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Targeted temperature management is standard of care for cardiac arrest and is in clinical trials for stroke.
N6-cyclohexyladenosine (CHA), an A1 adenosine receptor (A1AR) agonist, inhibits thermogenesis and induces
onset of hibernation in hibernating species. Despite promising thermolytic efficacy of CHA, prior work has failed
to achieve and maintain a prescribed target core body temperature (Tb) between 32�C and 34�C for 24 hours. We
instrumented Sprague–Dawley rats (n = 19) with indwelling arterial and venous cannulae and a transmitter for
monitoring Tb and ECG, then administered CHA via continuous IV infusion or intraperitoneal (IP) injection. In
the first experiment (n = 11), we modulated ambient temperature and increased the dose of CHA in an attempt to
manage Tb. In the second experiment (n = 8), we administered CHA (0.25 mg/[kg$h]) via continuous IV in-
fusion and modulated cage surface temperature to control Tb. We rewarmed animals by increasing surface
temperature at 1�C h-1 and discontinued CHA after Tb reached 36.5�C. Tb, brain temperature (Tbrain), heart rate,
blood gas, and electrolytes were also monitored. Results show that titrating dose to adjust for individual
variation in response to CHA led to tolerance and failed to manage a prescribed Tb. Starting with a dose
(0.25 mg/[kg$h]) and modulating surface temperature to prevent overcooling proved to be an effective means to
achieve and maintain Tb between 32�C and 34�C for 24 hours. Increasing surface temperature to 37�C during
CHA administration brought Tb back to normothermic levels. All animals treated in this way rewarmed without
incident. During the initiation of cooling, we observed bradycardia within 30 minutes of the start of IV infusion,
transient hyperglycemia, and a mild hypercapnia; the latter normalized via metabolic compensation. In conclu-
sion, we describe an intravenous delivery protocol for CHA at 0.25 mg/(kg$h) that, when coupled with conductive
cooling, achieves and maintains a prescribed and consistent target Tb between 32�C and 34�C for 24 hours.
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Introduction

Targeted temperature management (TTM) is a life-
saving and neuroprotective intervention for cardiac ar-

rest (CA) and neonatal hypoxic ischemic encephalopathy
(Bernard et al., 2002; HACA, 2002; Shankaran et al., 2005).
Current evidence of care for post-CA patients recommends
lowering core body temperature (Tb) to 32–36�C for up to
24 hours (Callaway et al., 2015; Nolan et al., 2015).

Shivering remains the most common complication of
TTM and may negate therapeutic benefits (Choi et al., 2011).
Neuromuscular blockers, sedatives, analgesics, and anxio-
lytic drugs are the most common medications used to elim-
inate shivering. Side effects of these antishivering drugs
include increased risk of respiratory depression, masking of

seizure, and increased risk of pneumonia in stroke patients
(Lyden et al., 2016). The feasibility of cooling conscious
patients was demonstrated in the Intravascular Cooling in
Treatment of Stroke clinical trials; however, excessive anti-
shivering medication may have led to a twofold increase in
pneumonia rates (Lyden et al., 2016). There is a clear clinical
need for safer and more precise control of Tb, especially for
conscious stroke patients.

N6-Cyclohexyladenosine (CHA) is an A1 adenosine re-
ceptor (A1AR) agonist that belongs to a new generation of
thermolytic agents or drugs that inhibit thermogenesis. Ad-
ministration of this class of drug is expected to suppress the
counterproductive cold defense response of shivering and
thus mitigate Tb variation during TTM (Tupone et al., 2016).
The benefits of TTM, increased survival and neuroprotection,
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have been documented with use of intraperitoneal (IP)-
administered CHA after CA in rats ( Jinka et al., 2015). More
recently, we found individual variation and risk of over-
cooling with CHA and provided proof of principle that surface
heating prevented overcooling. Still lacking is the under-
standing of how to achieve precise control of target tem-
perature during CHA administration.

Using implantable telemetry devices to acquire ECG and a
conductive surface cooling/heating system, we describe an
IV CHA delivery protocol to achieve and maintain a pre-
scribed and consistent target Tb for up to 24 hours.

