J Comp Physiol B (2017) 187:693-703
DOI 10.1007/s00360-017-1069-6

@ CrossMark

ORIGINAL PAPER

Seasonal loss and resumption of circadian rhythms in hibernating

arctic ground squirrels

Cory T. Williams! - Maya Radonich? - Brian M. Barnes® - C. Loren Buck'

Received: 2 September 2016 / Revised: 4 February 2017 / Accepted: 26 February 2017 / Published online: 22 March 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Circadian clocks are near universal among
organisms and play a key role in coordinating physiological
and metabolic functions to anticipate or coincide with pre-
dictable daily changes in the physical and social environ-
ment. However, whether circadian rhythms persist and are
functionally important during hibernation in all mammals is
currently unclear. We examined whether circadian rhythms
of body temperature (7}) persist during multi-day, steady-
state torpor and investigated the association between timing
of animal emergence, exposure to light, and resumption of
activity and 7, thythms in free-living and captive male arc-
tic ground squirrels. High-resolution (0.02 °C) temperature
loggers revealed that circadian rhythms of 7, were not pre-
sent during deep torpor in free-living arctic ground squir-
rels. Significant circadian rhythms of 7} resumed, however,
following the resumption of euthermia, but prior to emer-
gence, though rhythms became much more robust coinci-
dent with aboveground emergence. Additionally, squirrels
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maintained in captivity under conditions of constant dark-
ness spontaneously developed significant circadian rhythms
of T, and activity soon after ending torpor. Exposing ani-
mals to a 5-s pulse of light within a week when they ended
torpor increased the strength of rhythms. Our results are
consistent with the hypothesis that circadian clock function
is inhibited during hibernation in arctic ground squirrels,
and we postulate that exposure to external stimuli, such as
light in free-living animals, and meals or acute disturbance
for captive squirrels, may enhance 7;, rhythmicity by syn-
chronizing loosely coupled circadian oscillators within the
suprachiasmatic nucleus.
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Introduction

Circadian systems provide animals with the ability to coor-
dinate their physiological and metabolic functions in antici-
pation of predictable daily changes in their environment. In
mammals, circadian rhythms are controlled by a master cir-
cadian clock formed by neurons within the suprachiasmatic
nucleus (SCN) of the anterior hypothalamus; this master
clock drives rhythms in body temperature (7,) and humoral
cues that act to entrain individual “slave” oscillators
located in peripheral tissues throughout the body (Reppert
and Weaver 2002; Buhr et al. 2010). Even in the absence
of zeitgeber, or external timing cues, endogenous circadian
rhythms of physiology and behavior persist with a period of
~24 h, driven by all oscillators within the circadian system
(Dibner et al. 2010). In nature, these oscillators remain in
synchrony with the environment as the master clock within
the SCN is entrained to the light—dark (LD) cycle.
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The importance of circadian rhythms is evidenced by
their ubiquity, occurring in bacteria, plants, fungi, and
animals (Young and Kay 2001). In addition to playing a
critical role in timing daily behaviors and physiology, it
has long been proposed that circadian clocks are used to
measure day length and initiate photoperiodic responses
for seasonal timing (Biinning 1936), a concept that is now
well supported in plants (Park et al. 1999) and animals
(Ikeno et al. 2010; Wood and Loudon 2014). Despite the
widespread importance of circadian rhythms for most
organisms, chronobiologists have been interested in
whether circadian function is compatible with all physi-
ological states. For example, while circadian clocks play
an important role in the timing of mechanisms that regu-
late seasonal hypometabolism or hibernation (Hut et al.
2014), either through their involvement in photoperiodic
responses or by entraining circannual clocks, the persis-
tence and potential function of circadian rhythms during
prolonged intervals of hypometabolism and variable body
temperature are less clear.

