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ABSTRACT

Hibernating golden-mantled ground squirrels, Spermophilus
[Callospermophilus] lateralis, tolerate proapoptotic conditions,
such as low body temperature, anorexia, acidosis, and ischemia/
reperfusion. Avoiding widespread apoptosis is critical for hiber-
nator survival. Caspase 3, the key executioner of apoptosis, cleaves
a majority of apoptotic targets. Under proapoptotic conditions,
inactive procaspase 3 (32 kDa) is activated when cleaved into 17-
and12-kDa fragments (p32, p17, andp12, respectively).Caspase 3
activation results in extreme enzymatic activation. Activity in-
creases 110,000-fold followed by apoptotic execution. Is wide-
spread apoptosis occurring during the proapoptotic hibernation
season? Western blots showed p17 increased ∼2-fold during
hibernation, indicating caspase 3 activation. However, in vitro cas-
pase 3 activity assays found no extreme increases in activity. Down-
stream caspase 3 targets ICAD (inhibitor of caspase-activated
deoxyribonuclease) and PARP (poly (ADP-ribose) polymerase)
did not experience elevated cleavage during hibernation, which
is inconsistent with caspase 3 activation. TUNEL (terminal deoxy-
nucleotidyl transferase–mediated deoxyuridine triphosphate nick-
end labeling) assays frommultiple tissues foundonly 0.001%–0.009%
of cells were TUNEL positive during winter, indicating negligible
apoptosis during hibernation. Typically, caspase 3 activation gen-

erates a strong commitment toward apoptosis. We found that
despite a ∼2-fold increase in active caspase 3, hibernators expe-
rience no downstream caspase 3 activity or widespread apoptosis.
A systems-level approach suggests an incomplete signaling cas-
cade wherein some caspase 3 activation during hibernation does
not necessarily lead to bona fide apoptosis.

Keywords: proapoptotic, DEVD-AMC, p17 fragment, poly
(ADP-ribose) polymerase (PARP), inhibitor of caspase-
activated deoxyribonuclease (ICAD), terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end la-
beling (TUNEL).

Introduction

Presumably in response to low environmental temperatures and
limited resources, many mammals hibernate (van Breukelen and
Martin 2015; Andrews 2019; Geiser 2021). During hibernation,
ground squirrels enter torpor wherein oxygen consumption may
be as low as 1/100th of active rates and body temperature (Tb)
approaches ambient temperature (Ta) to as low as22.97C (Barnes
1989; Wang and Lee 1996). The hibernation phenotype results in
∼90% energetic savings across the season. However, hibernation
is not static. Instead, extended bouts of torpor (up to ∼3 wk
depending on time of season, species, and Ta) are interrupted by
brief 12–20-h bouts of euthermy known as interbout arousals.
This cycling between torpid and aroused states may be repeated
15 times or more per season (van Breukelen and Martin 2002a).
The hibernation season represents a severely energy-limited state
for groundsquirrels, as they survive solelyonendogenously stored
resources (mainly fat). Therefore, reducing energetically de-
manding processes (e.g., transcription, translation, protein me-
tabolism, cell division, apoptosis) is important during the hi-
bernation season (van Breukelen and Martin 2002a).

While itmay be tempting to speculate that ground squirrels are
highly adapted to hibernate, as many as 40% of adult squirrels die
each winter in the wild (Sherman and Morton 1984). The reason
for this high mortality rate is still unknown, although physio-
logical mismatches associated with heterothermy may contrib-
ute (van Breukelen et al. 2008). For instance, each time ground
squirrels enter torpor, they experience a reduction in heart rate
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that precedes appreciable changes in Tb (e.g., there is ∼50%
decrease in heart rate with only∼17C decrease inTb; Milsom et al.
1999).Thedepressed torpid state is rapidly reverseduponarousals
as well. Therefore, transitions into and out of torpor represent
opportunities for profound ischemia/reperfusion injury. Ground
squirrels also experience extremely low Tb’s and acidosis during
torpor (van Breukelen et al. 2010). Each of these conditions alone
is a well-characterized stressor that stimulates apoptosis when
experienced in nonhibernating mammals. At the cellular level,
hibernators experience a virtual block in homeostatic processes
like transcription and translation during torpor (van Breukelen
and Martin 2001, 2002b; van Breukelen et al. 2004). Presumably,
these mismatches pose an energetic challenge during recovery to
the interbout aroused (IBA) state. Execution of apoptosis is highly
regulated and energetically expensive (Leist et al. 1997; Ferrari
et al. 1998; Tatsumi et al. 2003; Skulachev 2006). Perhaps more
importantly, these cells would need to be replenished during the
IBAstatewhen cellular turnover is possible (WuandStorey2012).
Ground squirrels are anorexic for the entire hibernation season,
meaning that such cell proliferation would have to come at the
expense of seasonal energy stores and not from food (van Breu-
kelen and Martin 2002a). Unmitigated and widespread apoptosis
during the severely energy-limited hibernation season would be
energetically costly and is at oddswith both conserving energy and
overall animal survival. Therefore, apoptosis is likely depressed in
hibernating ground squirrels. However, little is known as to how
this mitigation of apoptosis may be accomplished.
Apoptotic induction is dependent on the balance of the activities

