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Abstract

Hibernation is a unique evolutionary adaptation to conserve energy. During the pre-hibernation
(i.e. fall) season, a progressive decline in core body temperature and further decrease in
metabolism underlie a seasonal modulation in thermoregulation. The onset of hibernation requires
marked changes in thermoregulatory attributes including adjustment in body temperature and
tissue specific increases in thermogenic capacity. The hibernation season is characterized by a
regulated suppression in thermogenesis allowing the onset of torpor interrupted by periodic
activation of thermogenesis to sustain interbout arousals. Thyroid hormones are known to regulate
both body temperature and metabolism, and for this reason, the hypothalamic-pituitary-thyroid
axis and thyroid hormones have been investigated as modulators of thermogenesis in the
phenomenon of hibernation, but the mechanisms remain poorly understood. In this review, we
present an overview of what is known about the thermogenic roles of thyroid hormones in
hibernating species across seasons and within the hibernating season (torpor-interbout arousal
cycle). Overall, the hypothalamic-pituitary-thyroid axis and thyroid hormones play a role in the
pre-hibernation season to enhance thermogenic capacity. During hibernation, thermogenesis is
attenuated at the level of sympathetic premotor neurons within the raphe pallidus and by
deiodinase expression in the hypothalamus. Further, as recent work highlights the direct effect of
thyroid hormones within the central nervous system in activating thermogenesis, we speculate how
similar mechanisms may occur in hibernating species to modulate thermogenesis across seasons
and to sustain interbout arousals. However, further experiments are needed to elucidate the role of
thyroid hormones in hibernation, moving towards the understanding that thyroid hormones
metabolism, transport and availability within tissues may be the most telling indicator of thyroid
status.
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1. Introduction

Plasticity in thermoregulatory and metabolic systems are key to hibernation. In small
mammals, hibernation consists of prolonged intervals of controlled reductions in metabolic
rate and body temperature (Tp), known as torpor, interrupted by short (<24 h) episodes of
euthermia, which require intense bouts of non-shivering thermogenesis (Fig. 1). Hibernation
studies have focused on elucidating the mechanisms driving changes in thermogenesis
during hibernation including central nervous system (CNS) regulation of thermogenesis and
modulation of tissue-specific thermogenic capacity. Thyroid hormones (TH) play key roles
in regulating Ty, and metabolism and have long been investigated as modulators of
thermogenesis during hibernation, yet how this regulation occurs remains poorly understood.
The purpose of this review is to summarize and discuss the role of TH in thermogenesis
during hibernation in small mammals. We address how TH interact with brown adipose
tissue (BAT) and the CNS to create a multifaceted system that regulates thermogenesis, and
how this system is modulated during hibernation.

1.1. Hibernation

Hibernation is an evolutionary strategy to conserve energy in part by attenuating
thermogenesis with a subsequent decline in core Ty, and further decrease in metabolism (Ruf
and Geiser, 2015). The physiology and thermal biology of hibernation has perhaps been
most extensively studied in the ground squirrels (GS), including 13-lined (/ctidomys
tridecemlineatus), Richardson’s (Urocitellus richardsonii) and Arctic (Urocitellus parryii)
ground squirrels. Within ground squirrels, often referred to as obligate hibernators, the onset
of hibernation is regulated by an endogenous circannual rhythm which persists under
constant environmental conditions (Pengelley et al., 1978; Frare et al., 2018). The onset of
hibernation is characterized by a pre-hibernation phase (i.e. fall) in which thermogenesis,
resting metabolic rate and energy expenditure decrease, reducing euthermic T, by 2 °C
(Russell et al., 2010; Sheriff et al., 2012, 2013; Frare et al., 2018) and shifting animals
towards a positive energy balance. In addition, the volume of BAT increases and enhances
the ability to produce heat (i.e. thermogenic capacity) (Abbotts and Wang, 1980; Ballinger et
al., 2016; MacCannell et al., 2017). Thermogenic capacity is critical during the hibernation
season to support regular interbout arousals (Ballinger and Andrews, 2018) characteristic of
small mammalian hibernators. Ground squirrels do not consume food during their
hibernation which lasts seven to eight months, but instead use stored fat to sustain their
energetic demands (Williams et al., 2014).