In insects, circadian genes are not only important in tim-
ing the initiation of diapause, but the major circadian clock
genes continue to cycle throughout diapause (Meuti et al.
2015). In vertebrates, circadian clock function appears
to be unimpaired by depressed metabolism associated
with daily torpor (Herwig et al. 2006). However, the only
study to examine clock gene expression during the multi-
day torpor associated with seasonal hibernation in small
mammals found evidence that clock genes in the SCN had
ceased cycling (Revel et al. 2007). Given circadian clocks
are mechanistically driven by transcription/translation feed-
back loops, the absence of cycling of circadian clock genes
is consistent with findings that transcription and transla-
tion are globally suppressed during deep torpor in mam-
mals (Storey and Storey 2004). Yet, selective transcription
and translation can still occur during deep torpor (Hittel
and Storey 2002), and circadian gene expression has been
found to be resilient to large fluctuations in transcription
rates (Dibner et al. 2009), though not at the very low tem-
peratures that characterize hibernation in small mammals.

During hibernation, small mammals undergo periodic
arousals to euthermic body temperatures each few days or
several weeks, depending on ambient temperature and body
size (Ruf and Geiser 2015, but see; Lovegrove et al. 2014).
The function and trigger of such arousals are debated, and
despite the lack of evidence for persistent cycles of circa-
dian gene expression within the SCN during deep torpor,
circadian clocks are hypothesized by some to function in
timing arousals (Heller and Ruby 2004; Malan 2010).
Recent studies indicate that many cellular components rel-
evant to timekeeping are enzymatic or metabolic in nature,
rather than transcriptional, indicating that the lack of con-
tinued cycling of clock genes observed by Revel et al.
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(2007) does not necessarily signify that circadian clocks
are not functioning (reviewed in O’Neill et al. 2013).

Two lines of evidence support the persistence of circa-
dian rhythms during deep torpor (multi-day torpor). First,
captive golden-mantled ground squirrels (Callospermophi-
lus lateralis) exhibit persistent low-amplitude (<0.1°C) cir-
cadian 7, rhythms of widely varying period lengths in deep
torpor (Grahn et al. 1994). Florant et al. (2000) similarly
found that captive marmots display circadian 7, rhythms
during torpor, although these rhythms did not occur in
free-living animals, suggesting that rhythms could be an
artifact of captivity. Similarly, no evidence for circadian 7
rhythms during steady-state torpor was found in free-living
European (Spermophilus citellus), Anatolian (S. xantho-
prymnus), or arctic (Urocitellus parryii) ground squirrels
(Hut et al. 2002a; Giir et al. 2009; Williams et al. 2012a,
b). Because T, during deep torpor largely reflects ambient
temperature (7,), T}, rhythms can emerge in captive animals
if there is a rhythm within the environmental chamber in
which they are being housed (Florant et al. 2000). Ruby
et al. (2002), however, found that while low-amplitude
(<0.2°C) T, rhythms were lost in SCN-ablated golden-
mantled ground squirrels, they persisted in control animals,
suggesting that such rhythms are endogenously generated.
Additionally, Larkin et al. (2002) found that rhythms in
brain temperature persist in golden-mantled ground squir-
rels maintained in an environmental chamber in which
no rhythm in 7, was detected. Although it is possible that
low-amplitude 7, rhythms in other species of ground squir-
rels were missed due to the limited resolution of the log-
gers used, it has also been noted that ground squirrels do
not express a circadian 7, rhythm when they first become
euthermic in the spring. In captive European ground squir-
rels, thythms emerge spontaneously within 5-15 days of
the return to euthermia (Hut et al. 2002b), whereas previ-
ous studies indicate T}, of free-living arctic ground squirrels
is arrhythmic while animals remain in their constantly dark
burrows for 4-5 weeks after torpor has ended until they first
emerge to the surface (Williams et al. 2012a, b). The sec-
ond major line of evidence for the persistence of circadian
rhythms comes from studies examining the timing of peri-
odic arousals where several studies have noted ~24-h perio-
dicity in the duration of torpor bouts and/or arousals occur-
ring at a particular time of day (Daan 1972; Grahn et al.
1994, Kortner and Geiser 1998; Park et al. 2000). Several
other studies have failed, however, to detect circadian tim-
ing in the occurrence of arousals from deep torpor (Thomas
1993; WaBmer and Woolnik 1997; Hut et al. 2002a), and
such gating of arousals is very difficult to detect in mam-
mals with multi-week-long torpor bouts (Grahn et al. 1994;
Kortner and; Geiser 2000).