of many cellular regulators, including proapoptotic BCL-2 family
members, such as BAD, BAX, and BAK; caspases; apoptosis-
inducing factor; antiapoptotic BCL-2 family members, such as
BCL-2 and BCL-XL; inhibitor of apoptosis proteins (IAPs); and
kinases, such as Akt (Madrid et al. 2000; Philchenkov 2004;
Czabotar et al. 2014). We chose to focus on the regulation of cas-
pase 3 because of its role as the key executioner of apoptosis
and because it is responsible for directly cleaving the bulk of the
apoptotic substrates (Ramirez and Salvesen 2018). Caspase 3 is the
convergence point for both extrinsic and intrinsic induction of
apoptosis. The central role caspase 3 plays in integrating upstream
apoptotic signals and then executing the apoptotic programmakes
it a critical target for understanding the fundamental nature of
apoptotic signaling in cells. Caspase 3 is produced as an inactive
zymogen, or procaspase. Activation is dependent on both intra-
domainproteolytic cleavage (usually performedbyother caspases)
and large and small catalytic unit heterodimerization. Because of
the dramatic structural changes associated with processing the
32-kDa (p32)procaspase 3 into the 17- and12-kDa (p17andp12)
active fragments, caspase 3 activation results in extraordinary
enzymatic activation. Liberation of p17 from procaspase 3 re-
sults in a 110,000-fold increase in its ability to cleave target
substrates (Boatright and Salvesen 2003). Examining upstream
and downstream pathway components associated with caspase 3
allowed us to identify an incomplete signalingmechanismduring
hibernation.While there is some apparent activationof caspase 3,
this seemingly spurious activation does not result in widespread
apoptosis.

Methods

Animal Care and Tissue Collection

All tissue collection protocols were approved by the University
of Nevada, Las Vegas, Institutional Animal Care and Use Com-
mittee. Adult golden-mantled ground squirrels (Spermophilus
[Callospermophilus] lateralis) were captured during August from
Kennedy Meadows, California, or Duck Creek, Utah. After
transport to the laboratory at the University of Nevada, Las Vegas,
some animals were immediately euthanized as a seasonal control
group (summer active [SA]). To allow for precise determination
of torpor status, the remaining squirrels were implanted with
temperature-sensitive radiotelemeters as described previously
(MiniMitterVM-FHdisc, SunRiver,OR;Panet al. 2014).Byearly
November, telemeter-implanted squirrels were housed in an
environmental chamber at 47C to facilitate hibernation. We
sampled ground squirrels from late January to February for IBA
and torpid squirrels. Torpid animals had been torpid for a
minimumof 3 d. TheTb of torpid squirrels was∼57C.All squirrels
were euthanized by CO2 asphyxiation except for the torpid and
early-arousal animals, which were euthanized by decapitation
because their low respiratory and heart rates preclude use of
injectable or inhaled anesthetics. Squirrels were rapidly chilled on
ice, and tissues (e.g., liver, heart, kidney, brain, gonads) were
quickly snap-frozen in liquid nitrogen and stored at2807C until
use. Tissues were collected from animals in the summer (SA),
while torpid, or while euthermic between torpor bouts (IBA). For
terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assays, additional ani-
mals (N p 3 for each temperature) that were naturally arousing
from torpor were sampledwhen core Tb’s were 9:977C5 0:077C,
20:377C5 0:077C, and 31:137C5 1:077C at the moment of
sampling. Some assays included livers from rats as a nonhiber-
nator comparison.

