibition of the Na+/K+-ATPase
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dysregulates ionic gradients across the membrane and leads to intracellular buildup of sodium due
to increased passive ion leakage. This results in a more depolarized RMP, which ultimately can
lead to excess calcium influx, leading to excitotoxicity and cellular damage. In neurons, in concert
with cold-induced lengthening of activation and inactivation of sodium and potassium voltage-
gated channels, Na+/K+-ATPase inhibition causes increased duration of action potentials, pop-
ulation, and single-unit spikes and reduction in conduction velocity (Krilowicz et al. 1989, Russ
& Siemen 1996). Below 14°C, spontaneous activity of neurons ceases completely (Gähwiler et al.
1972, Krilowicz et al. 1989).

Cortical neurons from hibernating hamsters show increased activity of neuronal Na+/K+-
ATPase at 5–10°C compared with neurons from rats (Goldman &Willis 1973). Increased activity
of the pump at low temperatures allows for proper maintenance of ionic gradients and RMP and
therefore permits proper excitability. In line with this, RMP is unaltered in hibernating ground
squirrels’ somatosensory neurons (Hoffstaetter et al. 2018) and muscle cells (Albuquerque et al.
1978) at cold temperatures. Several groups have also found that neurons from hibernators, includ-
ing ground squirrels and hamsters, conduct action potentials at CBTs below 10°C (Chatfield et al.
1951,Kehl &Morrison 1960, South 1961). Indeed, increased function of Na+/K+-ATPase during
hibernation may be adaptive for a variety of organs, including the brain (Goldman &Willis 1973),
liver, kidney, and muscle (MacDonald & Storey 1999). In some tissues, including nervous tissue,
heart, and skeletal muscle, Na+/K+-ATPase function is preserved at the same level of activity as
that in active hibernators (Guo et al. 2017,MacDonald & Storey 1999), implying molecular mod-
ifications in the cell membrane of those tissues or in the Na+/K+-ATPase itself allow for proper
function in the cold. The state-dependent regulation of Na+/K+-ATPase may include reversible
phosphorylation, but the exact mechanism remains unknown (MacDonald & Storey 1999).

The function of ion channels, including sodium and potassium voltage-gated channels, is also
vulnerable to cold. Changes in activation and inactivation of voltage-gated channels affect voltage
dependency, duration, and frequency of action potential firing. Several studies have found action
potential duration increases and action potential frequency decreases, but does not cease, in neu-
rons from hibernating ground squirrels (Hoffstaetter et al. 2018, Krilowicz et al. 1989). An early
study hints at adaptations in voltage-gated ion channels in cortical neurons, finding a reduction in
current density of sodium channels in the paranodal region (Russ& Siemen 1996).The same study
found kinetics of activation and inactivation of sodium and potassium channels are similar be-
tween neurons from hibernating hamsters and euthermic rats recorded at low temperatures (Russ
& Siemen 1996). Channel-specific analysis of somatosensory neurons from hibernating ground
squirrels at room temperature demonstrates a partial reduction in density and a depolarizing shift
in the voltage dependence of activation of voltage-gated sodium currents responsible for the up-
stroke of an action potential. Consistent with this finding, such neurons display a reduction in
firing frequency (Hoffstaetter et al. 2018). Together, these observations suggest the function of
voltage-gated sodium channels is reversibly regulated in hibernators in a state-dependent man-
ner. It remains to be determined whether the observed changes in voltage-gated sodium channel
activity underlie the ability of hibernating neurons to preserve firing in the cold. In any case, there
are likely additional cellular and molecular mechanisms that contribute to the preservation of
neuronal function at low temperatures. Function of neurons and other integral cell types in the
cold is essential to allow for rapid arousal upon changing environmental stimuli and regulation of
countless other internal regulatory processes. Despite Na+/K+-ATPase and ion channel function
being integral to mammalian cellular biology, the mechanisms for preserving cellular function and
RMP at low temperatures, particularly in specific tissue types, remain to be elucidated. One pri-
mary candidate for future investigation is voltage-gated potassium channels, whose action during
torpor is essential for the repolarization phase of action potentials.
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Alterations in Sensory Channel Activation: How to Not Feel Cold