Methods

Ethical statement

Animal care and experiments were conducted and fol-
lowed under the guidelines set forth by Guide and Use of
Laboratory Animals, eighth Edition (Council, 2011). All
procedures and protocols complied with the Animal Wel-
fare Act and were approved by the Institutional Animal Care
and Use Committee (IACUC).

Sixteen male and three female Sprague–Dawley rats with an
average age of 212.8 – 9.6 days and weight of 386.1 – 17.5 g
(mean – standard deviation) were obtained from the breeding
colony of the University of Alaska Fairbanks Biological Re-
search and Diagnostic Facility. This colony is derived from S/A
Simonsen albino rats (Simonsen Laboratories, Gilroy, CA).
Animals were housed in groups of two or more in clear
polycarbonate cages (8.5¢W$17¢D$8.5¢H) with white spruce
or pine chip bedding. Food and water were available ad li-
bitum. The photoperiod was kept at a cycle of 12 hours light to
12 hours dark. Ambient temperature in the habitat was set to
21�C.

Surgical procedures

Stereotaxic cannula implantation. Rats were adminis-
tered prophylactic antibiotics (Baytril 8.88 mg/kg) 12 hours
before surgery and twice daily (BID) for 3 days postop. An-
algesics (Ketoprofen 1.0 mg/kg intramuscular (IM) daily (QD)
and Buprenorphine 0.03 mg/kg IM BID) were administered
before surgery and for 3 days after surgery.

Rats were placed in a stereotaxic frame. Cannulae (CMA/
12; Harvard Apparatus, Holliston, MA) were implanted into
the striatum using stereotaxic coordinates relative to bregma
(-0.26 mmAP, +3.2 mmL, -0.6 mmD) with the nose bar set at
-3.3 mm. The calvarium was exposed and painted with co-
palite (Temrex Corporation, Freeport, NY), four anchoring
screws were placed, and a hole for the guide cannula was
drilled. The dura was punctured, and the cannula was lowered
to its final depth and secured with dental cement (Stoelting,
Wood Dale, IL). After surgery, rats were housed individually
with an absorbent underpad in place of wood shavings. An-
imals were monitored and allowed to recover for 10 days
before their next surgical procedure. Headstages were
cleaned daily for 2 weeks with a 3% povidone-iodine solution.

Abdominal transmitter implantation and femoral artery and
vein cannulation. Telemetry transmitters (CTA-F40; Data
Sciences International, Saint Paul, MN) were implanted in
the abdominal cavity, and biopotential leads were sutured to

the right pectoralis and left intercostal muscle to form a lead
II ECG configuration. The femoral artery was exposed and
cannulated with a 12 cm 3Fr polyurethane catheter (C30PU-
RECA1302; Instech, Plymouth Meeting, PA), and the femoral
vein was cannulated with a 10 cm 3Fr polyurethane catheter
(C30PU-RJV1420; Instech). A plastic trocar was used to feed
the cannulae out through an interscapular incision. The can-
nulae were attached to a two-channel vascular access harness
(VAD115AB; Instech).

Baytril (8.88 mg/kg) was administered 12 hours before
surgery and BID for 3 days postop. Pain was managed with
buprenorphine 0.003 mg/kg IM BID and ketoprofen (1.0 mg/
kg QD) or buprenorphine with an extended release formula
(Buprenorphine SR�) 1.0 mg/kg (single injection lasts
72 hours). Sutures and wound clips were removed 7–
10 days postop. To maintain catheter patency, lines were
flushed every 5 days with saline and filled with a heparin/
glycerol locking solution (final concentration of 500 IU/
mL of autoclaved USP glycerol).

Study design

Experiment 1 (Titrating dose to achieve desired Tb). To
determine if dose of CHA could be titrated to manage a
constant core and brain temperature, CHA or Vehicle was
delivered at various doses and rates with the goal of titrating
the dose to maintain Tb between 30�C and 32�C or 32–34�C
for 24–48 hours. If Tb dropped below 30�C, rats were placed
in a room with an ambient temperature of 21�C; if Tb con-
tinued to fall, CHA was discontinued. Thermocouple probes
(HYPO-33-1-T-G-60-SMPW-M; Omega, Norwalk, CT) in-
serted through guide cannulae for measurement of brain
temperature were calibrated by placing probes in sealed vials
containing sterile saline. The sealed vials were placed in cir-
culating water baths set to 33�C and 37�C.

