
 

The
effective during deep hibernation and arousal from
hibernation is a contested issue. One theory asserts that deep
hibernation in the ground squirrel 

 

Spermophilus (Citellus)
lateralis is maintained through active parasympathetic
suppression of sympathetic tone. Removal of parasympathetic
tone or sympathetic activation leads to arousal (Twente and
Twente, 1978). A contrasting theory argues that
parasympathetic influence decreases relative to sympathetic
influence as animals enter the hibernating state. Autonomic
control during hibernation is thus due predominantly, if not
exclusively, to sympathetic regulation, and deep hibernation
is maintained and arousal initiated primarily by changes in
thermoregulatory control (Lyman and O’Brien, 1963). While
the latter view predominates (Lyman, 1982; Burlington and
Milsom, 1989), both sides of this debate have drawn support
from early investigations of parasympathetic vagal influences

on 
1982).

For parasympathetic influence to change during hibernation,
alterations must occur in any or all of the following: (i) central
motor output, (ii) nerve conduction, (iii) transmitter release and
(iv) target tissue sensitivity. Reductions in all these processes
are imaginable, simply as a result of the reduction of body
temperature from 37 ˚C, typical of euthermia, to 7 ˚C, typical
of deep hibernation at a 5 ˚C ambient temperature. For the
dominant view of autonomic control during hibernation to
hold, however, some of these changes must exceed those seen
for sympathetic influences.

Recently, O’Shea and Evans (1985) observed decreases in
the contractile force of isolated bat ventricles at 7 ˚C in
response to intermural nerve stimulation and exogenous
acetylcholine (ACh). This response was blocked by the
muscarinic antagonist hyoscine. From these observations,
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ode was greater than that during the apnea. The
nitude of this ventilatory tachycardia decreased with
ient temperature, being 108 % at 15 ˚C, 32 % at 10 ˚C

 11.5 % at 5 ˚C. Animals exposed to 3 % CO2 at 5 ˚C,
ch significantly increased ventilation, still exhibited an
% increase in heart rate during breathing. Thus, the
nitude of the ventilation tachycardia was independent

he level of ventilation, at least over the range studied.
ibition of vagus nerve conduction at 5 ˚C was achieved
g localized nerve block. This led to an increase in
eic heart rate and abolished the ventilatory
ycardia. The results of this study indicate that vagal

jections are involved in cardiorespiratory control
ing deep hibernation, i.e. that parasympathetic tone is
 present and is involved in homeostatic regulation
ing hibernation.

 words: heart rate, ventilatory tachycardia, apneic bradycardia,
s, parasympathetic control, hibernation, ground squirrel,
mophilus lateralis.
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 relative role of the parasympathetic nervous system
g deep hibernation is enigmatic. Conflicting
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 degree to which the parasympathetic nervous system is

heses exist, and both sides draw support from
igations of vagal influence on the heart. Recent
s have shown cardiac chronotropic and inotropic
 of parasympathetic stimulation and inhibition in
d hearts and anesthetized animals at hibernating

temperatures. No studies, however, have
strated such occurrences in undisturbed deeply
ating animals. The present study documents

atory-related alterations in heart rate during
mia and hibernation at ambient temperatures of 15,
 5 ˚C mediated by parasympathetic influence.
ing quiet wakefulness, euthermic squirrels breathed
uously and exhibited a 29 % acceleration in heart
during inspiration. During deep undisturbed
ation, at 15, 10 and 5 ˚C ambient temperature,
ls exhibited an episodic breathing pattern and body
ratures were slightly above ambient temperature. At
temperature, heart rate during the respiratory

Introduction
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two el
(EMG) 
implant
abdomi
 (1987) proposed that low body temperatures did not
mise muscarinic receptor function. Also, Milsom et al.
recently determined that, in anesthetized hibernating S.
s at 7 ˚C, electrical stimulation following mechanical

y resulted in a reduction in heart rate. Thus, the
n in body temperature associated with hibernation did
k vagal conduction, ACh release from nerve terminals
bility of the heart to react to ACh. The authors noted,
r, that the amount of electrical stimulation necessary to
hange in heart rate was greater during hibernation than
euthermia, indicating that the vagal influence was
, but this reduction appeared to be in proportion to the
ed body temperature.
emaining gaps in our understanding of the autonomic
of heart rate during hibernation are the effects of

tion on parasympathetic motor output and a comparison
the suite of changes in parasympathetic control relate

subcutaneously to a 10-pin connector cemented to the skull
with dental epoxy resin. In animals to be used during the vagal
blockade study, a second incision was made in the ventral neck
and blunt dissection was used to expose and isolate the left and
right cervical vagi. The right vagus was bathed in 2 % lidocaine
hydrochloride (Xylocaine, Astra Pharmaceutical), severed and
a 5 mm section was removed. The left vagus was placed within
an ‘infusion cuff’, consisting of a 4 mm length of 2 mm i.d.
silicone tubing slit down one side, with a length of 0.5 mm i.d.
silicone cannula fastened in the middle of its inside edge. Two
loops of suture closed the cuff about the nerve, and both ends
were plugged with sterile petroleum jelly. Fluid fed down the
cannula filled the cuff and bathed the isolated section of nerve.
Subsequent infusions renewed the fluid within the cuff while
the overflow seeped out of the slit edge of the cuff. Pilot
investigations with anesthetized rats and ground squirrels
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 that occur in sympathetic control. The current study
s the first of these questions by examining the vagal
e on heart rate associated with the episodic breathing
typical of golden-mantled ground squirrels during
ion. This study examines the hypothesis that there is
pathetic motor output during deep hibernation and that
asympathetic tone has a physiological influence on
te. Specifically, we propose that vagal tone is present
dulated by respiration, resulting in a pattern of
ry tachycardia and apneic bradycardia during episodic
g.

