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torpor conditions, both of which had lower than baseline 
lactate levels. Arrhythmias were largely absent in the FH 
and isoflurane-anesthesia conditions, while skipped beats 
were observed in natural torpor and periodic extended 
(>1 s) HR pauses in the CHA condition. Lastly, the hypo-
thermic bouts showed distinct patterns of gene expression, 
with torpor characterized by elevated hepatic and cardiac 
Txnip expression and all other hypothermic states charac-
terized by elevated c-Fos and Egr-1 expression. We con-
clude that CHA-induced hypothermia and natural torpor 
are largely different physiological states.

Keywords  Torpor · Hibernation · Adenosine · 
Hypothermia · Targeted temperature management

Introduction

Targeted temperature management is perhaps one of the 
most promising new treatments for patients suffering from 
acute bouts of toxicity, ischemia, or myocardial infarction 
(Gordon 2001; Group 2002; Yenari and Han 2012; Scir-
ica 2013; Ahmad et  al. 2014). However, humans respond 
to exogenous cooling by generating heat to mitigate cool-
ing. The thermoregulatory responses elicited by exogenous 
cooling such as shivering, brown fat activation, and vaso-
constriction via the sympathetic nervous system (SNS) 
might lessen the benefits of targeted temperature manage-
ment. In contrast, many small mammals and birds natu-
rally lower core body temperature (Tb) as they enter bouts 
of torpor. Despite decades of research into both peripheral 
compounds and central brain pathways involved in a tor-
por bout, our understanding of the mechanism of induction 
and arousal from torpor is still rudimentary (Bouma et al. 
2011).

Abstract  Mice enter bouts of daily torpor, drastically 
reducing metabolic rate, core body temperature (Tb), and 
heart rate (HR), in response to reduced caloric intake. 
Because central adenosine activation has been shown 
to induce a torpor-like state in the arctic ground squirrel, 
and blocking the adenosine-1 (A1) receptor prevents daily 
torpor, we hypothesized that central activation of the A1 
adenosine receptors would induce a bout of natural tor-
por in mice. To test the hypothesis, mice were subjected 
to four different hypothermia bouts: natural torpor, forced 
hypothermia (FH), isoflurane-anesthesia, and an intracere-
broventricular injection of the selective A1 receptor agonist 
N6-cyclohexyladenosine (CHA). All conditions induced 
profound hypothermia. Tb fell more rapidly in the FH, iso-
flurane-anesthesia, and CHA conditions compared to tor-
por, while mice treated with CHA recovered at half the rate 
of torpid mice. FH, isoflurane-anesthesia, and CHA-treated 
mice exhibited a diminished drop in HR during entry into 
hypothermia as compared to torpor. Mice in all conditions 
except CHA shivered while recovering from hypothermia, 
and only FH mice shivered substantially while entering 
hypothermia. Circulating lactate during the hypothermic 
bouts was not significantly different between the CHA and 
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Adenosine, a ubiquitous nucleoside and purinergic sign-
aling molecule, has garnered recent attention as a potential 
torpor mediator. Adenosine is involved in thermoregula-
tion, energy signaling, and sleep (Fredholm et  al. 2011). 
Centrally, adenosine inhibits GABA release in the arcuate 
nucleus (ARC) of the hypothalamus through the adenosine 
A1 and A2 receptors (Chen and van den Pol 1997). The 
ARC is essential for entry into torpor and acts as a center of 
integration for hunger and satiety signals from the periph-
ery (Gluck et al. 2006; Pelz et al. 2008; Minor et al. 2009). 
Additionally, central levels of adenosine relay peripheral 
energy levels as minor fluctuations in ATP levels cause 
large perturbations on adenosine levels (Dunwiddie and 
Masino 2001). Furthermore, adenosine plays a role in con-
trolling sleep (Bjorness and Greene 2009), and long-term 
electroencephalogram recordings of hibernating ground 
squirrels revealed that bouts of torpor are entered through a 
sleep state (Walker et al. 1977; Heller and Ruby 2004).

In addition to the correlative evidence listed above, 
experimental evidence of manipulating adenosine signaling 
suggests the involvement of adenosine in mediating a path-
way for torpor induction. For example, peripheral adminis-
tration of adenosine (or adenosine receptor agonists) causes 
a drop in Tb, MR, and HR in animals that utilize torpor and 
those that do not (Miller and Hsu 1992; Anderson et  al. 
1994; Swoap et  al. 2007; Yang et  al. 2007; Olson et  al. 
2013; Jinka et al. 2015). Similarly, central administration of 
cyclohexyladenosine (CHA), an A1 adenosine receptor-spe-
cific agonist or adenosine monophosphate (AMP), causes a 
fall in Tb (Jinka et al. 2011; Muzzi et al. 2013; Tupone et al. 
2013). Importantly, central administration of the non-selec-
tive adenosine receptor antagonist 8-sulfophenyltheophyl-
line into torpid mice, or the A1 receptor-specific antagonist 
8-cyclopenthyltheophylline into torpid hamsters, causes a 
return to normothermia from a bout of torpor (Bruns et al. 
1983; Tamura et al. 2005; Iliff and Swoap 2012). What is 
not known, however, is whether CHA initiates a bout of 
natural torpor and not just unregulated hypothermia.