Twenty-four hours before start of drug administration, rats
with and without head stages for measuring temperature were
placed in a 16�C room. A calibrated thermocouple probe was
then inserted through the guide cannula using a custom made
adapter and taped in place in the rats with head stages. Drugs
were administered intravenously and/or intraperitoneally, de-
pending on the patency of the venous line. If animals did not
cool to target Tb, additional CHA was administered at the same
or higher dose. Brain temperature was measured in 6 of 11 rats.

Experiment 2 (Modulation of surface tempera-
ture). Results from Experiment 1 showed that titrating the
dose of CHA did not allow for precise control of Tb. We next
asked if modulating surface temperature could control Tb with
a defined target of 32–34�C over 24 hours of continuous IV
administration. Furthermore, we asked if we could rewarm rats
with surface temperature before CHA was discontinued.

Using a balanced crossover design, rats (n = 8) received
continuous IV infusion of either CHA or vehicle over a
24 hours period. We adjusted surface temperature to promote
cooling, avoid overcooling, and rewarm the animals after
24 hours at the desired target Tb. The order of treatment with
CHA or vehicle alternated between animals, and a 48 hours
washout period separated treatments. We placed rats in
the experimental cage 24 hours before start of drug delivery
to acclimatize to the new environment. Cage surface was
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neither cooled nor heated during this period. Ambient tem-
perature was maintained at 21�C throughout the experiment.
At the start of drug delivery, cage surface temperature was set
to 17�C. If Tb dropped below 32�C, cage surface temperature
was ramped up to 32�C to maintain Tb at*32�C for 24 hours.

CHA administration was continued at the same dose and
rate of infusion, and cage temperature was increased 1�C h-1

until Tb reached 36.5�C. We stopped CHA infusion in all rats
after Tb reached 36.5�C. Total time to rewarm varied between
animals, but the total duration of cooling and rewarming was
*30 hours. Animals treated with vehicle infusion did not
cool, and the infusion was stopped after 24 hours. Blood was
sampled from the arterial line using a three-way stopcock
during the experimental procedure. Depending on arterial
line patency and availability of personnel, blood was sampled
approximately every 4 hours, and heparinized saline (30 IU/
mL) was infused at 5 lL/min using a syringe pump (CMA/
100; Harvard Apparatus) to maintain arterial line patency.
ECG and Tb were acquired as described below.

Drugs

CHA was purchased from Sigma-Aldrich (Saint Louis,
MO) and dissolved in 25% (w/v) hydroxypropyl-beta-
cyclodextrin (Tokyo Chemical Industry CO., Nihonbashi-
honcho, Chuo-Ku, Tokyo, Japan) in sterile water. A stock
solution of 10 mg/mL CHA was diluted to 1.0 mg/mL in
0.9% sterile NaCl. Vehicle was a 1:10 ratio of 25% (w/v)
hydroxypropyl-beta-cyclodextrin in sterile water and 0.9%
sterile NaCl. Solutions for injection were sterilized by
0.2 lm filtration (Acrodisc syringe filter; Sigma-Aldrich,
Saint Louis).

Experimental housing

Experiment 1. Rats were placed inside a clear acrylic
cylinder cage (29 cm diameter) containing wood shavings at
an ambient temperature of 17�C. Food and water were pro-
vided ad libitum. To allow for free movement, the cage was
placed on top of a turntable (Raturn; BASi, West Lafayette,
IN) and rats were fitted with a collar (CMA; Harvard Appa-
ratus) connected to a counter balance arm and movement
detector (BASi). To detect transmitter signal, a receiver was
placed underneath the cage setup.

Experiment 2. Rats were placed inside a 12¢$12¢ clear
acrylic box without bedding, sitting on top of a custom built,
aluminum hydronic surface. The aluminum surface was part
of a cooling and heating system controlled by a thermostat, in
which circulating water was heated or cooled via thermo-
electric Peltier plates and pumped through the aluminum
cage floor. This device uses circulating water as a conduction
medium, similar to other commercial cooling devices. Heat
conductivity of this device may be greater than the water-
cooled blankets used clinically due to the high heat conduc-
tivity of aluminum.