The hibernation season is composed of repeated multi-day torpor bouts, interrupted by
interbout arousal episodes known as interbout arousals (IBA) or interbout euthermia. A
subsequent cooling phase precedes the next torpor bout (Fig. 1). Torpor bout length peaks
during the middle of the hibernation season; torpor bouts are shorter early and late in
hibernation. In mid-hibernation, a torpor bout in arctic ground squirrels (AGS) can last more
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than 21 consecutive days. Torpor involves a state of regulated hypometabolism during which
animals suppress their metabolism and thermogenesis allowing their Ty, to cool. Ty, drops to
a few degrees above ambient temperature (T,) and can reach a minimum of —=2.9 °C in free-
living AGS (Barnes, 1989). During torpor, metabolic rate decreases to 1-2% of basal
metabolic rate (Buck and Barnes, 2000), respiratory rate decreases to 1-2 breaths/min
(personal observations), heart rate decreases to 3-5 beats/minute (Carey et al., 2003).
Although Ty, is very close to ambient temperature in most species of ground squirrels, AGS
can increase their torpid metabolic rate as much as 36-fold as they generate heat to prevent
themselves from freezing in sub-zero hibernacula (Richter et al., 2015), highlighting the
metabolic plasticity of the species. The arousal or rewarming phase lasts on average 5 h in
captive AGS (Karpovich et al., 2009) and, in other GS species, this has been shown to be
initiated by BAT thermogenesis, accompanied by shivering once Ty, reaches a minimum of
16 °C (Cannon and Nedergaard, 2004). During rewarming, metabolic rate increases to six
times basal metabolic rate, and once Ty, is restored to 35-36 °C, metabolic rate returns to just
above basal levels (Tgien et al., 2001). After rewarming, respiratory rate levels off at 90-100
breath/minute and heart rate reaches 200-300 beats/min (Carey et al., 2003). These
physiological parameters are maintained for about 15 h in the IBA, until the start of the next
cooling phase (Karpovich et al., 2009). The onset of these prolonged bouts of torpor occurs
through regulated suppression of thermogenesis and metabolism.

Much of our current understanding of the potential roles of thyroid hormones in hibernation
and daily torpor, comes from the extensively-studied hibernating ground squirrels, as well as
from Djungarian hamster (Phodopus sungorus), a species that shows spontaneous daily
torpor (STD), but does not hibernate as defined by multi-day torpor. SDT is a hypometabolic
state similar to hibernation (Ruf and Geiser, 2015) in which the degree of metabolic
suppression and body temperature decrease is less dramatic and sustained for shorter
intervals: metabolic rate decreases to just ~25% of basal metabolic rate (Cubuk et al., 2017),
Tp decreases to a minimum of ~15 °C (Heldmaier and Steinlechner, 1981), and torpor bouts
last less than 12 h. The winter expression of SDT in Djungarian hamsters is closer to
hibernation than fasting-induced torpor, which Djungarian hamsters display in the summer
season after food deprivation. Fasting-induced torpor, which is well described in mice, has
been suggested to be regulated by a different mechanism (Cubuk et al., 2017), and is
therefore not part of this review.

1.2. Thyroid hormones

TH secreted by the thyroid gland regulate thermogenesis, metabolism, and cognition. These
roles for TH were recognized in the late 1800s when thyroidectomy became a common
surgical intervention for thyroid disease. Physicians described thyroidectomized patients
becoming cold, fat and mentally ill (Giddings, 1998; Sarkar et al., 2016).

1.2.1. HPT-axis—The hypothalamic-pituitary-thyroid (HPT)-axis regulates the
production of TH which has been described in several reviews (Mullur et al., 2014; Ortiga-
Carvalho et al., 2016) and we briefly summarize here. In the paraventricular nucleus of the
hypothalamus (PVN), thyrotropin releasing hormone (TRH)-neurons project to the median
eminence (ME), a key hypothalamic area linking the brain to the pituitary gland (i.e.
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hypophysis) through the hypophyseal portal system. TRH, released into the hypophyseal
portal system reaches and stimulates thyrotroph cells in the pituitary gland, causing the
release of thyroid stimulating hormone (TSH) into the circulatory system. TSH stimulates
the thyroid gland triggering the secretion of the two primary TH, T3 (3,5,3"-triiodo-I-
thyronine) and T4 (3,5,3",5’-tetraiodo-I-thyronine), into the blood stream. The subsequent
uptake of TH by target tissues is enzymatically regulated (see 1.2.2). T4 differs from T3
only by an additional iodine located at the 5’-position of the first thyroxine ring. Although
T3 is considered the biologically active form of TH, a much larger proportion of T4 is
secreted into the plasma compared to T3 (Abdalla and Bianco, 2014). However, T4 can be
metabolized to T3 peripherally by deiodination and therefore acts as a reservoir, or
prohormone, for T3. Uptake and conversion of TH in the hypothalamus and pituitary gland
regulates the HPT-axis through a negative feedback mechanism; TH inhibits TRH release
from TRH neurons and TSH release from thyrotroph cells (Ortiga-Carvalho et al., 2016).