Due to the diverse inhibitory and sleep-promoting 
effects of central A1 adenosine receptors, the necessity 
of adenosine signaling during entry into torpor, and the 
known hypothermic response to A1 adenosine receptor 
activation, we hypothesized that central administration of 
CHA would induce entry into torpor in mice. Our objective 
was to characterize the physiological fingerprints of four 
hypothermic states at multiple levels to distinguish between 
a natural torpid state and unregulated hypothermia. We 
measured physiological changes in HR, HR variability, 
rate of Tb changes, shivering, circulating metabolites, and 
gene expression during natural bouts of torpor and during 
acute central injections of CHA. Further, we used isoflu-
rane-anesthesia and forced hypothermia (FH) as additional 
points of comparison because they impose hypothermia on 

the organism when used in targeted temperature manage-
ment in humans (Group 2002; Scirica 2013; Ahmad et al. 
2014).

Materials and methods

Mice

All experiments were approved by the Williams College 
Institutional Animal Care and Use Committee and were 
performed in accordance with the guidelines described by 
the US National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. C57Bl/6  J female mice were 
ordered pre-cannulated from Taconic Biosciences (Hudson, 
NY) with a guide cannula implanted into the lateral ventri-
cle of the mouse. The mice were singly housed with Teklad 
sani-chip bedding (Envigo #7090) at 22 °C, except during 
forced hypothermia, with a 12 h dark/light cycle. Food and 
water were provided ad libitum in all conditions except 
torpor.

Electrocardiogram radiotelemeter implantation

All telemeter implantations were performed at Williams 
College. Mice were initially anesthetized under 5% isoflu-
rane in oxygen and then transferred to 2% isoflurane in oxy-
gen through a nose cone. A small midline incision of the 
peritoneum revealed the body cavity into which a sterilized 
radiotelemeter was placed (TA10ETAF-20; Data Sciences 
International, St Paul, MN). This telemeter provides an 
electrocardiogram (ECG), Tb, and activity. The ribs of the 
telemeter were sutured with a non-absorbable suture (5 − 0 
Ethilon; Johnson & Johnson, New Brunswick, NJ) to the 
peritoneum in order to hold the telemeter in place. The skin 
was further separated from the peritoneum both ventral-
laterally and ventral-medially up to the shoulder in order to 
place the ECG leads in approximately a Lead II configu-
ration. The peritoneum was closed with additional sutures. 
The skin was closed with 7-mm wound clips (Reflex Clips; 
Fine Science Tools, Foster City, CA) and dressed with a tri-
ple antibiotic ointment. The mice were allowed to recover 
for at least 10 days before experimental testing.

Data collection

Body temperature (Tb), ECG, and locomotor activity were 
sampled for a period of 10 s once per minute. All outputs 
from the ECG radiotelemeters were collected through 
receiver pads and D.S.I. acquisition software. The data 
were subsequently analyzed by D.S.I. analysis software 
or Ponemah analysis software. HR was calculated from 
ECG traces. Shivering was quantified using the Ponemah 
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software by enabling the “noise” feature as we have shown 
previously (Maher et al. 2015).