Sample Preparation and Western Blot Analyses

Livers were pulverized in liquid N2 and homogenized in three
volumes of 50 mM tris HCl, pH 8.3, 20% glycerol, 2% SDS, and
0.4 M b-mercaptoethanol using glass/glass homogenization. The
homogenate was centrifuged at 20,000 g at 47C for 30 min to
remove cellular debris. Protein concentration of all supernatants
wasdeterminedusingamodifiedLowryprotein assay. For caspase
3, 70mgof totalprotein fromSA, torpid, and IBAsquirrels (N p 3
for all states)was subjected toSDS-PAGEin4%–20%gradient gels.
Proteins were electrotransferred to PVDF membrane (400 mA
for 3 h). Blots were blocked in 3%milk in 50mM tris HCl, pH 8.0,
150 mM NaCl (TBS) with 0.5% Tween 20 (TBST) for 1 h.
Incubation with a polyclonal primary antibody for caspase 3
(Santa Cruz Biotechnology, Santa Cruz, CA; rabbit polyclonal
used at 1∶300) was done overnight at 47C. Washing between
incubation steps consisted of one 5-min wash in TBS, followed
by two 5-min washes in TBST and a final 5-min wash in TBS.
Following washes, blots were exposed to HRP-conjugated sec-
ondaryantibody (AmershamBiosciences,Amersham,UK) for1h
in TBSTwith 1%BSA to block nonspecific binding. Visualization
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was performed using ECL1 on a Typhoon imager (GE Health
Sciences, Chicago, IL). For the inhibitor of caspase-activated
deoxyribonuclease (ICAD) and poly (ADP-ribose) polymerase
(PARP) analyses, 45mg of total protein from three squirrels in each
metabolic state (SA, torpid, and IBA) were run on 17% (ICAD) or
14% (PARP) SDS-PAGE gels. The ICAD primary antibody was
used at 1∶1,000 (rabbit polyclonal; ProSci, Poway, CA), while the
PARP primary antibody was used at 1∶200 (rabbit polyclonal;
Roche Diagnostics, Risch-Rotkreuz, Switzerland). Following washes,
blots were exposed to IRDye 680LT–conjugated secondary anti-
bodies (LiCor, Lincoln, NE; 1∶10,000). ICAD and PARP blots were
visualized on a LiCor Odyssey. All quantifications were performed
in the linear range using either ImageQuant or LiCor software. Pon-
ceau staining was performed to confirm equal loading of gel lanes.

Caspase 3 Activity Assays

Livers were pulverized in liquid N2 and homogenized in one
volume of 25 mM HEPES, pH 7.8, 5 mM EDTA, 0.1% CHAPS,
5 mM ATP, 10 mM DTT, 5 mM MgCl2, and 10 mM KCl using
glass/glass homogenization. The homogenate was centrifuged at
20,000 g and 47C for 30 min to remove cellular debris. Protein
concentration of all supernatants was determined using a modi-
fied Lowry assay. Caspase 3 reactions consisted of 20mMHEPES,
pH 7.6, 2 mM EDTA, 5 mM DTT, and either 500 mg of protein
(rat) or 1,000 mg of protein (SA, torpid, IBA) in a total volume of
100 mL. Assay mixtures were allowed to preincubate on ice for
30 min to reduce background. Reactions were initiated with the
addition of 40 mMDEVD-AMC (Sigma Chemical, St. Louis,MO;
AMC indicates 7-amido 4-methylcoumarin). Following incuba-
tion at indicated temperatures and times, reactions were stopped
with the addition of 10 mL of concentrated HCl. Samples were
centrifuged at 10,000 g for 12 min, and fluorescence was measured
withexcitation/emissionspectraof360/460nm.Additionof100mM
Ac-DEVD-CHO, the specific competitive inhibitor of caspase 3,
reduced activity to 26:6%5 4:6% (N p 3 for control and in-
hibited reaction;ANOVA,df p 5,F p 173:5,P p 0:0002)of the
noninhibited rate. However, we found that assaying parallel reac-
tions wherein HCl was added before substrate provided a more
consistent basis for comparison, and all data are presented as such.
Reactions were repeated for three different animals from each state
with similar results. Linearity of the caspase 3 activity assay was
measured in both rats and ground squirrels (data not shown; r 2 of
linear fit was 10.99 and 0.96, respectively). Reaction incubation
times are as indicated in figure legends (figs. 2, A1) and are within
the linear range for both species. In these and our previous
experiences with utilizing AMC-linked peptides as substrates, we
found significant day-to-day variation in the extent of AMC
cleavage (Velickovska et al. 2005). For that reason, we expressed all
data as a percentage of maximum fluorescence within the assay to
allow for direct comparison of different states.