1.2.2. TH availability—T3 availability is fundamental for TH action such as stimulating
thermogenesis. In plasma, TH exist as bound and free TH. The majority of T3 and T4 is
bound to and carried by proteins in the blood such as thyroxine-binding globulin (TBG),
albumin, and transthyretin (TTR), leaving a small fraction of free TH (FTH) available for
transport into target tissues (Yen, 2001). Circulating FTH enter tissues via trans-membrane
protein transporters, including organic anion transporter (OAT1P1C), monocarboxylic acid
transporter 8 (MCT8) and 10 (MCT10), large neutral amino acid transporters (LAT), and the
sodium/taurocholate cotransporting polypeptide (SLC10AL), which vary in their specificity
for the primary TH and their derivatives (Bernal et al., 2015). Within the target tissues,
deiodinase enzymes convert TH to active or inactive forms. Deiodinase 1 (D1), primarily
found in the plasma membrane of the thyroid, liver and kidneys, converts T4 to T3, which
quickly equilibrates with plasma T3, thus largely contributing to T3 plasma levels (Gereben
et al., 2008; Ortiga-Carvalho et al., 2016). Deiodinase 2 (D2), located in the endoplasmic
reticulum in the CNS and BAT, is the primary generator of intracellular T3 through the
deiodination of T4 (Gereben et al., 2008; Ortiga-Carvalho et al., 2016). Deiodinase 3 (D3),
mainly expressed in the CNS, metabolizes T4 and T3 to metabolites: rT3 (3,35 triiodo-L-
thyronine) and T2 (3,3’-thyronine) (Ortiga-Carvalho et al., 2016). Thus, intracellular
bioavailability, influenced by serum binding proteins, transporters and deiodinases, alters
thyroid status in the periphery and in the CNS.

1.2.3. Thyroid hormone receptors—Thermogenic influence of TH is primarily
through genomic effects; T3 binds to nuclear TH receptors (a1,1,2) that together regulates
transcription of specific genes by binding to the thyroid hormone response element (TRE)
(Yen, 2001; Bernal et al., 2015). TH receptors also form heterodimers with other receptors
such as retinoic X receptor, which enhances TH receptor binding to TRE, increases the
range of TREs to which TH receptors can bind and consequently increases the number of
target genes (Yen, 2001; Ortiga-Carvalho et al., 2016). Nonetheless, recent studies are
investigating the nongenomic effects of TH (Incerpi et al., 2016). Even though the molecular
mechanisms are not yet defined, it has been suggested that nongenomic modulation of
thermogenesis and metabolism occur through a direct interaction between mitochondria and
TH, in particular T2, previously thought to be an inactive TH (Incerpi et al., 2016). An
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alternative presumed nongenomic effect has been suggested to be mediate by 3-
lodothyronamine (T1AM), the last iodinated thyronamine produced by TH metabolism
(Laurino et al., 2018). Interestingly, peripheral administration of TLAM promotes rapid
hypothermia and hypometabolism in both mice and hamster (Braulke et al., 2008; Doyle
Kristian et al., 2007; Scanlan et al., 2004), in contrast to TH effect on thermogenesis and
metabolism. However, the TLAM mechanism of action is still unknown (Laurino et al.,
2018).