Experimental design

A total of 26 mice were used in the current study. Physi-
ological data were collected on at least five mice for each 
condition. However, not every mouse experienced each 
condition. The four experimental conditions were natu-
ral torpor, FH, isoflurane-anesthesia, and CHA. After 
any one intervention, mice were allowed to recover for 
3–7 days before further testing to allow for sufficient time 
to re-establish circadian rhythms (1 day) and normal food 
intake (2 days post caloric restriction). To account for 
potential residual effects of previous treatments in our 
analysis, a random crossover design was used. To achieve 
a bout of natural torpor, mice were calorically restricted to 
70% of standard chow per day, administered at the onset 
of the dark phase. After a bout of torpor (approximately 
2–3 days post-initiation of caloric restriction), the mice 
were fed ad libitum. For forced hypothermia, mice were 
anesthetized for 20  s under 5% isoflurane in oxygen and 
placed in a restrainer (Product RSTR551; Kent Scientific). 
The restrainer was subsequently placed resting in between 
two diagonally oriented ice packs with the animal’s tail 
touching the packs (0–4 °C) at an ambient temperature of 
13 °C. After Tb reached approximately 21 °C, mice were 
placed in their home cages unrestrained and recovery was 
monitored. For anesthesia, mice were anesthetized at a Ta 
of 22 °C under 2% isoflurane in oxygen in an anesthesia 
chamber. After Tb reached approximately 28 °C, mice were 
placed in their home cages and recovery was monitored. 
For CHA treatment, CHA (Sigma Chemical, St. Louis, 
MO) was dissolved in 25% cyclodextrin (Sigma Chemi-
cal) solution in sterile saline. A 24-cm-long PE50 polyeth-
ylene tubing (Plastics One, Roanoke, VA) with a 2.3 mm 
injector attached (Plastics One, Roanoke, VA) was prefilled 
with a CHA solution or vehicle (25% cyclodextrin in ster-
ile saline). Fifty pmol in 2 µL of CHA solution or 2 µL of 
vehicle was administered over a 1-min period. The injec-
tor was left in the guide cannula for 3 min. All CHA injec-
tions were performed during the first two hours of the light 
phase, in accordance with the natural circadian rhythm of 
torpor. Mice were injected and monitored in their home 
cages until they fully aroused. The mice spontaneously 
aroused from the CHA injection without provocation from 
the experimenter or a warming of the ambient temperature.

Lactate measurements

Blood lactate levels were measured from the tail vein using 
a commercially available lactate meter (http://www.lactate.

com). Lactate was measured before the bout of hypother-
mia and when Tb was approximately 30 °C.

Gene expression

Mice were euthanized under brief exposure to isoflurane-
anesthesia when Tb was approximately 30 °C across all con-
ditions (natural torpor n = 6, FH n = 6, isoflurane-anesthesia 
n = 4, CHA n = 5). Control naïve, euthermic mice were also 
euthanized (n = 5). Liver and heart were removed (hearts 
were not removed in the isoflurane-anesthesia condition), 
quick frozen in liquid nitrogen, and stored at −80 °C. Total 
RNA was extracted from liver and heart samples with an 
RNeasy mini kit (Qiagen). After extraction, RNA was 
stored at −80 °C. mRNA in the total RNA pool was con-
verted to cDNA using a RT2 first-strand kit (Qiagen) and 
stored at −20 °C. A RT2 Profiler PCR array for the mouse 
hypoxia signaling pathway (Qiagen PAMM-032Z) was 
used for qRT-PCR (Bio Rad CFX96). Cycle numbers were 
normalized to the average of five housekeeping genes (beta 
actin, beta 2 microglobulin, glyceraldehyde dehydroge-
nase, beta glucuronidase, and HSP90ab1). qRT-PCR was 
performed in duplicate. Each sample included a no-reverse 
transcriptase control and a no-template control. Rela-
tive changes in gene expression were calculated using the 
2−ΔΔCt method.

Statistical analyses

Data are reported as mean ± SE. Statistical tests were per-
formed using IBM SPSS v21. Univariate ANOVAs fol-
lowed by Tukey post-hoc tests were performed. A p value 
of less than 0.05 was accepted as statistically significant.

Results

To test the hypothesis that central administration of CHA 
engages the physiological processes involved in caloric 
restriction (CR)-induced torpor in mice and to assess the 
differences between CHA-induced hypothermia and other 
hypothermic states, mice were subjected to four conditions: 
CR-induced torpor, FH, isoflurane-anesthesia, and central 
CHA injection. Behaviorally, changes in the posture of 
the mice were observed in CR-induced torpor and central 
CHA-injected mice. CR-induced torpid animals reduced 
exposed body surface area by curling over and remain-
ing motionless for the entirety of the bout. Central CHA-
injected mice and isoflurane-anesthetized mice tended to be 
splayed across the cage floor. All four conditions showed 
a drop in Tb, and associated drop in HR (Fig. 1a). Vehicle 
injection caused no change in Tb (data not shown).

http://www.lactate.com
http://www.lactate.com
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Mice in natural torpor exhibited a complex relation-
ship between Tb and HR (Fig. 1b), as observed previously 
in mice and hamsters (Mertens, Stiedl et  al. 2008, Swoap 
and Gutilla 2009). The Tb/HR relationship in CR-induced 
torpor shown in Fig.  1b can be divided into four periods 
(labeled 1–4): initially, HR decreased with little change in 
Tb, Tb decreased with a gradual slowing of HR, and then 
these two phases were reversed. HR increased with little 
change in Tb and finally Tb returned to baseline with a grad-
ual quickening of HR. The Tb/HR relationship in the FH, 
isoflurane-anesthesia, and CHA conditions was qualita-
tively different from the Tb/HR relationship in CR-induced 
torpor (Fig. 1b). For FH-treated mice, the fall in HR during 
Tb cooling tracked the rise in HR during Tb warming. In 

isoflurane-anesthetized mice, HR did not decrease as much 
during cooling as it did in CR-induced torpor. In CHA-
treated mice, the fall in HR with decreasing Tb was similar 
to that of FH-treated mice. The difference in HR at 30 °C 
during recovery from hypothermia and the HR at 30 °C 
during descent into hypothermia showed a diminished drop 
in HR in all three conditions relative to CR-induced torpor 
(Fig. 1c).