In the present study, we examine patterns of 7 rhyth-
micity during deep torpor and after spring arousal and
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emergence in free-living and captive arctic ground squir-
rels. First, we utilize very high-resolution (0.02°C) data
loggers to determine whether low-amplitude (<0.2°C)
circadian rhythms persist during deep torpor in free-living
arctic ground squirrels. Such low-amplitude rhythms may
have been missed due to the coarser (0.2 °C) resolution of
loggers used in our prior studies (Williams et al. 2012a,
b). We also examine whether free-living males develop
circadian Ty rhythms during their preemergent interval of
euthermia in spring, or whether the recurrence of rhythmic-
ity coincides with first exposure to light. We then examine
whether circadian 7}, rhythms spontaneously develop under
conditions of continuous darkness in captive arctic ground
squirrels or whether light is needed as a cue to trigger the
onset of rhythmicity in spring. We hypothesized that cir-
cadian function is inhibited by the very low brain and 7,
that accompanies deep torpor. We predicted that no T}
rhythms would be present during torpor and post-hiberna-
tion T}, rhythmicity would not return in spring until animals
were exposed to light. In contrast to our previous studies
in arctic ground squirrels, but consistent with studies of
other ground squirrels, we found that circadian rhythms of
T, can resume soon after torpor is complete prior to light
exposure.

Materials and methods
Free-living animals

We recorded patterns of 7}, and post-hibernation expo-
sure to light in free-living arctic ground squirrels residing
near Toolik Field Station (68°38'N, 149°38'W) in north-
ern Alaska. In August 2013, we captured and implanted 2
adult male ground squirrels with high-resolution abdomi-
nal 7, loggers (TidbiT v2 Water Temperature Data Log-
ger, Onset Computer Corporation, Bourne, MA, USA) that
were removed from their casing and shrink wrapped prior
to being coated in Elvax (DuPont, Wilmington, DE, USA).
We restricted our sample size to two ground squirrels
because these high-resolution loggers are heavier (20 g)
and larger (4 cm diameter X 3 cm depth) than the loggers
we typically use (Williams et al. 2011, 2012a). These log-
gers are accurate to within +0.2°C, have a resolution of
0.02°C, and were programmed to record T}, every 10 min.
Both males were also equipped with light loggers affixed to
collars (Intigeo-C56 geolocators, Migrate Technology Ltd,
Cambridge, UK; see details in Williams et al. 2014). These
loggers have a light sensor which reads once every minute
with the highest recorded value per 5-min interval being
saved to memory; thus, recording from these will indi-
cate if animals are exposed to sunlight. The range of light
readings is between 1 and 74,000 Ix with a logarithmic

resolution that contains 249 discrete levels (i.e., the devices
have a much higher sensitivity at low light levels). We sub-
sequently recaptured both males in May 2014, recovered
the 7, and light loggers, and downloaded the continuous
9-month record of 7, and light exposure.

Captive experiments

We conducted captive experiments using male arctic
ground squirrels captured near Atigun River (68° 27" N
149° 21'W) in northern Alaska. Animals were initially
maintained in metal cages (48 x31x30 cm, UnifabCages,
Kalamazoo, MI, USA) on a 12L:12D photoperiod and at
room temperature (20+2°C). Animals were given cotton
batting for nesting (Perfect Fit, McDonald, Tukwila, WA,
USA) with food (Mazuri Rodent Chow, Brentwood, MO,
USA) and water provided ad libitum. At least one month
prior to the onset of hibernation, squirrels were surgically
implanted with 7, and activity transmitters (~7 g, model
TA10TA-F40-LF, Data Sciences International, St Paul,
MN, USA). All transmitters were calibrated to within
0.1°C at 0.0, 35, and 39°C prior to implantation. In fall,
after squirrels had undergone their pre-hibernation fatten-
ing, we transferred animals into 43X27X19 cm plastic
tubs (Nalgene, Rochester, NY, USA) and placed them in
environmental chambers maintained at 0+ 1 °C. Chambers
maintained constant darkness with animal husbandry per-
formed using a headlamp with a red LED light; all food and
water was removed once animals first became torpid. Ani-
mals were monitored throughout hibernation using the tra-
ditional sawdust method (Pengelley and Fisher 1961); wood
shavings were placed on the dorsal surface of the animals
and inspected daily to assess, by the presence or absence
of sawdust, the duration of torpor bouts, and occurrence of
arousal episodes.