TUNEL Assay

Caspase 3 activity results in the cleavage of ICAD (Sakahira et al.
1998). CAD moves into the nucleus and nicks DNA. As an
indicator of downstream effects of caspase 3 activity, TUNEL

assays were performed to detect DNA nicking. Glass slides were
dipped in 0.01% poly-L-lysine for 5 min and allowed to dry
overnight before use. Tissues were embedded in Tissue-Tek OCT
solution (Sakura Finetek USA, Torrance, CA) and frozen. Livers,
kidneys, and hearts of ground squirrels from eachmetabolic state
were used (N p 3 for each state: SA, torpid, IBA, and naturally
arousing animals). Tissues were sectioned on a cryostat at 7 mm
thickness. Following application of the tissue slice to the slide, the
slide was fixed in 4% paraformaldehyde for 20 min. Slides were
washed three times for 5 min each in phosphate-buffered saline
(PBS). Tissues were permeabilized for 5 min with 0.1% Triton X-
100 before three washes for 5 min each in PBS. TUNEL reagent
was added per manufacturer’s instructions (Roche Diagnostics,
Mannheim, Germany). Reactions were visualized on a confocal
microscope. To ensure efficacy of the assay, some sections from
each tissue were subjected to DNase treatment per the man-
ufacturer’s instructions.AllTUNEL-positive cellswere counted in
each tissue slice. For an estimate of total cell numbers for each
tissue slice, cells were counted in five separate fields, and the
average cell countwasmultiplied by the number of fields per slice.
The validity of this approach was confirmed by counting all cells
on some representative tissue slices.

Most of the work presented here used liver, as much of our
earlier data on the control of transcription, translation, andprotein
degradation focuseson this tissue (vanBreukelenandMartin2001,
2002b; van Breukelen and Carey 2002; van Breukelen et al. 2004;
Velickovska et al. 2005; Velickovska and van Breukelen 2007; Pan
et al. 2014). To ensure that liver was representative of other tissues,
TUNEL assays were performed on heart and kidney as well.

Statistical Analysis

Data are presented as mean 5 standard error. Where assump-
tions of normality were met, statistical analyses were performed
using ANOVA with Fisher’s least significant difference post hoc
analysis for specific comparisons (ANOVAs were performed
using KaleidaGraph ver. 4.5 for Mac; Synergy Software, Reading,
PA). Statistical significance was assumed when P < 0:05.

Results

Caspase 3 activation occurs when the p32 procaspase is cleaved to
form the active caspase p17 and p12 fragments (Han et al. 1997).
UsingWestern blotting, we resolved three bands representing the
p32 procaspase, a p20 intermediate form, and themost active p17
fragment, as confirmed by migration of the bands with respect to
the molecular weight standard (fig. 1B). Caspase 3 appears acti-
vated in both torpid and IBA winter animals, as evidenced by an
approximately twofold increase in p17 concentrations compared
with SA squirrels (fig. 1; ANOVA, P < 0:05). For simplicity, only
the most active caspase fragment is shown in figure 1B, and data
are normalized to the SA state, although all data are available in
table A1.