During entry into hypothermia, torpor showed a sig-
nificantly slower maximum rate of Tb decline compared 
to FH, isoflurane-anesthesia, and CHA (Fig.  2). FH 
exhibited the fastest decrease in Tb (p < 0.05). The rate of 
decline in Tb after CHA injection was threefold greater 
than that observed in natural torpor (−0.62 ± 0.13 vs. 

Fig. 1   Body temperature (Tb) and heart rate (HR) relationship dur-
ing bouts of hypothermia. Mice were implanted with an ECG/Tb 
telemeter and underwent four different bouts of hypothermia. 1 Natu-
ral torpor, induced by chronic 70% caloric restriction at an ambient 
temperature (Ta) of 22 °C. 2 Forced hypothermia (FH), where mice 
were restrained and exposed to a cold temperature (see Methods). 3 
Isoflurane-anesthesia, where mice were kept anesthetized with 2.5% 
isoflurane in an O2 stream at a Ta of 22 °C. 4 ICV injection of the 
adenosine receptor 1 agonist, cyclohexyladenosine (CHA) at a Ta of 
22 °C. a Tb and HR (derived from the ECG tracing) over the bout of 
hypothermia. b HR for each condition is plotted as a function of the 
concurrent Tb. A typical Tb/HR relationship is observed in natural 

torpor, with time in a clockwise direction, with the beginning of the 
torpor bout in the top right section of the graph and moving through 
each of the four steps shown. For the FH condition, the fall in HR 
during Tb decline closely tracked the rise in HR during Tb rise. Mice 
treated with CHA also lacked a discernible breadth to their Tb/HR 
loop with the HR following the same trajectory during body cooling 
or warming. The Tb/HR relationship in isoflurane-anesthetized mice 
showed an intermediate breadth. These qualitative assessments were 
quantified in c as the difference between HR at a Tb of 30 °C, while 
the mouse was recovering from hypothermia and the HR at a Tb of 
30 °C as the mouse was entering hypothermia. a  p < 0.05 vs. torpor, b 
p < 0.05 vs. FH, c p < 0.05 vs. isoflurane-anesthesia
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−0.18 ± 0.02 °C/min, respectively; p < 0.05). During recov-
ery from hypothermia, there was no difference in the rate of 
Tb increase between torpor, FH, and isoflurane-anesthesia. 
However, CHA exhibited a significantly slower maximal 
rate of recovery as compared to torpor and FH (0.29 ± 0.06 
vs. 0.43 ± 0.03 and 0.53 ± 0.04 °C/min, respectively; 
p < 0.05).

Shivering was approximated by quantifying the noise 
on ECG tracings (Fig.  3). Torpid mice exhibited periodic 
bouts of shivering during entry into torpor and while they 
maintained a low Tb. As they recovered, torpid mice shiv-
ered vigorously. In contrast, FH mice shivered consistently 
throughout the hypothermic bout, both during cooling and 
rewarming. Anesthetized mice did not shiver while under 
isoflurane-anesthesia, but did so vigorously once they were 
removed from the anesthesia chamber. CHA mice showed 
minimal shivering throughout the bout.

As we have shown previously (Swoap and Iliff 2012), 
mice had significantly lower lactate levels during torpor 
compared to baseline lactate levels (0.53 ± 0.15  mM vs. 
1.93 ± 0.13  mM, respectively; p < 0.05) (Fig.  4). Torpid 
mice also showed significantly lower lactate levels com-
pared to FH mice (3.67 ± 0.25 mM) and anesthetized mice 
(5.50 ± 0.54  mM); and FH and anesthetized mice showed 
significantly higher lactate levels compared to baseline. 
There was no significant difference in circulating lactate 
levels between CHA-treated mice (0.84 ± 0.19  mM) and 
torpid mice.