To determine whether exposure to light is necessary for
the resumption of circadian 7} rhythms after torpor ends,
we removed hibernating animals from the environmen-
tal chamber (n=4), activated their implanted transmitters,
placed them into larger (60x45 %25 cm) plastic tubs, and
transferred them into a room held at 20+ 1 °C under con-
ditions of continuous darkness. We provided animals with
cotton bedding, pine shavings, and a 25-cm-long X 10-cm-
diameter PVC tube for habitat enrichment. Water and gel
packs (4 oz Napa Nectar, Systems Engineering Lab Group
Inc., Napa, CA, USA) were provided ad libitum; 8—10 pel-
lets of rodent chow were provided once daily between the
hours of 7 am and midnight on an irregular schedule. We
used night vision optics (Challenger monocular, Pulsar
Vision, Brooklyn, NY) combined with a very low-intensity
red light (M1 Infrared Illuminator, Surefire LLC, Fountain
Valley, CA) for daily feedings and assessment of animal
welfare during this phase of the experiment.
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To determine whether light would induce or alter T}
rhythmicity, squirrels were given a 5-s pulse of high-
intensity white light for 5 s after 28 days of euthermy.
Squirrels were individually moved in their tubs to a sec-
ond dark chamber and pulsed at a distance of 20 cm using
a surefire 320 Im flashlight for 5 s; all squirrels voluntar-
ily stared into the light when being pulsed. Overhead full-
spectrum lights in the room were turned on simultane-
ously with the flashlight pulse to ensure squirrels received
a strong light signal. Following the pulse, animals were
immediately returned to the DSI monitoring system for
an additional 10 days of recording 7}, and activity under
conditions of continuous darkness. Because squirrels
became rhythmic prior to receiving the pulse 28 days into
euthermia (see results), we repeated the experiment with
3 squirrels but pulsed them with light after only 3—-6 days
of euthermia. Individuals were pulsed on different days at
different times of day to ensure they were not cueing into
the activity of other squirrels in the experiment.

Data analysis

Circadian rhythmicity in 7, during deep torpor for the
two free-living individuals was assessed using both
Chi-squared and Lomb-Scargle periodogram analyses
on >10-day intervals of data during torpor bouts begin-
ning in January, after the hibernacula had become fro-
zen and ground squirrels were thermogenic during tor-
por, as evidenced by drops in core T}, below —1°C. The
Lomb-Scargle algorithm has a better detection efficiency
and accuracy in the presence of noise (Ruf 1999), but
non-sinusoidal signals or outlying large-amplitude fea-
tures can make the interpretation of Lomb-Scargle peri-
odograms more difficult (Schimmel 2001). For example,
the false alarm values (P values) in Lomb—Scargle are
sensitive to non-Gaussian noise (Schimmel 2001; Refi-
netti et al. 2007). Lomb—Scargle analysis is also preferred
when data are unevenly spaced or data points are miss-
ing (Ruf 1999), but this was not an issue for our dataset.
For free-living and captive individuals, post-hibernation
rhythmicity in 7, and activity were assessed for each
individual using Lomb-Scargle periodogram analysis
(Chi-squared analysis provided equivalent results) on
sliding 7-day intervals of data (e.g., interval 1: 1-7 days
post-hibernation, interval 2: 2-8 days, ..., interval 29:
29-35 days post-hibernation). We use the empirically
calculated normalized power (PN) from the Lomb-Scar-
gle periodogram analysis as a measure of the degree of
rhythmicity for each 7-day interval. Actograms were con-
structed, and periodogram analysis was performed using
Clocklab software (Actimetrics, Evanston, IL, USA).
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Results
Free-living animals