Food and water were provided ad libitum. The vascular
access harness was attached to a tether and swivel
(VAHD115T, 375/D/22; Instech) connected to a counter
balance arm to provide freedom of movement. To detect
transmitter signal, four receivers (RPC1; Data Sciences In-
ternational) were paired to the implanted transmitter and
mounted on each side of the cage with Velcro�.

Data acquisition

Heart rate, ECG tracing, and Tb were measured with CTA-
F40 transmitters and RPC1 receivers, and data were acquired
with either Dataquest ART or Ponemah software (Data Sci-
ences International). Cage surface temperature was measured
using a thermocouple sandwiched between an insulating
foam pad and the bottom of the cage feeding to LabVIEW
software (National Instruments, Austin, TX). Ambient tem-
perature was acquired with an iButton and corresponding
1-WIRE software (Maxim Integrated, San Jose, CA) and/or
with a thermocouple feeding data to LabVIEW software.

Arterial blood was analyzed for the following analytes and
derived parameters: pH, PaCO2, PaO2, Na+, K+, Ca2+, Glucose,
Lactate, Hct, HCO3

-, and SaO2 using a GEM Premier 3000
analyzer and cartridge (Instrument Laboratories, Bedford, MA).
Data from the brain thermocouple probe was acquired with an
IX-400 data recorder, ETH-401 transducer interface, and Lab-
Scribe software (iWorx, Dover, NH). Tbrain was sampled con-
tinuously at 10 Hz and averaged over one minute periods. ECG
was sampled at 1000 Hz and was used to derive heart rate (HR).

Statistics

Statistical analysis of repeated arterial blood gases and
electrolyte samples was accomplished using a linear mixed
effects approach (IBM SPSS 19) to rectify missing data due
to inconsistent arterial line patency, account for within-rat
correlations, and to model time trajectories after treatment.
We allowed different intercepts and slopes for individual re-
gression lines across time. Linear regression was used to model
Tbrain with Tb using R (version 3.3.1) by averaging results from
individual linear models. The significance criterion was set a <
0.05 for all analyses. We report data as mean – SEM.

Results

Tolerance and variation in response challenge ability
to achieve and maintain targeted temperature

Variable thermolytic efficacy of CHA was noted in prior
work in our laboratory (Bailey et al., 2017). In this experiment,
our goal was to manage Tb within a prescribed Tb range by
titrating the dose of CHA until the desired decrease in Tb was
achieved. We increased the dose of CHA through IV infusion
and/or with bolus injection on a case-by-case basis in an at-
tempt to optimize the dose of CHA to maintain a mild hypo-
thermic state (30–32�C) at an ambient temperature of 17�C.

We found that starting at a low dose of CHA and repeat-
edly doubling the dose resulted in the development of toler-
ance. We observed tolerance in all 11 animals with
intermittent injections or when dose was increased during
continuous IV administration. Our results show that titrating
the dose of CHA fails to produce a consistent or controlled
decrease in Tb (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/ther).

Core body temperature predicts brain temperature
during CHA-induced cooling

Although dose titration failed to be an effective means
to manage target Tb, the wide range of Tb in animals in-
strumented with IP transmitters and brain thermocouples
showed that Tbrain tracked core Tb with a small offset of less
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than 1�C. Tbrain and core Tb (Fig. 1) were obtained in a total of
six experiments. In each case, core Tb and Tbrain were similar.
Core Tb and Tbrain analyzed during the first four hours of CHA
administration showed a linear relationship with a signifi-
cant within-subject correlation of 0.98, p < 0.001 (Bland and

Altman, 1995). The linear regression yielded an equation
of Tbrain = (-0.44 – 0.68) + (0.98 – 0.02) Tb (mean – SEM)
showing that on average, Tbrain tracks core Tb. In these ex-
periments, CHA was administered via IP (n = 3), IV (n = 2) and
both IV and IP (n = 1) at doses ranging from 0.5–1.0 mg/kg
IP and 0.025–0.8 mg/kg IV.