1.2.4. TH stimulate thermogenesis by actions on brown adipose tissue—TH
stimulates brown adipose tissue (BAT) thermogenesis through a genomic effect that
synergizes with sympathetic nervous system (SNS) activation of BAT. BAT is a thermogenic
tissue, characterized by a high density of mitochondria, blood vessels and sympathetic
innervation (Jastroch et al., 2018). Mitochondrial uncoupling protein 1 (UCP1) confers to
BAT the ability to produce heat. UCP1 allows the protons to return to the mitochondrial
matrix, releasing the energy of the proton gradient as heat instead of synthetizing ATP
(Nedergaard et al., 2001). SNS regulates BAT thermogenesis (Morrison and Madden, 2014)
by releasing norepinephrine (NE) at sympathetic nerve terminals. NE activates the p3-type
adrenergic receptors on the brown adipocytes, increasing intracellular cAMP levels, which
activates PKA. PKA stimulates lipolysis, releasing free fatty acids (FFA), thus providing the
substrates for the mitochondria respiratory chain, which dissipates energy as heat via UCP1
and increases thermogenesis (Nedergaard and Cannon, 2018). TH enhances adrenergic
stimulation of BAT (de Jesus et al., 2001) by increasing expression of genes coding for
proteins that enhance the response to 3 stimulation. The increase in cAMP, following B3
activation, also increases D2 activity and thus intracellular T3 levels. In this way, T3
amplifies CAMP response to adrenergic stimulation and increases UCP1 transcription in the
brown adipocytes (Silva and Larsen, 1983; Silva and Matthews, 1988; de Jesus et al., 2001).
A synergistic interaction between TH and SNS is fundamental for BAT thermogenesis.

TH may also stimulate BAT thermogenesis through central sites of action. In the
ventromedial hypothalamus (VMH), T3 inhibits the activity of AMP-activated protein
kinase (AMPK), activates the sympathetic premotor neurons located in the raphe pallidus
(rPA) and drives BAT thermogenesis (Lopez et al., 2010). Although the link between AMPK
and SNS activation is not fully understood, UCP1 expression in BAT is known to be
necessary for central-T3 activation of BAT (Gonzélez-Garcia and L6pez, 2017).
Interestingly, the central action of T3 also stimulates browning of white adipose tissue
(Alvarez-Crespo et al., 2016).

We described the primary mechanisms how T3 increase BAT thermogenesis; interestingly,
recent studies show that T2, considered an inactive metabolite, enhances BAT adrenergic
tone; however the mechanisms are still not known (Cioffi et al., 2018).

1.2.5. Tanycytes may modulate TH effects on thermogenesis—Tanycytes are
ependymal glial cells well characterized around the 3rd ventricle in the hypothalamus, and
also found around the 4th ventricle and the central canal (Langlet et al., 2013), and are
emerging as key players in energy metabolism and reproduction described in recent and
comprehensive reviews (Prevot et al., 2018; Langlet, 2019). In general, tanycytes are
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characterized by long processes projecting to the medial basal hypothalamus (MBH) and the
ME in spatial proximity with blood vessels and neurons (Prevot et al., 2018; Langlet, 2019;
Rodriguez-Rodriguez et al., 2019). TH transporters MCT8 and OATP1c1 and deiodinases
D2 and D3 are highly expressed in tanycytes (Bolborea and Dale, 2013; Langlet, 2019;
Rodriguez-Rodriguez et al., 2019) and undergo marked seasonal changes in expression in
seasonal species exhibiting SDT (Herwig et al., 2009; Petri et al., 2016). Hence, tanycytes
regulate hypothalamic availability of T3. Modulation of T3 by tanycytes may contribute to
the central T3-activation of BAT thermogenesis. Moreover, tanycytes regulate the HPT-axis
through a local release of the TRH degrading enzyme Pyroglutamyl Peptidase Il (PPII), and
changes in endfeet morphology preventing TRH release into the portal system (S&nchez et
al., 2009; Miiller-Fielitz et al., 2017; Rodriguez-Rodriguez et al., 2019). Tanycytes, acting on
the HPT-axis, regulate TH production, thus the TH effect on BAT thermogenesis.

2. Changes in the HPT-axis increase thermogenic capacity, which is

regulated by SNS and tissue expression of deiodinases

An increase in thermogenic capacity during the hibernation season is necessary to sustain
arousal. The increase in HPT axis activity during fall contributes to higher thermogenic
capacity. A functional HPT-axis during hibernation may thus contribute to thermogenesis in
arousal.

The hypothalamic TRH neurons maintain their neuronal activity across the seasons. TRH
MRNA expression in whole hypothalamus is higher in the fall and winter compared to the
spring in 13-lined GS (Schwartz et al., 2013). Euthermic AGS in summer, fall and IBA show
a constant neuronal activation of TRH neurons in the PVN (Frare et al., 2018), however, the
number of TRH-immunoreactive neurons (identified by TRH immunohistochemistry and
counted manually), is higher in winter compared to summer AGS (Frare et al., 2019). The
number of TRH positive neurons may increase because TRH expression increases reflecting
an increase in synthetic/secretory activity; or, the increase may reflect neurogenesis of TRH
secreting neurons. In either case, a winter increase in TRH-immunoreactive neurons is
consistent with enhanced thermogenic capacity of the HPT-axis in winter.