During early bouts of torpor, prior to freezing of the
active layer, 7}, of both males (#573 and #926) equipped
with high-resolution (+£0.02°C) T, loggers gradually
cooled throughout the torpor bout. During subsequent
bouts of torpor when the active layer of soil surround-
ing the hibernacula was frozen and ground squirrels were
thermogenic and thermoregulating (indicated by rela-
tively stable T}, well below 0°C), T, exhibited some vari-
ability of <0.2°C, but Chi-squared periodogram analysis
indicated no significant circadian or rhythms (P> 0.25)
in any of the 7 torpor bouts (3 bouts for male #926 and
4 bouts for #573; Fig. 1, Fig. S1). Lomb-Scargle peri-
odogram analysis indicated no significant rhythms
(P>0.05) for any of the three torpor bouts for male
#926 (Fig. S1); however, low-amplitude but significant
rhythms (P <0.001) were detected in all four of the tor-
por bouts for male #573, although the dominant rhythms
identified were not circadian and instead had periods of
~19 and 31 h (Fig. 1).

Male #573 terminated torpor on March 21 and spent
25 days below ground prior to emerging to the surface
during daylight hours on April 14 (based on exposure to
high-intensity light); however, light logger data indicated
this male was regularly exposed to low-intensity light
(8-140 L beginning on March 28, 7 days after complet-
ing torpor (Fig. 2a). Lomb-Scargle periodogram analysis
revealed a strong ultradian rhythm (tau=7.2-7.5 h), but
no circadian rhythm, during the first 7-day interval; a sig-
nificant circadian rhythm first emerged in the March 29
to April 4 interval, after exposure to low-intensity light
but well before emergence to the surface and exposure to
high-intensity light. By the March 31-April 6 interval,
the ultradian 7, rhythm remained significant but weak,
whereas the circadian 7, rhythm became progressively
stronger (Fig. 2). The second male (#926) terminated tor-
por on March 14 and did not emerge to the surface until
21 days later on April 4; no light exposure was meas-
ured until the male first emerged on April 4 (Fig. 3). This
male, however, exhibited significant (P <0.001) ultra-
dian (8.5 h) and free-running circadian (23.55 h) rhythms
during the first 7 days after terminating torpor (Fig. 3).
Additionally, the ultradian rhythms became progressively
weaker and the circadian rhythm became progressively
stronger during the interval of belowground euthermia
(Fig. 3). Rhythms of T, for both males, however, became
entrained and dramatically increased in amplitude imme-
diately following emergence from the hibernacula and
resumption of daily surface activity (Figs. 2e, 3e).
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Fig.1 Body temperature (7}) during a 14-day-long torpor bout of
free-living arctic ground squirrel male #573 (a). T, between the ver-
tical dashed bars was used to create an actogram (b) and for Chi-
squared (c) and Lomb-Scargle (d) periodogram analyses. No signifi-

Captive animals

Following the termination of torpor in captivity, all 4
animals held in constant darkness developed significant
circadian rhythms prior to being given a pulse of light
on day 28 (Fig. 4). Three of the animals exhibited sig-
nificant (P <0.05) T, rhythms in the first 7-day interval
of euthermia following their final bout of torpor and sig-
nificant rhythms persisted in all subsequent 7-day inter-
vals; the fourth animal (12—-14) did not exhibit a signifi-
cant 7} rhythm until the second 7-day interval (days 2—-8
post-hibernation) and then significant rhythms persisted
in all subsequent intervals (Fig. 4).The strength of rhyth-
micity, based on the PN value from the Lomb-Scargle
periodogram analysis and visual observations of the data
(Fig. 4), increased substantially 2-3 weeks after torpor
was terminated, but prior to the light pulse. Three of the
animals had free-running 7, rhythms with a period <24 h
(tau=23.35, 23.50, and 23.80 h), whereas the period was
>24 h for the fourth animal (tau =24.05 h). In one animal
(12-18), activity and T, rhythmicity became more robust
coincident with exposure to the pulse of light on day 28
(Fig. 4). However, the phase of the rhythm was unaffected