Disparate cardiovascular responses to the hypothermic 
bouts were further uncovered by analysis of ECG tracings. 
Both torpid and CHA mice often exhibited asystoles, which 

were not found in FH or anesthetized mice (Fig. 3b). Tor-
pid mice regularly skipped single beats, whereas the asys-
toles seen in the CHA condition were often much longer. 
These differences in asystoles between hypothermic bouts 
can be visualized by Poincare plots, which graph adja-
cent interbeat intervals (IBIs) against each other (Fig.  5). 
Skipped beats characteristic of torpor appeared symmet-
ric around the line of identity (Fig.  5a), while the longer 
pauses between beats in CHA-treated mice were asymmet-
ric (black arrow in Fig. 5d). P-waves were not found during 
the longer pauses in the CHA condition, suggesting sinus 
arrest. The number of events where any single IBI was 
three times longer than the preceding IBI was determined 
throughout the entire bout of hypothermia in all four condi-
tions. These events were not observed in FH or anesthetized 
mice. In CR-induced bouts of torpor, these events occurred 
5 ± 3 times per bout, whereas these events occurred a sig-
nificantly greater number of times (129 ± 18) during a bout 
of CHA-induced hypothermia. No other types of arrhyth-
mias were detected in the analyses.

Steady-state mRNA levels in the heart and liver from 
mice in each condition, as assessed by qRT-PCR arrays, 
showed unique patterns of gene expression (Fig.  6). Four 
genes in the liver and heart—Txnip, c-Fos, Egr1, and 
Hif1a—showed distinct expression patterns in the hypother-
mic bouts. Torpor was characterized by upregulated Txnip 
both in the liver and the heart. The only other condition 
that exhibited elevated Txnip mRNA was FH in the liver. 
In contrast, c-Fos and Egr1 were induced in the liver and 
heart of mice in all hypothermic conditions tested except 
during natural torpor. Hif1a was only modestly induced 
in the liver of FH, while in the heart, Hif1a was modestly 
decreased only in CHA. None of the other mRNAs on the 
PCR array were significantly different among the groups. 
A full listing of those mRNAs can be found at this web-
site (https://www.qiagen.com/ch/shop/pcr/primer-sets/
rt2-profiler-pcr-arrays/?catno=PAMM-032Z#geneglobe).

Discussion

We had hypothesized that administration of an A1 recep-
tor agonist would recapitulate the physiological changes 
that occur during a bout of caloric restriction-induced 
torpor in the mouse based on the conclusions of previ-
ous experiments, including (1) central administration of 
CHA in the rat (Tupone et al. 2013) or the arctic ground 
squirrel (Jinka et al. 2011) causes a fall in HR, metabolic 
rate and Tb and (2) antagonizing the adenosine receptor 
before (Iliff and Swoap 2012) or during a bout of tor-
por (Tamura et al. 2005; Iliff and Swoap 2012) prevents 
torpor entry or induces arousal, respectively. However, 
the data in the current study do not support the initial 

Fig. 2   The rate of Tb decline into hypothermia was slowest for natu-
ral torpor, while the rate of Tb rise from hypothermia was the slow-
est for CHA-treated mice. Maximal rate of Tb change was identified 
and calculated in 10-min windows for each mouse and then averaged 
per condition. The maximum rate of Tb decline showed 3–4 fold 
higher rates in isoflurane-anesthesia, FH, and CHA-treated mice as 
compared to torpor. During recovery, the maximum rate of Tb rise in 
CHA-treated mice was significantly slower compared to the recovery 
in torpor and FH. a p < 0.05 vs. torpor, b p < 0.05 vs. FH

https://www.qiagen.com/ch/shop/pcr/primer-sets/rt2-profiler-pcr-arrays/?catno=PAMM-032Z#geneglobe
https://www.qiagen.com/ch/shop/pcr/primer-sets/rt2-profiler-pcr-arrays/?catno=PAMM-032Z#geneglobe
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hypothesis that central administration of CHA induces a 
natural bout of daily torpor in mice. Similar to previous 
reports in the arctic ground squirrel and rat (Jinka et al. 
2011; Tupone et al. 2013), Tb and HR decreased signifi-
cantly in the mouse due to injection of CHA in the lat-
eral ventricle (Fig. 1). The mode of CHA administration 
in the current set of experiments is important. Because 
cells outside of the brain express adenosine receptors, 

it is important to acknowledge the possibility that the 
CHA-injected ICV could cross the blood–brain barrier 
into the periphery. However, the dosage that we used here 
(50 pmol) is vanishingly small relative to the dosage of 
peripheral adenosine that influences Tb in mice (~0.0005 
vs. 100 mg/kg, respectively). Based on multiple lines of 
evidence, the hypothermia induced by CHA injection into 
the lateral ventricle has physiological characteristics that 

Fig. 3   Shivering profiles of the four hypothermic conditions. Shiver-
ing was approximated as the average noise in ECG tracings. a Shiver-
ing profiles (ECG noise, measured in arbitrary units) for each con-
dition. Torpid mice show periodic bouts of shivering while torpid 
and substantial shivering while arousing. FH mice show substantial 

shivering throughout the hypothermic bout. Anesthetized mice only 
shiver as they recover. CHA mice show minimal shivering throughout 
the hypothermic bout. b Representative ECG tracings for each condi-
tion from which noise was derived
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are distinct from the hypothermia observed during a natu-
ral bout of torpor.