The thyroid gland shows a basal secretory activity during the hibernation season, even in
torpor, but significantly higher activity occurs in the pre-hibernation state. The thyroid gland
is characterized by spherical colloids, containing T3 and T4 precursors and thyroglobulin,
surrounded by secretory epithelial cells. A large spherical colloid and a squamous
epithelium are associated with a “resting” gland; secretion is limited and thyroid activity is
reduced. In contrast, a cuboidal to columnar epithelium and a small colloid are associated
with a highly active gland. These distinct changes in thyroid morphology allow histological
analyses to be used as a proxy for thyroid activity (Kalidnik, 1972; Kot et al., 2013; Park et
al., 2017). In one of the first papers investigating the thyroid gland in 13-lined GS,
qualitative observations of thyroid histology did not highlight any seasonal change (Mann,
1916). However, a later study on the same species showed pronounced seasonal variation in
thyroid activity during the year (Zalesky, 1935). High thyroid activity was also measured
during the pre-hibernation phase in Richardson’s GS (Winston and Henderson, 1981) and
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AGS (Frare et al., 2018). In fall AGS, small colloids and columnar epithelium denote a high
thyroid activity that settles into lower and summer-like morphology in mid-hibernation (both
in torpor and IBA) (Frare et al., 2018). Another study in AGS reports large colloids in early
hibernation (October), suggesting an initial resting of the gland and storage of TH
(Nevretdinova et al., 1992). As the hibernation season progresses, thyroid activity increases,
as the colloid’s volumes decrease (as seen in mid-hibernation), reaching maximal activity in
May (Nevretdinova et al., 1992).

lodine secretion is another indication of thyroid gland activity. Measurements of iodine
secretion indicate TH is not secreted from the thyroid gland following direct cooling of the
hypothalamus, between late summer (August) and mid-hibernation (December) in 13-lined
GS (Hulbert and Hudson, 1976). Although thyroid secretion did not occur, direct
hypothalamic cooling induced an immediate increase in Ty, which lead the author to
conclude that the HPT-axis was unresponsive (Hulbert and Hudson, 1976). However,
considering the recent findings of thermoregulatory pathways, these results might be better
explained by an immediate sympathetic response to hypothalamic-cooling (Morrison, 2016),
rather than a refractory HPT-axis. In fact, pharmacologically-induced cooling stimulates the
HPT-axis in mid-hibernation, indicating a responsive HPT-axis (Frare et al., 2018), in
contrast with the former hypothesis of a refractory HPT-axis during hibernation (Hulbert and
Hudson, 1976). Further, thyroid secretory activity during the hibernation season is similar to
the summer season, and the increase in secretion observed in the pre-hibernation season
likely underlies the seasonal accumulation of BAT occurring in hibernators (Ballinger and
Andrews, 2018).

Based on thyroid secretory activity, we would expect high TH concentration in fall and
constant TH concentration between summer and winter. Interestingly AGS do not show
changes in TTH concentration in plasma across seasons (S| Table 1) (Frare et al., 2018;
Williams et al., 2019). Only a few studies report FTH concentrations during hibernation. In
AGS, FT3 and FT4 do not show any significant difference between summer, fall and IBA
(Frare et al., 2018) (Sl Table 2). Similarly in Richardson’s GS, FT4 concentration is the
same in summer and IBA (Magnus and Henderson, 1988) (Sl Table 2). Bound TH in the
plasma maintain a stable pool of FTH to prevent hormonal fluctuations (Refetoff et al.,
2000), and the stable plasma concentrations of TTH and FTH in hibernators may indicate
normal physiological circulating level of TH across the year.

Experiments in which thyroidectomy was performed suggest a fundamental interaction
between TH and thermogenesis, as shown by the different response to cold exposure
between European hamsters thyroidectomized in different seasons (Canguilhem, 1970,
1972). Even if the procedure disrupted the occurrence of torpor, hamsters thyroidectomized
in the fall were able to survive subsequent cold-exposure, while the hamsters
thyroidectomized in the spring died of hypothermia (Canguilhem, 1970). These findings
suggest a critical role of the thyroid and TH in providing thermogenic capacity before
winter, which is consistent with the increase in thyroid activity during the fall (Winston and
Henderson, 1981; Frare et al., 2018). In hyperthyroid mice, central T3 increases BAT
volume and activity (Alvarez-Crespo et al., 2016; Weiner et al., 2016); similarly TH may
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drive the seasonal increase in BAT mass seen in hibernators (Ballinger and Andrews, 2018),
which contributes to the increase in thermogenic capacity.