Most of hibernation occurs at low environmental temperatures, which are perceived as noxious
for nonhibernating mammals. In vertebrates, the molecular mechanism of temperature detection
by somatosensory neurons involves ion channels of the transient receptor potential (TRP) family.
The function of TRP channels is often tailored in accordance with animal physiology and habitat,
such that TRP orthologs from different species have variable thermal sensitivities (Hoffstaetter
et al. 2018). In mammals, the detection of environmental cold involves TRPM8, a nonselective
cation channel expressed in a subset of somatosensory neurons (McKemy et al. 2002, Peier et al.
2002). In rodents, the channel exhibits a progressive activation from 30 to 10°C in vitro and is es-
sential for cold sensitivity in vivo (Bautista et al. 2007, Dhaka et al. 2007). Thirteen-lined ground
squirrels and Syrian hamsters (Mesocricetus auratus) express an ortholog of TRPM8 with markedly
reduced sensitivity to cold (Matos-Cruz et al. 2017).This finding provides a molecular explanation
for reduced cold sensitivity of squirrels and hamsters not only during hibernation but also in the
active state. A comparison of squirrel and rat TRPM8 revealed that temperature insensitivity of
the ground squirrel ortholog results from six amino acid substitutions in the transmembrane core
domain of the channel.Notably, these changes are different from those that lead to cold insensitiv-
ity of hamster TRPM8, suggesting hamster and ground squirrel orthologs lose cold sensitivity via
different mechanisms. In any case, the resultant indifference to low temperatures allows a hiber-
nator to reduce cold sensation that may interrupt behavioral and physiological processes necessary
to enter torpor. Altered function of TRPV1, a thermosensory channel expressed in C-type noci-
ceptors activated by noxious temperatures above 42°C ( Julius 2013), also has reduced sensitivity
in thirteen-lined ground squirrels. The insensitivity of this channel to heat is due to a single amino
acid substitution in the N-terminal ankyrin repeat domain (Laursen et al. 2016). Consistent with
this, active ground squirrels exhibit reduced sensitivity to noxious heat in behavioral tests. The
reductions in TRP channel sensitivity to extreme temperatures were discovered in active animals,
suggesting some thermosensory adaptations are constitutively present year-round in hibernators.

Active ground squirrels and hamsters remain sensitive to temperatures below 10°C (Matos-
Cruz et al. 2017). The molecular sensor for the low temperature range in mammals is unknown.
It is tempting to speculate that such a sensor remains functional in hibernators during the active
season to warn of extremely low temperatures. However, during hibernation, when animals are
subjected to temperatures close to 0°C, this sensor is expected to undergo a reversible shutdown.
Notably, lowering the environmental temperature below 0°C triggers arousal in ground squirrels
(Heller 1979), suggesting the existence of yet another unidentified mechanism that protects the
animal from freezing during hibernation.

Furthermore, in comparison to mice, thirteen-lined ground squirrels possess fewer cold-
sensitive neurons in the preoptic area of the hypothalamus, a key player in thermoregulation.
Mouse cold-sensing neurons express CNGA3, a cyclic nucleotide-gated ion channel potentiated
by cold, whereas the squirrel ortholog of CNGA3 is cold insensitive (Feketa et al. 2020). Although
the physiological function of central thermosensors in homeothermic mammals is not clear, they
may be essential for regulating CBT in hibernators, whose brain temperature routinely drops
below 15°C (Strumwasser 1958).