Liberation of p17 typically signifies caspase 3 activation.
Western blot data do not address actual enzymatic activity
per se. Therefore, we directly examined the catalytic activity of
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caspase 3 (fig. 2). Although the low assay temperatures typical
of torpor (e.g., 07C–107C) resulted in a predictable depression
in caspase 3 activity, there was still measurable activity even at
07C in all ground squirrel states (SA, torpid, and IBA) and
even in rats. Figure 2 depicts the results of individual animals,
but similar data were obtained for an additional two animals
per state (data not shown). Background fluorescence repre-
sents a greater proportion of maximum rate in torpid hibernat-
ing squirrels than in other groups, suggesting less total activity
(fig. 2C), although the capacitance data do not reveal significant
differences (fig. A1). The capacitance data were generated by
conducting simultaneous assays using 1 mg of protein from
N p 3 animals for each state and measured at 307C. This ap-
proach allowed us to avoid the issues with day-to-day variation in
the extent of AMC cleavage and directly compare animals in dif-
ferent states. Had there been a bona fide 10,000-fold activation,
one might expect fluorometer saturation even for the cold tem-
perature assays. Interestingly, caspase 3 activitywasmarkedly and

specifically depressed at an assay temperature of 377C in winter
squirrels (torpid and IBA; ANOVA, df p 8, F p 15:31, P p
0:0044) but not in SA squirrels or rats. Activity at 377C was
depressed 34:85%5 8:39% of the rate at 307C for IBA animals
and 32:33%5 14:76% for torpid animals (N p 3 different ani-
mals). AWestern blot for caspase 3 in an IBA lysate incubated at
07C, 207C, and 377C and sampled at four time points revealed no
evidence for in vitro caspase 3 degradation during the incubation
(data not shown; ANOVA, df p 11, F p 1:319, P p 0:3145).

Activated caspase 3 cleaves cellular targets such as ICAD
and PARP (Fischer et al. 2003). We found no changes in ICAD
(fig. 3A) or PARP (fig. 3B) cleavage products as a function of
state (ANOVA: for ICAD, df p 8, F p 1:435, P p 0:3095;
for PARP, df p 8, F p 1:246, P p 0:3527).

TUNEL activity was remarkably low in all states for all
tissues (fig. 4; table 1). We verified the assay by treating some
slides with DNase as a positive control (fig. 4B). Further
verification of the TUNEL assay using rat livers demonstrated
much higher levels (∼15 times) of TUNEL-positive cells (data
not shown). To address whether there was an increase in DNA
nicking activity as animals aroused from torpor that would
have ceased by the time animals completed arousing (i.e., in
IBA squirrels), we sampled livers from squirrels at 107C, 207C,
and 307C during natural arousals (table 2). We found no evi-
dence for widespread TUNEL activity.

Discussion

Hibernators experience numerous conditions that are known to
be proapoptotic in nonhibernators. However, widespread apo-
ptosis is at odds with the energetic savings associated with hi-
bernation. Survival of hibernation presumably depends on miti-
gatingapoptosis. Several studies inhibernators examinedpro-and
antiapoptotic regulators, such as the BCL family members and
IAPs (Cai et al. 2004; Fleck andCarey 2005;Kurtz et al. 2006;Mele
et al. 2015; Fu et al. 2016). These studies have not revealed a
pervasive antiapoptotic system. Although Western blot analyses
for six key proteins, such as BCL-2 and XIAP, suggested a
coordinated and widespread antiapoptotic program in heart and
brain of hibernating 13-lined ground squirrels (Spermophilus
[Ictidomys] tridecemlineatus), other tissues, such as kidney, liver,
and brown adipose tissue, exhibited reduced availability of some
of these antiapoptotic factors (Rouble et al. 2013). Cellular sig-
naling also shows mixed results. For example, while Akt was
phosphorylated in the brains of greater horseshoe bats (Rhino-
lopus ferrumequinum) arousing from hibernation, suggesting an
inhibition of apoptotic signaling (Lee et al. 2002), in a study of
hibernating little brown bats (Myotis lucifugus), availability and
phosphorylation status of Akt were variable depending on tissue
type and torpor status (e.g., brain vs. heart; Eddy and Storey 2003).
If mitigation of widespread apoptosis is being effected through
described antiapoptotic mechanisms, one might expect a more
coordinated approach common to all tissues and reflective of the
need to suppress apoptosis in both torpid and aroused animals,
since these animals are anorexic for the entire winter (van Breu-
kelen and Martin 2002b).