5 10 15 2 25 20 s

PN

25 0 k)

Period (hours

cant rthythms were found using Chi-squared periodogram analysis; for
Lomb-Scargle periodogram analysis, rhythms above the horizontal
line are significant at « =0.05

by the light pulse on day 28 in all animals (data not
shown). We repeated this experiment with three addi-
tional squirrels; once again, all squirrels became spon-
taneously rhythmic in the constant dark without expo-
sure to light (data not shown). When the experiment was
repeated a third time, but with squirrels receiving a pulse
of light after only 4-6 days of euthermia, the strength
of circadian 7, rhythms appeared to increase more rap-
idly, immediately following the pulse (Fig. 5; Fig. S2).
A comparative quantitative assessment of rhythmicity
in these squirrels was not possible however, because of
a loss of ~24 h of data due to a system failure shortly
preceding or following the pulse in all three squirrels.
Although one ground squirrel developed a very strong
rhythm coincident with the day he was pulsed with light
for 5 s, his activity levels and body temperature had both
already risen substantially in the hours preceding the
pulse (Fig. 5). Further, because circadian rhythms were
already present within the first 7 days of terminating tor-
por in animals maintained in constant darkness, and these
rhythms became more robust prior to exposure to light,
we cannot be certain that the light pulse actually caused
the increase in the amplitude or strength of the rhythm.
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Fig. 2 Body temperature (7,; black line) and exposure to light (verti-
cal lines) immediately following the termination of torpor in spring in
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a scale of 0 to 1000 L, whereas the bright light (solid vertical lines)
is on a scale of 0 to 100,000 L PN (circles) indicates the strength of
rhythms for 7-day intervals, based on Lomb-Scargle periodogram
analysis. An actogram based on body temperature during the 35 days

following the completion of torpor (b). Lomb—Scargle periodograms
of the first 7 days following the completion of torpor (c), the interval
from 8 to 14 days after torpor was complete (d), and the first 7 days
following emergence (e). Note the different scales of the y-axes for
PN. The horizontal line in the periodograms indicates the threshold
for significance at a=0.05
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7 days following the completion of torpor (c), the interval from 8 to
14 days after torpor was complete (d), and the first 7 days following
emergence (e). Note the different scales of the y-axes for PN. The
horizontal line in the periodograms indicates the threshold for signifi-
cance at =0.05
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tive arctic ground squirrels kept in constant dark during the 36 days
immediately following the termination of torpor (a—d). PN values
(open circles), which indicate the strength of circadian rhythms, are
shown at the midpoint of the 7-day intervals analyzed using Lomb—

Discussion

Using high-resolution (0.02°C) T, loggers, we show that
the apparent loss of circadian T}, rhythms during multi-day,
deep torpor that we previously reported (Williams et al.
2012a, b) was not due to a lack of sensitivity of our data
loggers. The low-amplitude (<0.1 °C) circadian 7}, rhythms
observed in captive golden-mantled ground squirrels
(Grahn et al. 1994; Ruby et al. 2002) are not present in free-
living arctic ground squirrels though one animal consist-
ently exhibited rhythms <19 and >30 h during deep torpor.
Consistent with our previous studies, we also found that
timing of emergence in free-living arctic ground squirrels

Scargle periodograms; note the different scales of PN axes among
individuals. All animals exhibited significant rhythms prior to expo-
sure to a 5-s pulse of bright light (vertical dashed red line), although
the T, rhythm of individual 12-18 became more robust coincident
with exposure to light. e-h show the actogram-based 7},

can be readily identified by the rapid development of more
robust circadian 7, rhythm (Williams et al. 2011). How-
ever, we also found that weak, but significant, circadian
T, rhythms can be re-initiated prior to emergence. In one
free-living individual, this occurred coincident with expo-
sure to low-intensity light, presumably through the burrow
entrance and possibly through the snowpack. However, the
second free-living individual developed T} rhythms imme-
diately after torpor ended without any measured exposure
to light at a sampling rate of once per minute. Although it is
possible that circadian rhythms in this individual were initi-
ated by exposure to unmeasured pulse(s) of light <1 min
in duration, we also found that animals housed in captivity
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will spontaneously become rhythmic without exposure to
light. This is similar to what was previously observed in
captive European ground squirrels (Hut et al. 2002b) and
suggests that many of the differences in results among stud-
ies could reflect experimental conditions rather than physi-
ological differences among species.