Precise control of core body temperature during
cooling and rewarming can be managed with
surface temperature modulation and continuous
IV administration of CHA

To overcome variation in response, which carries risk of
overcooling, we adjusted ‘‘dialed-in’’ core Tb to target Tb using
the dynamically cooled and heated surface (Fig. 2). Continuous
infusion of CHA 0.25 mg/(kg$h) and modulation of surface
cage temperature over 24 hours to 31.6�C – 0.5�C with an
ambient temperature of 21.1�C – 0.3�C resulted in the lowering
of Tb to 33.2�C – 0.3�C (Fig. 3A). HR decreased to an average
of 89 – 4 bpm over 24 hours from a baseline 24 hours HR of
362 – 9 bpm (Fig. 2C). Vehicle administration over 24 hours
with the surface cage temperature at 17.1�C – 0.1�C and an
ambient temperature of 19.5�C – 0.5�C resulted in no change in
Tb (Fig. 2B) or HR (Fig. 2D). Tb and HR during vehicle delivery
over 24 hours were 37.7�C – 0.1�C and 380 – 12 bpm.

Acid-base, electrolyte, and blood gas analysis
indicate acute hyperglycemia

Clinical protocols for TTM in CA patients require fre-
quent monitoring of arterial blood gases and electrolytes.
Similarly, we monitored blood gases and electrolytes

FIG. 1. Tb predicts Tbrain during the first 4 hours of CHA-
induced cooling. Tbrain = -(0.44 – 0.68) + (0.99 – 0.02) Tb

(mean – SEM). The linear model represents the mean slope and
y-intercept from these experiments (n = 6). CHA, N6-cyclohexy
ladenosine; HR, heart rate; Tb, body temperature; Tbrain, brain
temperature.

FIG. 2. Targeted temperature is
maintained with continuous IV infusion
of CHA (0.25 mg/[kg$h]), indicated by
shaded x-axis region; results are shown
as mean – SEM over 24 hours (n = 8).
(A) Surface temperature was set to
17�C at start of CHA administration
and increased to prevent overcooling;
Tb over 24 hours was 33.2�C – 0.3�C.
(B) Surface temperature lowered to
17.1�C – 0.1�C with vehicle adminis-
tration resulted in a Tb of 37.7�C –
0.1�C. (C) HR decreased to an average
of 89 – 4 bpm over 24 hours. (D) HR
during vehicle administration remained
within normal limits for the duration
of the experiment.
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throughout CHA-assisted cooling. Arterial pH dropped
from 7.46 – 0.03 to 7.33 – 0.01 during the first eight hours
of cooling with CHA and continued to remain low for the
next eight hours (Fig. 3A, p = 0.002, main effect of drug).
We observed a minimum pH of 7.32 – 0.01 16 hours after
onset of CHA administration; pH began to increase and
returned to baseline values at 24 hours.

The initial fall in pH was not associated with a rise in
lactate (Fig. 3B). Although PaCO2 tended to increase in
CHA treated animals, the increase was not statistically
significant (Fig. 3C). Bicarbonate levels began to rise at
16 hours in CHA-treated animals and reached a maximum
of 30.6 – 1.2 mmol/L at 32 hours (Fig. 3D, p = 0.004,
drug · time). Blood glucose surged to a maximum of
370.0 – 34.6 mg/dL after 8 hours of cooling and returned
to a baseline of 104.5 – 9.2 mg/dL after 24 hours (Fig. 3H,
p = 0.03, main effect of drug). Arterial PaO2 increased
slightly during the 24 hours of cooling with CHA compared
to vehicle-treated animals ( p = 0.03, main effect of drug).
No other analyte measured showed a statistically significant
influence of treatment.

Discussion

The purpose of the present study was to optimize a CHA
delivery protocol to achieve and maintain a prescribed and
consistent target Tb for 24 hours. In our first approach, we
used IV drug delivery and doubled the dose of CHA in an
attempt to reach a stable target Tb. We found evidence of
acute tolerance to CHA, when we increased doses with or
without breaks in drug administration (Supplementary Data).
Overall, we found that short duration of time between in-
jections and increasing the dose during continuous IV infu-
sion determines tolerance. Tolerance following intermittent
injections is consistent with prior literature (Roman et al.,
2008) showing that doses of an A1AR agonist repeated at 12–
24 hours intervals lead to tolerance. To our knowledge, this is
the first report of tolerance during IV titration of CHA.