HR dynamics differed between conditions at two levels: 
(1) the relationship between HR and Tb and (2) HR pauses. 
The Tb/HR loop observed in natural torpor has been seen 
previously (Morhardt 1970; Milsom et  al. 1999; Swoap 
and Gutilla 2009), and similar loops have been observed 
between Tb/metabolic rate and Tb/QT interval of the ECG 
(Mertens et  al. 2008; Geiser et  al. 2014). The breadth of 
the Tb/HR loop is driven by the autonomic nervous system, 
with the parasympathetic nervous system (PNS) dominat-
ing during entry into torpor and the sympathetic nervous 
system (SNS) active during exit from torpor (Milsom et al. 
1999). Tb/HR loop in FH mice has almost no breadth, sug-
gesting that the autonomic influence on HR is nearly the 
same during entry and exit into hypothermia. The Tb/HR 
loops in isoflurane-anesthetized mice were intermediate 
in their breadth as has been seen previously (Morhardt 
1970), consistent with the finding that isoflurane depresses 
the SNS but has little effect on the PNS (Constantinides 

Fig. 4   FH and anesthetized mice show signs of anaerobic metabo-
lism, whereas torpid and CHA-treated mice do not. FH and anesthe-
tized mice show higher circulating lactate levels compared to baseline 
(taken before treatment). CHA-treated mice and torpid mice show 
lower than baseline lactate levels. a p < 0.05 vs. baseline, b p < 0.05 
vs. torpor, c p < 0.05 vs. FH, d p < 0.05 vs. isoflurane-anesthesia

Fig. 5   Long HR pauses are 
only present in torpor and CHA-
induced hypothermia. Poincare 
plots represent the variability in 
the interbeat intervals (IBI) by 
plotting adjacent IBIs against 
each other. A symmetry line is 
added as a reference. a Torpor 
shows a symmetric pattern 
indicative of skipped beats. b 
FH-treated mice and c Isoflu-
rane-anesthesia-treated mice 
cluster near the symmetry line, 
indicating a relatively regular 
heartbeat. d CHA shows asym-
metries (black arrow) that are 
indicative of pauses that are not 
skipped beats. The open arrows 
point to the long pauses seen in 
the CHA condition. e The IBIs 
of a euthermic mouse cluster 
tightly around the symmetry 
line (6 h of data are shown)
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et  al. 2011). We show here that CHA causes a drop in 
HR before a drop in Tb, but the resulting Tb/HR loop has 
diminished breadth as compared to natural torpor. Others 
have shown similar relationships with oxygen consump-
tion, carbon dioxide production, and HR, as these all fall 
before Tb when arctic ground squirrels or rats are injected 
ICV with CHA (Jinka et al. 2011; Tupone et al. 2013). The 
diminished breadth in the CHA condition (Fig.  1) shown 
here is important because it suggests that injection of 
CHA did not fully involve the ANS for HR control. Spe-
cifically, entry into hypothermia did not reduce HR in the 
CHA condition as deeply as in the natural torpor condi-
tion, resulting in a smaller difference in HR during entry 
and exit from hypothermia (Fig.  1c). Because the slowed 
HR during entry into torpor is mediated through elevated 
PNS activity, it seems that the PNS is not fully engaged 
during entry into hypothermia induced by CHA. However, 
this hypothesis requires further study with pharmacological 
methods to manipulate ANS control of HR during induced 
hypothermia.

One distinctive cardiovascular feature of natural torpor 
in mammals is the appearance of skipped beats, particularly 
during entry into torpor (Lyman and O’Brien 1963; Mil-
som et al. 1999). Administration of atropine, a muscarinic 
antagonist, causes the disappearance of the skipped beats 

during a natural bout of torpor, suggesting that the skipped 
beats are mediated via the PNS (Milsom et al. 1999). While 
the current study observed skipped beats in natural torpor, 
no HR pauses or skipped beats were observed in either FH 
or isoflurane-anesthesia, demonstrating a lack of the torpor-
specific PNS action in these two models of hypothermia. 
Mice given CHA exhibited long, asymmetric HR pauses 
that required a 2–3 beat recovery period to return to the 
HR before the pause (see Fig.  3b tracing and open arrow 
in Fig.  5). Rats also exhibit HR pauses/skipped beats in 
response to central CHA administration that then disappear 
with the administration of atropine after CHA (Tupone 
et  al. 2013). This suggests that the long pauses between 
beats in rats in response to central CHA are mediated by 
the PNS. Administration of atropine during CHA-induced 
hypothermia in mice in the current study was not per-
formed, so the mechanism of sinus pauses herein remains 
unknown. However, the HR of CHA-treated mice is higher 
than the HR of torpid mice at all Tbs during descent into 
hypothermia, suggesting that if the PNS activity is elevated 
in CHA treatment (lowering heart rate), it is not elevated 
nearly as much as it is during a torpor bout. Hence, the 
mechanism of the sinus pauses in the mouse given ICV 
CHA is unknown, and we speculate that they may be a 
result of altered autonomic activity.