Interestingly, thyroidectomy performed at the end of the fall preparatory phase did not affect
the hibernation pattern in Richardson GS (Henderson et al., 1981), or the metabolic rate in
euthermic 13-lined GS (Hulbert and Hudson, 1976). The effects of TH on BAT and
thermogenesis prior to thyroidectomy may have been sufficient for the GS to develop the
thermogenic capacity needed for arousals from torpor. Moreover, the GS may rely mainly on
sympathetic BAT activation as a compensatory thermogenic mechanism (Silva and
Matthews, 1988).

TH and the SNS synergistically increase BAT thermogenesis (Silva and Matthews, 1988;
Silva and Rabelo, 1997), and adrenergic activation of BAT enhances intracellular D2
activity. In hibernation, D2 activity in BAT is higher during torpor and arousal compared to
euthermia (Liu et al., 2001), confirming higher thermogenic capacity in the hibernation
season, and highlighting the promptness of BAT in sustaining arousal. Thus, HPT-axis and
TH enhance thermogenic capacity, but SNS may be the ultimate gatekeeper of BAT
thermogenesis in hibernation, allowing the onset of torpor and triggering arousal.

3. A downregulation of the HPT-axis contributes to maintaining torpor

A functional HPT-axis, with increased thermogenic capacity, sustains regular IBAs, but a
“downregulation” allows torpor onset. Neuronal activity of TRH neurons in the PVN
decreases during torpor compared to IBA in AGS (Frare et al., 2018), most likely reducing
thermogenesis and Ty,. TRH injections into the lateral ventricle (icv) or into the
hippocampus reverse the torpid state by inducing thermogenesis in Syrian hamsters
(Shintani et al., 2005; Tamura et al., 2005) and golden mantled GS (Stanton et al., 1980). A
decrease in TRH neuronal activation and TRH receptor expression in the hypothalamus
(Stanton et al., 1992) contributes to the downregulation of central TRH signaling within
torpor.

Surprisingly, hibernation torpor is characterized by higher levels of plasma TTH compared
to euthermia, which is counterintuitive as TH are known to increase thermogenesis. TT3 and
TT4 concentration are higher in torpor compared to IBA in AGS (Nevretdinova and
Shvareva, 1987; Frare et al., 2018) (Sl Table 1), and in Richardson’s GS (Magnus and
Henderson, 1988) (Sl Table 3). Another study in Richardson’s GS report different patterns
between TT3 and TT4 at different stages of the torpor-IBA cycle (Demeneix and Henderson,
1978a) (SI Table 3). Interestingly, one study in AGS showed a 50% increase in TT4,
precursor for T3, during early arousal (Nevretdinova and Shvareva, 1987), supporting the
proposed role of the HPT-axis in activating thermogenesis during arousal (Frare et al., 2018).

We speculate that increased plasma protein binding concomitant with an increase in TTH
during torpor could be an alternative mechanism to prevent TH-mediated thermogenesis
during torpor. Sustained basal secretory activity of the thyroid gland during torpor
(Nevretdinova et al., 1992; Frare et al., 2018), and a decrease in TH clearance from plasma
during torpor (Demeneix and Henderson, 1978b), suggest an accumulation of TH in plasma
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that reflects the increase in TTH concentration seen in torpor. During torpor, the amount of
plasma proteins, such as albumin (Fig. 2), rise (Magnus and Henderson, 1988) likely
increasing the amount of bound TH and thus TTH measured in blood. An increase in TH
protein binding maintains FTH during torpor (Frare et al., 2018). However, when FTH is
measured at low temperature, similar to torpor, FTH concentrations are lower than when
FTH is measured at euthermic body temperature (Magnus and Henderson, 1988). These
results suggest that during arousal bound TH is released with increasing temperature.
Release of TH would increase the FTH fraction and FTH uptake by peripheral tissue such as
BAT and stimulate BAT-thermogenesis.

4. TH availability in the CNS may be regulated by tanycytes and could

affect HPT-axis and thermogenesis

As mentioned above, tanycytes regulate the HPT-axis through local release of PPII, and
changes in endfeet morphology preventing TRH release into the portal system (Sanchez et
al., 2009; Miller-Fielitz et al., 2017). We do not know how PPII and tanycytes endfeet
morphology changes across seasons or during hibernation. We speculate that an increase in
peripheral FT3 during arousal could inhibit TRH neurons and increase PPII expression,
further suppressing TRH release into the portal system, thus promoting the onset of torpor.
Further investigations are needed to assess any detailed structural changes in tanycytes’
morphology regulating neurohormonal release of TRH and to measure changes in PPII.