Figure 1. Concentration of the most catalytically active p17 fragment
of caspase 3 is increased ∼2-fold in winter squirrels. Ground squirrel
livers (N p 3 animals per state) were obtained in the summer (summer
active) and during hibernation when animals were torpid or between
bouts of torpor (interbout aroused). Caspase activation occurs in a step-
wise activation cascade where the 32-kDa procaspase 3 (p32) is cleaved
to form the p20 fragment. Further cleavage of p20 produces the fully ac-
tive p17 and p12 fragments. A, Caspase 3 Western blot resolved three cas-
pase 3 bands: p32 procaspase (top band), p20 intermediate fragment
(middle band), and the fully active p17 fragment (bottom band). The
p12 fragment was not recognized by our antibody. B, Summarized data
for caspase 3 p17 fragment. The graph shows mean5 SE. Different lower-
case letters denote significant differences (ANOVA, P < 0:05).
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Here, we chose to focus our attention on the regulation of
caspase 3, with the rationale that as the key executioner caspase, it
is required to directly cleave numerous critical substrates leading
to apoptosis. Therefore, the activation status of caspase 3 and as-
sociated events can clarify whether hibernators are experiencing
apoptotic signaling leading to widespread apoptosis during hi-
bernation. We assayed for indications of caspase 3 activation, in
vitro proteolytic activity, and caspase 3–mediated downstream
events in hibernating ground squirrels compared with SA con-
trols.We founda twofold increase in thep17 fragmentof caspase 3
during winter (fig. 1). This level of p17 liberation is expected to
increase enzymatic activity of caspase 3 by 110,000-fold (Boat-
right and Salvesen 2003). However, enzymatic activity assays re-

vealed no dramatic increases in activity during winter regardless
of assay temperature (fig. 2). Furthermore, examination of down-
stream targets of caspase 3 indicated no increased cleavage of
ICAD,PARP,orDNAnickingconsistentwithapoptosis (figs. 3, 4).
The apparent caspase 3 activation did not result in widespread
apoptosis during hibernation.

Caspase 3 activation is thought to occur in an all-or-none
fashion (Rehm et al. 2002). When one considers that a Western
blot represents the average protein signal from a large number of
cells, one should expect almost undetectable caspase 3 activation
when relatively few cells are undergoing apoptotic signaling. Our
ability to detect a twofold liberation of p17 (fig. 1) suggests that
caspase 3 was modestly activated in a large proportion of cells

Figure 2. Caspase 3 enzymatic activity as a function of assay temperature. Values are mean 5 SE for three samples of a control lysate (quenched
reactions for evaluation of background fluorescence, squares) and three samples of the same lysate that was not inhibited (circles) from a
representative animal from summer active (A), interbout aroused (B), and torpid (C) states and from a rat (D) for nonhibernator comparison.
Similar results were obtained using N p 3 animals from each state. AMC p 7-amido 4-methylcoumarin.
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(e.g., to accomplish a twofold increase in p17 availability, one
would expect either a large number of cells to undergo apoptosis
or that there was amodest graded type of response inmany cells).
The graded response of modest activation in many cells is more
consistent with our TUNEL data (table 1). As discussed below,

we contend that this seeming activation of caspase 3 in our study
may simply be a spurious consequence of poor regulation.

The seeming and widespread activation of caspase 3 should
have resulted in dramatic increases in enzymatic activity mea-
sured through cleavage of the artificial substrate DEVD-AMC.

Figure 3. Cleavage of caspase 3 targets inhibitor of caspase-activated deoxyribonuclease (ICAD) and poly (ADP-ribose) polymerase (PARP) as a
function of metabolic state suggests little bona fide activity of caspase 3. A, Western blot for p12 of the ICAD in liver lysates from N p 3 animals
representing summer active, interbout aroused, and torpid states. B, Summary data show mean 5 SE for the 12-kDa ICAD cleavage product.
C, Western blot for p25 of the PARP. D, Summary data show mean 5 SE for the 25-kDa PARP cleavage product. No statistical differences were
found in cleavage products as a function of state (ANOVA, P > 0:05).