Fig. 6   Torpor, FH, isoflurane-anesthesia, and CHA exhibit differ-
ent gene expression patterns. a–d hepatic gene expression. e–h car-
diac gene expression (no data for isoflurane-anesthesia). Steady-state 
mRNA levels for the genes c-Fos and Egr1 are upregulated relative to 
euthermic control mice in all hypothermic states except torpor. Txnip 

is upregulated in torpor (heart and liver) and FH (liver only) relative 
to euthermic controls. Hif1a is only modestly induced in the FH liver, 
and only modestly reduced in the CHA-treated heart. a p < 0.05 vs. 
control, b p < 0.05 vs. torpor, c p < 0.05 vs. FH, d p < 0.05 vs. isoflu-
rane-anesthesia
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The CHA-induced hypothermic bout had a faster fall in 
Tb during entrance into hypothermia compared to natural 
torpor (Fig. 2). This elevated rate of descent into hypother-
mia could be a result of faster metabolic inhibition by CHA 
relative to natural torpor, increased heat loss with CHA 
relative to natural torpor (e.g., the tail artery vasoconstric-
tion that occurs in natural torpor may be impaired or absent 
with CHA) or some combination of the two. In addition, 
the CHA-treated mice recovered from hypothermia more 
slowly than the other groups (Fig.  2). CHA-treated mice 
rarely shivered and this lack of shivering likely contrib-
uted to the slower Tb recovery (Fig. 3). The lack of shiver-
ing with central CHA administration has also been seen in 
the rat (Tupone et  al. 2013). The mechanism of shivering 
inhibition by CHA is not clear, although this could be an 
advantage for this compound in targeted temperature man-
agement, where current protocols for humans utilize anti-
shivering agents (Group 2002; Scirica 2013). Further, the 
slowed rate of rewarming from CHA administration may 
be due to the inability to sympathetically activate brown 
fat pads. Indeed, mice deficient in UCP1 recover from tor-
por bouts at about half the rate of wild-type mice (Oelkrug 
et al. 2011).

As discussed above, the autonomic nervous system is 
important at several stages of the torpor bout. The PNS 
is active during entrance into torpor which slows HR and 
leads to asystoles. Vasoconstriction of vessels feeding 
peripheral tissues such as the tail is induced via the SNS 
during the torpor bout, slowing the rate of heat loss. SNS 
activity increases HR and heat production from brown fat 
in a UCP1-dependent way during arousal, influencing the 
rate of heat gain during arousal. Further, we (Swoap et al. 
2006; Swoap and Weinshenker 2008) and others (Braulke 
and Heldmaier 2010) have shown the absolute requirement 
for a functional SNS for entry into torpor, whereas blocking 
PNS activity with atropine does not impact the likelihood 
of torpor bouts in the hamster (Braulke and Heldmaier 
2010). Given that CHA-induced hypothermia resulted in 
(1) an elevated hypothermic HR relative to natural torpor, 
(2) entrance into hypothermia at a faster rate than natural 
torpor, and (3) arousal from hypothermia at a slower rate 
than natural torpor, it seems that CHA-administered ICV at 
this dose does not fully capture the modulation of the auto-
nomic nervous system throughout a natural torpor bout.

The third line of evidence utilized for assessment of 
hypothermia was circulating lactate. Elevated circulating 
lactate is traditionally believed to be caused by respiring 
tissues that turn to anaerobic metabolism during hypoxia 
and hypoperfusion. Hypoxia in the mouse is associated 
with elevated levels of circulating adenosine (Dunwiddie 
and Masino 2001), and thus there may be a link between 
hypoxia, adenosine, and hypothermia. In both natural tor-
por and CHA-induced hypothermia, however, the lactate 

levels were lower than baseline (Fig.  4), suggesting that 
neither of these models evoked global hypoxia. Indeed, the 
low circulating lactate level in the CHA condition indicates 
either an active suppression of metabolism or increased uti-
lization of lactate, or both. The lack of shivering observed 
in this study in mice injected with CHA, combined with 
previous data showing that CHA in the rat decreases brown 
adipose heat production, EMG activity, and CO2 produc-
tion, suggests a suppression of metabolic rate as the reason 
for low lactate levels (Tupone et  al. 2013). The high lac-
tate levels during FH may be at least partially explained by 
the vigorous shivering exhibited by these mice due to SNS 
activation during descent into hypothermia.