Given the lack of circadian clock gene cycling previ-
ously found in hibernating European hamsters (Revel et al.
2007), we postulate the circadian clock is arrested during
deep torpor and thus is not functional in triggering spon-
taneous arousals. Assuming clock gene/protein cycling is
arrested only at the low T of deep torpor, neurons within
the SCN would undergo ~9-13 stop—start cycles in the
absence of external entraining cues as animals undergo
periodic arousal episodes throughout hibernation. We spec-
ulate that in the absence of external synchronizing light
cues, these repeated stop—start cycles could lead to desyn-
chrony of neurons within the SCN. In free-living animals,
desynchrony could persist until exposure to an external
light cue acts as a strong synchronizing agent, as we pre-
viously observed (Williams et al. 2012b). However, our
current results suggest that at least some animals immedi-
ately exhibit circadian 7, rhythms following the resumption
of euthermia, though rhythms become much stronger fol-
lowing emergence (Fig. 2). We suggest that the ultradian
rhythms in 7, of 6-7 h that occurred in the free-living
males remaining in their burrows after their last arousal
may represent feeding cycles of gut fill and diet-induced
thermogenesis. Males but not female arctic ground squir-
rels cache food in their hibernacula that fuel the ~3-week-
long preemergence interval of euthermia that is necessary
for gonadal growth and spermatogenesis (Barnes 1996).
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The results for captive ground squirrels, including arc-
tic (present study) and European (Hut et al. 2002a, b) spe-
cies, seem to contradict the hypothesis that light is needed
to trigger the resumption of strong circadian rhythmicity, as
robust Ty, and activity rthythms developed in the absence of
a light cue. However, captive animals are exposed to other
external stimuli that might act as synchronizing agents,
including meals presented each day (albeit not in a rhyth-
mic matter) and episodes of acute disturbance that results
in stress as they are moved into new clean tubs every few
days. The variability among individuals that we observed
may be a consequence of the timing of these external stim-
uli relative to the phase of the circadian rhythm, determin-
ing whether this is the case would require further study
with much larger sample sizes. Free-living males have
a food cache, but the amount of food available is only
affected by the rate at which they consume the cache. Pres-
entation of food and feeding can be entraining agents for
peripheral circadian clocks (Stokkan et al. 2001; Schlibler
et al. 2003) and scheduled meals can even act to entrain
the master circadian clock (Castillo et al. 2004). Thus, it
seems plausible that meals might act to synchronize oscil-
lators within the SCN, even if there is an absence of sched-
uled feeding to maintain entrainment once the clock is re-
synchronized. Stress hormones (glucocorticoids) can also
act as zeitgeber (timing cues) for peripheral clocks (Peziik
et al. 2012) and, perhaps more importantly, acute stress is
known to trigger the release of vasopressin within the SCN
(Engelmann et al. 1998). Vasopressin plays an important
role in synchronizing neurons within the SCN (Yamagu-
chi et al. 2013), and the re-establishment of rhythmicity in
captive European ground squirrels is correlated with the
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number of vasopressin-containing neurons within the SCN
(Hut et al. 2002b). Thus, while captive experiments are
generally regarded as “more controlled,” it is possible that
husbandry associated with maintaining animals under cap-
tive conditions triggers the earlier post-hibernation resump-
tion of strong circadian 7}, thythms.