Figure 4. Apoptosis is extremely limited regardless of state. A, Representative results of terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) assays for the detection of nicked DNA in 7-mm liver slices. B, DNase-treated liver slice
showing widespread apoptotic activation. Apoptotic nuclei are indicated by red arrowheads, while nonapoptotic nuclei are indicated by white
arrowheads.
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Our data do not support that expectation (fig. 2). Despite an
expectation of 110,000-fold more activity, the activity of winter
lysates was comparable to that of summer lysates. Indeed, the
increased background seen in torpid animal lysates suggests
depressed activity, although capacitancedata reveal nodifferences
(fig. A1).
We found that caspase 3 activity in both torpid and IBA

squirrels wasmarkedly and specifically depressed by∼2/3 at 377C
(fig. 2B, 2C). We initially interpreted this depression as a bona
fide regulatory event to depress apoptosis during IBA periods.
However, heterologous assays wherein torpid lysates were added
to rat lysates revealed no depression of enzymatic activity, sug-
gesting that there was no hibernation-specific inhibitor (fig. A2).
Additionally, we see a similar depression at 377C was present for
other caspases even inmost SA squirrel lysates (Treat et al. 2023).
In other words, the effect is not specific to caspase 3 or even to
hibernating ground squirrels. We contend that the effect likely
represents an artifact of a lengthy assay as opposed to a legitimate
caspase 3–specific regulatory event.

The expecteddownstreameffects of active caspase 3 include the
cleavage of ICAD and PARP resulting in DNA nicking (Fischer
et al. 2003). ICADandPARPwere not cleaved during hibernation
(fig. 3). Our results agree with those for white adipose tissue in S.
tridecemlineatus, wherein PARP cleavage did not change with
hibernation state (Logan et al. 2016). Our TUNEL assays in liver,
heart, and kidney tissues reveal no widespread DNA nicking
during hibernation in multiple tissues (table 1). Apoptotic exe-
cution can occur in as little as 1 h, and arousal from torpor can
occur in as little as 2–3 h (Tyas et al. 2000; Utz et al. 2007). Our
inclusion of arousing animals at three well-defined points during
the arousal process in which there was also little to no TUNEL
activityprecludesourmissingof rapidly executedapoptotic events
during arousals (table 2). Furthermore, we noted remarkably little
TUNEL activity in both active states (IBA and SA) comparedwith
rats, which may suggest a species- or hibernator-specific de-
pression of apoptosis.

Importantly, our data allow for a better understanding of
the conflicting extant data on mitigation of apoptosis during

Table 1: Results of TUNEL assay for DNA nicking in ground squirrel tissues

Tissue, state TUNEL-positive nuclei slide21 Estimated nuclei counted TUNEL positive (%)

Liver:
Summer active 2.00 5 .58 74,636 5 10,389 3.01 # 1023 5 1.03 # 1023

Torpid .67 5 .33 45,462 5 7,405 1.73 # 1023 5 9.45 # 1024

Interbout aroused .33 5 .33 35,051 5 7,334 1.41 # 1023 5 1.41 # 1023

Heart:
Summer active .67 5 .33 18,183 5 1,286 3.70 # 1023 5 1.89 # 1023

Torpid .67 5 .33 27,864 5 9,257 2.27 # 1023 5 1.34 # 1023

Interbout aroused .67 5 .67 12,890 5 2,192 7.76 # 1023 5 7.76 # 1023

Kidney:
Summer active .33 5 .33 138,053 5 29,343 2.76 # 1024 5 2.76 # 1024

Torpid 2.00 5 1.00 120,526 5 25,337 2.13 # 1023 5 1.12 # 1023

Interbout aroused 2.33 5 1.45 121,527 5 155,572 1.72 # 1023 5 1.08 # 1023

Note. Data are mean 5 SE for N p 3 animals for each state and tissue. There are no statistical differences (ANOVA, P > 0:05). TUNEL p terminal
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.