Development of tolerance is consistent with in vitro
studies showing downregulation and desensitization of A1AR
after chronic treatment with CHA (Hettinger et al., 1998; von
Lubitz, 1999). Moreover, repeated daily administration of
N6-cyclopentyladenosine (another A1AR agonist) was shown

FIG. 3. Arterial acid-base, electrolyte, and blood gas analysis indicated acute hyperglycemia and resolution of a mild
respiratory acidosis by metabolic compensation (n = 8). A significant difference between CHA and vehicle are indicated by
asterisks (*). A significant difference between baseline and time during CHA treatment is indicated by the symbol U. A
significant difference between baseline and time during vehicle treatment is indicated by the symbol T–. (A) arterial pH (B)
lactate (C) arterial PaCO2 (D) bicarbonate (E) PaO2 (F) hemoglobin oxygen saturation (G) potassium (H) glucose (I)
calcium ( J) sodium (K) hematocrit.
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previously to decrease receptor density in hippocampus and
somatosensory cortex and attenuate the drop in Tb (Roman
et al., 2008). Desensitization is thought to be mediated by
internalization and degradation of receptors or the uncoupling
of receptors from their G-proteins ( Jacobson et al., 1996).

In these same experiments, Tb proved to be a reliable proxy
for Tbrain. After averaging results from individual linear
models, the average offset of 0.44�C between Tbrain and Tb and
a slope not different from one suggests that Tbrain closely
mirrors Tb. This close relationship between Tb and Tbrain holds
over a wide range of Tb and is consistent with an inhibition of
thermogenesis. We interpret the variation in the difference
between Tb and Tbrain observed in individual experiments as
error in temperature measurements. This error should be
minimized in future studies by more frequent calibration of
thermocouples and transmitters. We only report the first four
hours of Tbrain and Tb during cooling in experiment one: some
animals overcooled and did not rewarm or technical compli-
cations prevented analysis during rewarming.

The y-intercept of 0.44�C should not be overinterpreted as
the predicted difference between brain and body temperature
since the line crosses the y-intercept at body temperature
values that are outside of the range of the observed values.
Tbrain was not measured in experiment two. We expect the
relationship between Tb and Tbrain would have been similar to
what was described in experiment one, although additional
studies are needed to confirm this explanation. Sampling
resolution was high enough to capture a one minute lag time
between Tbrain and Tb.

Neuroprotective benefits of TTM require that Tbrain be
decreased and maintained using core Tb to predict Tbrain.
Other studies have shown that Tb predicts Tbrain, but that Tbrain

lags behind Tb (Coppler et al., 2016). Still others have shown
that Tb does not predict Tbrain (Childs and Lunn, 2013). The
method of cooling affects the relationship between Tb and
Tbrain as well as size of the animal; size impacts surface area
to volume ratio and thus rates of heat loss.

The present study will need to be performed in larger ani-
mals and humans to confirm this close relationship between Tb

and Tbrain; however, we expect that inhibition of thermogenesis
will favor a tight relationship between Tb and Tbrain because
inhibition of thermogenesis eliminates the source of heat to the
core and thus to the brain. One benefit of inhibiting thermo-
genesis with CHA during cooling may be rapid cooling of the
brain and reduced lag time between Tb and Tbrain.

To avoid overcooling, we utilized a hydronic surface, heated
and cooled via thermoelectric Peltier plates, to precisely modu-
late Tb. Although Bailey provided proof of concept for this de-
vice to prevent overcooling caused by individual variation in
response to CHA (Bailey et al., 2017), we show in this study that
external control of conductive cooling and heating lowers and
maintains Tb at a prescribed target Tb between 32�C and 34�C
over a 24 hours period with continuous IV CHA infusion.

This duration of cooling and target temperature is similar
to current medical protocols and the duration of cooling ex-
ceeds prior preclinical studies (Feketa and Marrelli, 2015;
Lee et al., 2016; Wyse and McNett, 2016). The choice of
targeted temperature is controversial due to a recent study
which showed equivalent survival rates in patients cooled to
36�C vs. 33�C (Nielsen et al., 2013). The current findings
suggest that CHA may be used to inhibit shivering and fa-
cilitate precise control of a target Tb of 36�C or 33�C.