Protection of Dynamic Structural Proteins: How to Maintain Structure
in the Cold

In the cold (4°C), microtubule-associated proteins can stabilize microtubules for approximately 1
h (Bosc et al. 2003). However, hibernators can remain at 4°C for days without apparent cellular
damage. Ground squirrel induced pluripotent stem cell (iPSC) neurons remain healthy and stable
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at 4°C (Ou et al. 2018). These neurons retain neurite length and normal levels of tubulin isotypes
unlike human and rat iPSC neurons, which show shorter neurites and reduced levels of tubulin
isotypes. Further, human iPSC neurons exposed to cold exhibit increased hyperpolarization of the
mitochondrial membrane, which causes an increase in reactive oxygen species that damages tubu-
lin. Increased lysosomal membrane permeabilization and reduced expression of heat shock pro-
teins are also hypothesized to damage tubulin stability in rat and human iPSC neurons. Ground
squirrel iPSC neurons prove resistant to these stressors, implying they contain mechanisms that
are protective against dysregulation of mitochondrial membrane potentials. Mitochondrial un-
coupling proteins (UCPs) and protease inhibitors are hypothesized to play a protective role, but
this remains to be confirmed.Hibernators may also possess mechanisms to minimize the negative
effects of reactive oxygen species, as levels of antioxidants, such as ascorbate and melatonin, in-
crease during hibernation (Drew et al. 2001, Schwartz et al. 2015a). Given the active role of UCPs
in brown adipose tissue thermogenesis during hibernation, UCPs may be utilized in other tissues
(Laursen et al. 2015) to protect against dysregulated membrane potentials. Although iPSC neu-
rons from ground squirrels seem to be resistant to cold compared with those from nonhibernators
at baseline, in vivo reversible alterations in dendritic morphology during torpor–IBA transitions
have been observed. Specifically, reduction in arbor and synaptic complexity occurs during tor-
por, which is reversed within 2 h of returning to euthermy (e.g., Popov et al. 2007, von der Ohe
et al. 2006). Neurons isolated from torpid Syrian hamsters show an increased length of the axonal
initial segment, suggesting mechanisms may be in place to compensate for the lack of dendritic
complexity (León-Espinosa et al. 2018).

THE FUTURE OF THE HIBERNATION FIELD

Although knowledge of hibernation has existed for over two millennia, scientists have only re-
cently developed tools that permit us to intricately probe questions about the complexmechanisms
that allow hibernation to occur. Understanding the mechanistic basis of hibernation necessitates
the development and application of modern molecular and cellular methods in a wide variety of
species. For example, viral delivery of cell type–specific, light-sensitive proteins poses a flexible
solution for targeted manipulation of neuronal activity and in vivo imaging, and the possibilities
for using clustered regularly interspaced short palindromic repeats (CRISPR)-based approaches
to create transgenic animals are yet untapped.Not only must modern tools be used to advance the
field, but foundational work must also be performed to create shareable resources for the hiberna-
tion community. Organ atlases, neural circuitry tracing, transcriptomes, genomic and proteomic
data, and baseline physiological measures of hibernators across physiological states should be per-
formed to allow for cross-species comparisons (Grabek et al. 2015, 2019; Mugahid et al. 2019;
Schwartz et al. 2015b). Given that so many different animals are capable of hibernation, com-
parative studies are integral for discovering central components and modifications surrounding
hibernation.

With the development of these new techniques and resources in mind, several fundamental
questions remain unanswered. What are the roles of IBA? How is hibernation controlled at the
systems level? How does basic cellular function change during hibernation and across torpor–IBA
cycles?Which fundamental cellular andmolecular changes appear to be universal to all tissues and
which are tissue-specific adaptations? Many facets of the immune system, gut microbiome (Carey
& Assadi-Porter 2017), reproduction, epithelial barrier permeability, and more are expected to be
altered in hibernators and require intense study. These are essential questions to consider as we
further push hibernation research to be applied to human health in terms of organ preservation,
understanding of obesity andmetabolic disease, and induction of torpor for long-term space travel.
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The field of hibernation contains many unmined gems of scientific inquiry that deserve to be
further investigated.
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