Using Lomb-Scargle periodogram analysis, we identi-
fied several rhythms during bouts of deep torpor in one
of the free-living males. However, the dominant rhythms
identified were not circadian (tau=19.1 and 31 h) and,
because they were not identified using Chi-squared peri-
odogram analysis and the Lomb—Scargle method is sensi-
tive to non-normality in the residuals and large-amplitude
features (Schimmel 2001), we speculate these rhythms
may be false positives. Lomb—Scargle algorithms, how-
ever, have better detection efficiency and accuracy in the
presence of noise (Ruf 1999), and thus it is also possi-
ble that the low signal-to-noise ratio at these low T
explains the lack of detection based on the Chi-squared
analysis. If the stronger <19 and >31 h rhythms are real,
whether the weaker peaks are true rhythms is unclear as
the detection of harmonics that do not actually exist in
the dataset is a well-described issue for Lomb-Scargle
analysis (Refinetti et al. 2007). Alternatively, in cases
where noise is not normally distributed, other power
spectra can hide the 24-h periodicity (Schimmel 2001),
which could be happening here in the male with <19 and
>31 h rhythms. In the second male, we failed to detect
rhythms of any period, regardless of the approach used.
The only study to measure patterns of clock gene expres-
sion during the deep torpor associated with hibernation
failed to find evidence for continued cycling of clock
genes (Revel et al. 2007). Nevertheless, circadian clocks
are still proposed by many to play a role in triggering
spontaneous arousals (Ruby 2003; Heller and Ruby 2004;
Malan 2010). The attractiveness of this hypothesis is that
(1) it would explain why the rhythmicity persists in the
T, of SCN-intact, but not SCN-ablated, golden-mantled
ground squirrels during deep torpor (Ruby et al. 2002),
and (2) it could explain how some species appear to be
able to time their arousals from deep torpor to occur at
a particular time of day (Kortner and Geiser 1998; Park
et al. 2000). However, for at least some of these spe-
cies, it is possible that the timing of arousals reflects a
direct behavioral response to 24-h fluctuations in ambient
thermal conditions experienced in the hibernacula, inde-
pendent of circadian systems (i.e., masking). Thermore-
ceptors in the skin can relay information via dorsal root
ganglion and lamina I neurons in the spinal cord to the
hypothalamus (Morrison and Nakamura 2011) providing
the pathway for such a direct effect. In bats, it has been
noted that while arousal in southern populations is timed

to coincide with sunset, this does not occur in the more
northern ranges where flying insects are almost never
available during winter (Czenze et al. 2013). More south-
ern populations have an ecological need to time their
arousals with sunset, but whether this is timed based on
a circadian clock or in response to daily fluctuations in
ambient conditions requires more research. Alternatively,
the increase in arousal frequency at a particular time of
day in these populations may be due to disturbance from
euthermic and active conspecifics (Czenze and Willis
2015).

We suggest the lack of circadian 7, rhythmicity during
deep torpor is indicative of an arrested circadian clock,
though we concede it is possible that circadian clocks
remain functional during deep torpor and it is instead the
output from these clocks (i.e., T}, rhythms) that are sup-
pressed or eliminated during hibernation. Arctic ground
squirrels have very low 7, and brain temperatures during
hibernation as they defend a thermal gradient between T},
and T, (Richter et al. 2015), and it is possible that circa-
dian T, rhythms are not present at these lower 7}. Even
for golden-mantled ground squirrels, where there is evi-
dence for the persistence of circadian rhythms during tor-
por at T, of 8-10°C (Larkin et al. 2002; Ruby et al. 2002),
there have been no studies to determine whether these T}
rhythms persist at the lower minimum torpid 7}, (0+ 1 °C)
measured in free-living individuals (Healy et al. 2012).
Our study provides insight into some of the discrepancies
between earlier studies of captive and free-living ground
squirrels. However, additional studies focused on meas-
uring cycling within the molecular clockwork itself are
needed to further unravel the persistence and functional-
ity of circadian rhythms during deep torpor in obligate
seasonal hibernators. If central and peripheral circadian
rhythms are truly arrested, alternative hypotheses regard-
ing regulation of the periodicity of arousal episodes and
any role of the circadian clock in generating circannual
rhythms will need to be investigated further.
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