Our experiment is novel because it is the first to administer
CHA via continuous IV infusion, a realistic method of long-
term administration in a hospital intensive care unit (ICU)
setting. The use of dynamic surface cooling also mimics
current medical devices (e.g., Arctic Sun�) utilized in TTM
(Lundbye, 2012). Also, this experiment is the first to actively
rewarm by increasing surface temperature to the normo-
thermic target of 37�C during continuous CHA infusion.
Prior studies rewarmed passively after CHA was dis-
continued by using the temperature gradient between Tb and
Ta to reestablish baseline Tb ( Jinka et al., 2015). In this study,
we show that the rate of rewarming, during the third and final
phase of TTM, can be precisely and dynamically controlled
with surface temperature modulation and IV CHA inhibition
of thermogenesis.

One complication of uncontrolled and rapid rewarming is a
shift in electrolyte balance, hypotension, and life threatening
arrhythmias (Mirzoyev et al., 2010). This makes precise con-
trol of the rewarming process all the more necessary. Coun-
terproductive heat generated during shivering in all phases of
TTM and subsequent increase in cerebral metabolism may
negate neuroprotective benefits of cooling (Saigal et al., 2015).
It is expected that the protocol described in this study will
improve outcome after CA, since we previously demonstrated
a neuroprotective benefit of CHA-assisted cooling after CA
(Jinka et al., 2015). This expectation requires further testing in
preclinical cerebral ischemia/reperfusion models.

The current study is also the first to monitor changes in
HR during IV CHA-assisted cooling and rewarming over a
24 hours time period using telemetry in nonanesthetized
and undisturbed freely moving rats. We interpret the increase
in HR during the rewarming phase with CHA still on board
as reversal of bradycardia caused by lowered Tb. The
*150 bpm increase in HR after rewarming, but before dis-
continuation of CHA, illustrates that both CHA and lowered Tb

contribute to bradycardia. Bradycardia at 37�C Tb may result
from direct effects of CHA on cardiac pacemaker cells (Ler-
man, 2003) and from increased vagal tone due to drug action
within the central nervous system (CNS) (Tupone et al., 2013).

Interestingly, bradycardia during TTM is a clinical prog-
nosticator of favorable outcomes after CA (Staer-Jensen
et al., 2014). Decreased metabolic demand, indicated by a
reduction in HR, may explain why bradycardia predicts fa-
vorable outcome. Studies show that the rate of oxygen con-
sumption decreases before the drop in Tb during onset of
hibernation and that HR is a proxy for metabolic rate (Currie
et al., 2014). Rapid onset of bradycardia in the current study
is consistent with metabolic suppression secondary to the
inhibition of thermogenesis (Kozyreva et al., 2015).

Given our systemic route of CHA administration, it is not
possible to decipher between direct cardiac effects and in-
direct effects related to inhibition of metabolism during the
cooling phase or to increased parasympathetic influence.
However, we have shown in a previous study that adminis-
tration of a peripherally acting adenosine receptor antagonist,
which does not cross the blood–brain barrier, reverses bra-
dycardia ( Jinka et al., 2015).

Hyperglycemia is a known complication of TTM (Saigal
et al., 2015). We observed an early spike in glucose during
the initiation of cooling which resolved by the end of the
experiment. Two mechanisms likely explain this rise in
blood glucose: cold induced insulin resistance and stress
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hyperglycemia (Lundbye, 2012; Deane and Horowitz,
2013). The latter is the more plausible explanation. If hy-
perglycemia was mediated directly by the cold, blood glu-
cose should have remained elevated throughout the cooling
phase; instead, hyperglycemia was only present during
cooling initiation. Stress may have been induced by the
sudden decrease in cardiovascular parameters or changes in
blood gas and pH.