The fourth level of interrogation of the hypothermic 
state was the analysis of hepatic and cardiac steady-state 
mRNA levels using a “mouse-hypoxia” PCR array. The 
vast majority of the analyzed hypoxia-related mRNAs 
was unchanged among any of the states (data not shown). 
Hypoxia inducible factor 1-alpha (Hif1a) is a transcription 
factor involved in the cellular response to hypoxic condi-
tions that plays an important role in the metabolic switch 
between oxidative phosphorylation and anaerobic metabo-
lism. It was expected that Hif1a would be upregulated in 
hypothermic states due to the decreased blood flow to tis-
sues, particularly with isoflurane-anesthesia and FH as both 
of these states lead to elevated circulating lactate levels. 
However, Hif1a was only moderately induced in the liver 
of FH mice. Two genes that distinguished torpid from 
non-torpid hypothermic states were c-Fos and Egr1. These 
transcription factors are both early response genes, where 
the former is a proto-oncogene and the latter is part of the 
MAP kinase pathway, and are markers of increased cellular 
activity. The mRNAs for both of these genes were robustly 
activated in the heart and liver of FH, isoflurane-anesthesia, 
and CHA-treated mice, yet not induced in natural torpor 
(Fig. 6). In contrast, thioredoxin interacting protein (Txnip) 
was upregulated only in the liver and heart of torpid mice 
and the liver of FH mice. Txnip regulates cellular redox by 
binding and inhibiting the action of the thioredoxin protein, 
which results in the accumulation of reactive oxygen spe-
cies. This gene was previously found to be induced in the 
hypothalamus, white and brown adipose tissue, and liver 
of torpid mice and Siberian hamsters (Hand et  al. 2013). 
Based on their results, these authors suggested that Txnip 
is involved in regulating energy expenditure during torpor.

In conclusion, this study robustly replicates and 
extends to mice the observation that CHA induces hypo-
thermia, while further investigating cardiovascular and 
biochemical characteristics during this induced hypo-
thermic state. The data herein suggest that CHA-induced 
hypothermia in fed mice captured some of the aspects of 
natural torpor, but missed others, notably the HR dynam-
ics of natural torpor. However, we tested only a single 
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dose of CHA, 50 pmol, which was based on two previous 
publications (weight adjusted for rats and arctic ground 
squirrels), that also published only a single dose of CHA 
ICV (Jinka et al. 2011; Tupone et al. 2013). A more com-
prehensive dose response study might help to fully illu-
minate the influence that CHA might have on the suite of 
coordinated physiological responses in the mouse. Also, 
only female mice were tested in the current study, and 
thus extrapolation of our findings to male mice should be 
taken with caution. Administering CHA to a mouse with 
a genotype that is unable to undergo daily torpor, such 
as a dbh−/− mouse (Swoap et al. 2006) or a mouse with 
an ablated ARC (Gluck et  al. 2006), might definitively 
distinguish between the two states. Further, we recognize 
the potential for off-target effects of CHA, such as phos-
phorylation, and subsequent desensitization of delta opi-
oid receptors (Cheng et al. 2010), which may be relevant 
as delta opioid receptors may be involved in hypother-
mia/torpor (Borlongan et  al. 2009). Future experiments 
should use specific knock-out mice or combine CHA 
with a specific A1-antagonist to rule out effects mediated 
by targets other than the A1-receptor. It is important to 
note that CHA was administered to mice in the fed con-
dition in the current study, whereas natural torpor was 
achieved through caloric restriction. Others have shown 
an increased sensitivity to CHA in the fasted state in rats 
(Jinka et al. 2010). Hence, it may be possible that CHA 
requires another signal induced by caloric restriction to 
fully recapitulate the physiological and behavioral aspects 
of natural torpor. The mode of administration, namely 
through an indwelling catheter in the lateral ventricle of 
the brain and not peripherally, suggests that adenosine 
receptor agonists can function at regions within the brain. 
Given the dosage used in the current study, 50 pmol, and 
the mode of administration (ICV), it is highly unlikely 
that CHA was acting at peripheral sites (i.e., heart and 
vasculature).

It is very likely that the central signal that initiates 
fasting-induced torpor is actually a combination of sig-
nals that arise from a calorically restricted state. Indeed, 
circulating satiety hormone levels, such as leptin, have 
been implicated in the torpor pathway as torpor can be 
inhibited in ob/ob mice through leptin administration 
(Gavrilova et  al. 1999). While CHA injection appears 
not to induce a natural torpor state, it is important to note 
that (1) despite the arrhythmias in CHA-injected mice, no 
mice died as a result of the CHA and (2) administration 
of this compound may have therapeutic potential, as rats 
subjected to cardiac arrest showed decreased neuronal 
cell death and increased survival after CHA IP injection 
(Miller and Hsu 1992; Jinka et al. 2015).
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