Hypothalamic deiodinases, which are mainly located in tanycytes, may regulate SDT
(Murphy et al., 2012). The onset of SDT is associated with a decrease in the hypothalamic
MRNA expression of D2, and an increase in D3 mRNA and MCT8 (Herwig et al., 2009;
Petri et al., 2016), suggesting a larger MCT8 uptake of TH by tanycytes and a consequent
deactivation via D3 (Herwig et al., 2009; Bank et al., 2015). Lower hypothalamic T3 gates
STD onset (Bank et al., 2017). Similar studies are needed in ground squirrels to understand
the role of hypothalamic T3 in hibernation.

We know that central T3 regulates thermogenesis through the VMH-rPA pathway activating
BAT thermogenesis as seen in mice (Ldpez et al., 2010), and a-tanycytes may be a likely
source of T3. These a-tanycytes express deiodinases and TH transporters. Furthermore, a-
tanycyte processes extend into the VMH (Prevot et al., 2018). Hypothalamic D2 mRNA
expression increases in normothermia compared to torpor in Djungarian hamster (Bank et
al., 2015). Thus, an increase in hypothalamic T3 availability promotes thermogenesis via the
VMH-rPA pathway. Based on studies in SDT, we expect that a decrease in hypothalamic T3
availability contributes to the seasonal decrease in cFos expression in the premotor neurons
in the rPA that we have observed in euthermic AGS during the hibernation season (Frare et
al., 2018). Hypothalamic D2 expression increases in 13-lined GS in the spring (Schwartz
and Andrews, 2013), and under long photoperiod in Djungarian hamster (Herwig et al.,
2009; Petri et al., 2016) and in Syrian hamster (Revel et al., 2006; Yasuo et al., 2007)
suggesting an increase in hypothalamic T3. The increase in T3 most likely affects the
reproductive phase, but it may also increase the winter euthermic Ty, by 1-2 °C and
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contribute to the increase in euthermic Ty, seen at the end of the hibernation season and
maintained throughout the summer.

Hypothalamic effects of TH on thermogenesis, metabolism and energy balance is
independent of plasma levels. We suggest tanycytes as a regulator of TH availability.
Different tanycytes populations regulate T3 availability in defined hypothalamic nuclei,
controlling specific functions such as TRH release into the portal vessel of the pituitary and
the T3-mediated VMH-rPA thermogenesis. Seasons may drive tanycytes modulation of T3
availability to regulate the HPT-axis and thermogenesis accordingly, consistent with the role
of these ependymal cells in regulating seasonal phenotypes.

5. Methodological issues in measuring FTH

Results from studies examining stability of the physiological pool of FTH in the plasma of
hibernating animals have been inconsistent and we speculate differences among studies may
reflect methodological issues with measurements.

Within Richardson’s ground squirrel, for example, Demeneix and Henderson (1978b) found
higher FT4 in torpor compared to euthermia, whereas Magnus and Henderson (1988)
observed the opposite pattern (SI Table 2, underlined values). In both studies, equilibrium
dialysis (ED) lasting 20-24 h was used to separate the unbound TH to measure the percent
fraction of FTH. The percent fraction of FTH multiplied by TTH (measured by RIA)
resulted in the actual FTH concentration. ED was performed at two different temperatures 6
°C and 37 °C, chosen to represent torpor Ty, and euthermic Ty, respectively.

The studies show conflicting results in the percent FT4 (%FT4) measurements performed at
the same assay temperature 37 °C and 6 °C following the same protocol, except for a lower
specific activity for the [1251]T4 used. Therefore, the actual concentration of FT4 was
different comparing values at the same assay temperature (SI Table 2). As the ED assay
temperatures reflected the animal Ty, the authors draw their conclusion using FT4
concentration at the specific Ty,: FT4 obtained at 37 °C assay group was indicative of
euthermia and FT4 obtained at 6 °C indicative of torpor. The early study showed a higher
FT4 in torpor compared to euthermia (Demeneix and Henderson, 1978b), while the opposite
trend was reported in the later one (Magnus and Henderson, 1988). Differences were
associated with different affinity in [12°1]T4, possible contamination and the difference ED
length (20 versus 24 h).