Ettleson et al. (2014) found that hypothermia during TTM
in humans had no effect on blood glucose and determined that
hyperglycemia was likely due to the severity of stress after
CA. Another factor associated with insulin resistance is en-
hanced lipolysis due to obesity, but CHA should actually
decrease insulin resistance by an A1AR-mediated reduction
in lipolysis (Morigny et al., 2016). Other preclinical studies
have found that hyperglycemia during cooling compromises
the neuroprotective efficacy of cooling (Zhang et al., 2009).

Importantly, hyperglycemia and hypotension may coun-
ter neuroprotective benefit of hypothermia as best illus-
trated in early studies of high doses of adenine nucleotides.
Inspired by torpor-like effects of adenosine monophosphate
(AMP) at doses up to 3.5 g/kg in mice (Zhang et al., 2006),
others asked if hypothermia induced by high doses of adenine
nucleotides would be neuroprotective after stroke. Doses of
2.0 g/kg adenosine triphosphate (ATP) or 1.4 g/kg AMP in
rats produced hypotension (40–55 mmHg lasting 6 hours)
and worsened stroke outcomes (Zhang et al., 2009, 2013).
In the ATP study, increased infarct size was attributed to a
combination of hypotension and hyperglycemia, whereas
increased seizure activity was thought to be due to hypo-
calcemia.

Others found that hypothermia induced by high-dose 500 mg/
kg AMP persisted in A1AR deficient mice showing that
hypothermia induced by high doses is not mediated by
A1AR (Tao et al., 2011). A more recent study targeted A1AR
with AMP at a lower dose of 50 mg/kg, avoided hypoten-
sion and demonstrated enhanced survival and neuroprotec-
tion in a middle cerebral artery model of stroke (Muzzi et al.,
2013). Similarly, our prior work demonstrated neuroprotec-
tive efficacy of CHA-assisted cooling after CA ( Jinka et al.,
2015). Moreover, hypocalcemia was not observed in the
present study.

Development of CHA or other A1AR agonists as thermo-
lytic agents for TTM will nonetheless require better un-
derstanding and management of hyperglycemia and
hypotension before these drugs can be translated for clinical
applications. In the clinical setting, the transient hypergly-
cemia might be managed with a tight insulin protocol with
sufficient monitoring to avoid hyperglycemia. In the current
study, glycemic levels tended to normalize without inter-
vention. Hyperglycemia and hypoglycemia exacerbate ce-
rebral ischemia/reperfusion injury (Dave et al., 2011) such
that early management and control of initial hyperglycemia is
critical to maximize neuroprotective benefits of cooling.

The present study suggests that respiratory depression is
not a significant concern, given that PaO2 and SaO2 remained
within normal ranges. Minimal CO2 retention with a small
but statistically significant decrease in pH was not indicative
of respiratory depression since SaO2 remained over 97%.
Blood gas analysis revealed a small decrease in pH that
corresponded with a trend toward a rise in PaCO2 after CHA
administration, although this change in pH was within normal

physiological values in rats (Subramanian et al., 2013). The
tendency for CO2 to increase could have been mediated by
A1AR agonist-induced bronchoconstriction or hypoventila-
tion (Lerman, 2003). Importantly, this change in CO2 was not
statistically significant or sufficient to drive arterial pH out-
side of normal values.

Blood oxygen saturation remained normal throughout the
experiment indicating that oxygen supply was not compro-
mised during treatment. These parameters along with a de-
crease in lactate also indicate that organ perfusion was
adequate. The fall in lactate may indicate increased clearance
or decreased anaerobic metabolism. Another possible
mechanism to explain the fall in lactate is the conversion of
lactate to glucose via the Cori cycle in the liver. This latter
mechanism could also account for the elevated glucose dur-
ing the beginning of the cooling phase.

The initial fall in hematocrit seen in both CHA and vehicle
groups likely represents a hemodilutional effect due to IV
saline flushes at the start of the experiment to flush arterial
lines and continuous infusion of saline used to keep lines
open for the duration of the experiment. Levels returned to
baseline consistent with hemodilution seen with bolus IV
therapy (Grathwohl et al., 1996).

The findings of this study contribute to our understanding
of the efficacy of A1AR agonists as novel thermolytic agents.
If safety can be optimized, inhibition of thermogenesis with
A1AR agonists has potential to transfer precise control of
core Tb from the patient to the clinician.
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