Table 2: Results of TUNEL assay for DNA nicking in tissues of ground squirrels arousing from torpor

Tissue, Tb at time of sampling (7C) TUNEL-positive nuclei slide21 Estimated nuclei counted TUNEL positive (%)

Liver:
10 1.00 5 1.00 52,379 5 13,330 3.24 # 1023 5 3.24 # 1023

20 2.67 5 2.19 53,805 5 12,624 8.56 # 1023 5 7.76 # 1023

30 1.33 5 1.33 788,998 5 14,491 1.40 # 1023 5 1.40 # 1023

Heart:
10 .33 5 .33 18,694 5 3,114 2.52 # 1023 5 2.52 # 1023

20 .67 5 .67 19,754 5 4,055 2.43 # 1023 5 2.43 # 1023

30 1.00 5 .57 20,097 5 3,024 5.35 # 1023 5 2.73 # 1023

Kidney:
10 4.00 5 2.08 101,399 5 23,188 4.17 # 1023 5 2.43 # 1023

20 4.00 5 2.31 103,877 5 15,314 4.67 # 1023 5 2.89 # 1023

30 3.67 5 1.20 57,428 5 12,719 6.11 # 1023 5 6.57 # 1024

Note. Data are mean 5 SE for N p 3 animals for each temperature and tissue. There are no statistical differences (ANOVA, P > 0:05). TUNEL p terminal
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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hibernation. For instance, data from white adipose tissue in S.
tridecemlineatus demonstrated cleaved caspase 3 was lowest in
early torpor (torpid for ∼1 d) but was increased during early
arousal and interbout arousal (Logan et al. 2016). Earlier work
compared the enzymatic activity of caspase 3 in lysates at one or
two temperatures and found conflicting results: ∼35% decrease
in caspase 3 activity in intestine but ∼36% increase in caspase 3
activity in kidney for IBA squirrels (Fleck and Carey 2005; Jani
et al. 2011). By exploiting a systems-level approach, we avail our-
selves of multiple lines of evidence to demonstrate no widespread
apoptosis during hibernation. Had earlier studies incorporated
both upstream and downstream indicators of the executors of
apoptosis, the mitigation of apoptosis during hibernation might
have been made clearer.
An appropriate question is, Why would there be activation of

caspase 3 without the downstream events (e.g., the incomplete
signaling of apoptosis)? A simple answer could be that squirrels
areunable toprevent this activationbut insteadareable tomitigate
apoptosis further downstream in the pathway. The non-steady-
state condition of torpor may simply not allow for regulation
mechanisms common in steady-state conditions. Other examples
of this lack of coordination due to the non-steady-state conditions
are available. During protein degradation, the process of ubi-
quitylation is much less temperature sensitive than proteolysis
per se (van Breukelen and Carey 2002; Velickovska et al. 2005;
Velickovska and van Breukelen 2007). The result of continued
ubiquitylation without degradation is an accumulation of ubi-
quitin conjugates during torpor. Similarly, p53 function does not
result in anticipated changes in gene expression despite its en-
tering the nucleus during torpor, binding to DNA, and recruiting
RNA polymerase II (Pan et al. 2014). The steady-state assump-
tions of homeostatic mechanisms are inappropriate in the non-
steady-state condition of torpor. Investigations of hibernation
require a thoughtful systems-level approach that incorporates
upstream and downstream events when possible (van Breukelen
2016).
Taken together, our data demonstrate mitigation of apoptosis

during hibernation. Importantly, the mechanism is not simply
avoidance of all caspase recruitment or activation. Instead, there is
seeming caspase 3 activation that is not fully translated into the
execution of an apoptotic event. These data suggest that theremay
be more flexibility in apoptotic signaling even after canonical
points ofno return like caspase 3 activation.We recognize thatour
data do not address a specific mechanism that inhibits caspase 3
activity. However, global regulation of caspases during hiberna-
tion may be affected by ubiquitylation. As mentioned previously,
an inability to depress ubiquitylation results in a two- to threefold
accumulation of ubiquitin conjugates during torpor (van Breu-
kelen and Carey 2002). Ubiquitylation of caspase 3 is known to
inhibit caspase 3 proteolytic activity independent of caspase 3
degradation (Ditzel et al. 2008; Schile et al. 2008; Bader and
Steller 2009).Unfortunately,we are unaware of an experimental
approach that would allow us to directly address this mecha-
nism in a hibernator at this time. Finally, our understanding of
how cells avoid apoptosis is evolving. For instance, in the
recently described process of anastasis, cells have been able to

recover from canonical points of no return, such as caspase 3
activation, DNA damage, and even apoptotic body formation
(Tang and Tang 2018). We are hopeful that lessons learned
from further elucidation of anastasis and similar mechanisms
may be applied toward understanding how hibernators avoid
apoptosis despite the activation of caspase 3.
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