The different techniques used and the difference within the same methods, show the need to
use an accurate and reliable method in measuring FTH. In particular, the temperature during
ED and separation methods may affect the fraction of bound and free TH as the binding to
plasma proteins is temperature dependent.

In AGS, FTH have been measured using LC-MS/MS and RIA. LC-MS/MS required an
initial separation between the free and bound TH fractions as in ED, on the contrary RIA
measures FTH directly from plasma (comprised of free and bound TH). Before LC-MS/MS
quantification, FTH were separated via ultrafiltration for 40 min at 37 °C (Frare et al., 2018).
The separation temperature may have been critical and prevented a detection of torpor-state
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differences in FTH. However, FTH concentrations were similar in summer and fall between
the RIA and the LC-MS/MS, suggesting that ultrafiltration does not significantly alter FTH
concentration (Sl Table 2). ED did not provide a direct measurement of FTH, instead the
ultrafiltrate was immediately used in the LC-MS/MS to directly quantify FTH, providing a
more reliable measurement. Due to the limited amount of studies, the inconsistent results
between species (AGS and Richardson’s GS) and within species (Richardson’s GS), we
cannot yet evaluate the role of FTH in hibernation. A consistent and reliable method is
needed to standardize results between studies and laboratories, keeping in mind that changes
in TTH concentrations do not always reflect changes in FTH concentration, and that the
month of sampling could affect the TH values, as well as the time of the day (Demeneix and
Henderson, 1978a). Moreover, in light of the current knowledge of the role of TH in the
CNS and the importance of TH transporters and deiodinases, we should rely less on plasma
data as an indicator of thyroid status because it may not fully reflect availability of TH and
TH metabolites within the CNS.

6. Conclusion

The seasonal modulation of thermoregulation during hibernation resides not only in the
plasma concentration of TH, but within the different components of the HPT-axis, and target
tissue such as BAT and the hypothalamus. A key perspective that emerges is the role of TH
in increasing thermogenic capacity during the hibernation season, most likely through
synergism between TH and the SNS in activating BAT-thermogenesis (Fig. 3). The increased
HPT-axis response to pharmacologically-induced cooling (Frare et al., 2018) highlights a
responsive HPT-axis and the increase in thermogenic capacity during hibernation. This
interpretation is supported by a seasonal increase in TRH neuronal activation (Frare et al.,
2019) and TRH mRNA expression (Schwartz et al., 2013) in the hypothalamus and higher
D2 activity in BAT (Liu et al., 1998). In addition, the increase in TT4 in early arousal
(Nevretdinova and Shvareva, 1987), is consistent with the role of the HPT-axis and TH as
thermogenic components in the arousal process.

In addition, we illustrated how the circulating levels of TH as in indicator of TH function is
not a reliable indication of HPT activation, and how published results are inconsistent even
within the same species. We highlight the need for an accurate technique to measure FTH to
complement TTH analyses. We described how the effect of TH relates to tissue
concentration of TH, and to deiodinases activity highlighting how measurements of mRNA
expression and protein levels of deiodinases may be more indicative of the thyroid status.
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Fig. 1.
Seasonal onset of hibernation represented by seasonal changes in Ty, in Arctic ground

squirrel. A decrease in euthermic Ty, indicates the pre-hibernation season (i.e. fall), which
precedes the onset of hibernation. The hibernation season is not static but is comprised of
extended periods of low metabolic rate and Ty, (torpor bouts) interrupted by regular IBA.
Animals actively suppress metabolism, which results in a decrease in T, (and a further
decrease in metabolism) during the cooling phase. During arousals, animals initially
generate heat via non-shivering thermogenesis in BAT and this is supplemented by shivering
once Ty, attains ~16 °C and eventually metabolic rate and Ty, are restored to euthermic levels.
In the AGS, hibernacula temperatures can drop well below zero (dashed line) such that
animals must also be thermogenic during torpor. The emergence from hibernation occurs in
the spring and is associated with the reproductive period. The summer season follows.
(Figure adapted from Williams et al., 2011 J. Exp. Biol. 214, 1300-1306).
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Fig. 2.
Albumin concentration in plasma in AGS. Albumin concentrations (g/dL) is significantly
higher in torpor compared to interbout arousal (IBA) (*p < 0.05, #test). Sample size n = 3-6.
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Fig. 3.
Changes in thyroid status leading to a seasonal increase in thermogenic capacity occurs with

a gradual decrease in sympathetic tone.
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