Materials and methods
 golden-mantled ground squirrels [Spermophilus
(Say)] were housed individually in a sound-insulated,

controlled chamber at constant ambient temperature
0±1 ˚C) and photoperiod (12h:12 h light:dark, lights on
h). Squirrels had access to laboratory chow and water
m supplemented intermittently with sunflower seeds.

November, squirrels were induced to hibernate by a
reduction of chamber temperature (to a Ta of 5±1 ˚C)

indicated that a 0.04 ml Xylocaine infusion bathed the nerve
and resulted in a complete nerve block within 30 s.

Care was taken to minimize stress on the nerve. The cuff
was secured in position and the cannula fed subcutaneously
over the shoulder to a connector mounted to the skull. All
surgical procedures were carried out with full aseptic
precautions. The incisions were closed and the animal allowed
to recover for 3–5 days.

Following recovery, animals were either maintained at room
temperature or moved to a second sound-insulated, climate-
controlled chamber at constant ambient temperature (Ta of
5±1 ˚C) and reduced photoperiod (2 h:22 h light:dark, lights on
at 10:00 h). Most animals at 5 ˚C re-entered hibernation within
2 weeks.

Experimental protocol

Initial investigations

Cardiorespiratory coordination and heart rate were observed
in five animals during non-sleeping euthermia at an ambient
temperature of approximately 22 ˚C and in six animals during
hibernation at ambient temperatures of 15, 10 and 5 ˚C.
Individual animals were transferred to an acrylic box
toperiod (2 h:22 h light:dark, lights on at 10:00 h). Most
 entered hibernation within 2 weeks of exposure to
inter’ environmental conditions.
ning in mid-February, individual hibernating animals

moved from the environment chamber and kept for 3
 room temperature and uncontrolled photoperiod.
 then underwent surgery for the implantation of
g electrodes and infusion cannulae.

Surgery

als were anesthetized with intraperitoneal injections of
pentobarbital (Somnotol, 65 mg ml21 solution;

g kg21). Four cranial electroencephalographic (EEG),
ectrocardiographic (ECG), two electromyographic

and two respiratory impedance electrodes were
ed in the skull, rib-cage, shoulder musculature and
al wall, respectively. Electrode wires were run

(10 cm310 cm310 cm) within a laboratory controlled-
environment chamber. Each box was supplied with air at a flow
rate of 500 ml min21. The EEG, EMG and ECG were
monitored using Gould universal amplifiers, and respiratory
movements were monitored using an impedance converter
(Biocom Inc., model 991) and Gould d.c. amplifier. All signals
were recorded continuously on a Gould six-channel
polygraphic recorder. Data were analyzed to determine
euthermic heart rates during inspiration and during the post-
expiratory non-ventilatory period (NVP) and mean heart rates
in hibernation during breathing episodes (eupnea) and pauses
between episodes (apnea). Inspiratory and NVP heart rates and
eupneic and apneic heart rates were compared using a
Student’s t-test (P<0.05, SigmaStat, Jandel Scientific) to
identify respiratory-related cardio-acceleration. Differences in
heart rates between eupnea and apnea, or between inspiration
and NVP, were expressed as a proportion of apneic or NVP
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heart rate, resulting in a relative measure of the respiratory-
related tachycardia during both euthermia and hibernation at
15, 10 and 5 ˚C.

Vagal blockade studies

Vagal blockade studies were performed on four animals
during hibernation at an ambient temperature of 5 ˚C.
Individual animals were again transferred to a box within a
laboratory controlled-environment chamber and supplied with
air at a flow rate of 500 ml min21. The EEG, EMG and ECG
were monitored using Grass a.c. amplifiers, and respiratory
movements were monitored using an impedance converter
(Biocom Inc., model 991) and a Grass d.c. amplifier. All
signals were recorded continuously by a Grass polygraphic
recorder and a computerized data-acquisition system (AT-
CODAS, DataQ Instruments Inc.) sampling at 40 Hz.

Following a 2–3 h acclimation period, experimental
treatments were begun. Animals were exposed, for
approximately 1h each, to normocarbia (room air, 0.04 % CO2)
and hypercarbia (3 % CO2 in air) before and after 0.04 ml
infusions of 0.9 % NaCl (sham condition) and 2 % lidocaine
hydrochloride (vagal blockade) into the cuff. The degree of
vagal blockade was assessed by subsequent lidocaine infusion
following the observation period.

Rectal temperatures were measured at the beginning of each
test, but were not monitored continuously during these
experiments. A previous study (Harris and Milsom, 1994a)
demonstrated that animals in a similar experimental apparatus
maintained stable body temperatures of approximately 7 ˚C
until arousal from hibernation was initiated. Animals
maintained deep hibernation and exhibited no signs of arousal
during the present study. Instantaneous heart rate was
calculated from ECG recordings by measuring the R–R
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Fig. 1. A record of the
electrocardiogram (upper trace)
and breathing movements
(lower trace) of a golden-
mantled ground squirrel during
(A) quiet euthermic
wakefulness at room
temperature and (B)
hibernation at an ambient
temperature of 5 ˚C. During
euthermy, breathing is
continuous and the ECG shows
a tachycardia synchronous with
the inspiratory phase
(downward deflection) and
bradycardia associated with the
pause between breaths. During
hibernation, breathing is
episodic and the ECG shows a
tachycardia synchronous with
the eupneic period.
933arasympathetic influence in hibernation

l of each Q–R–S wave complex, expressed in
in21. Each R–R interval was classified as occurring
during the breathing episode (eupneic) or during the
between episodes (apneic). R–R intervals occurring
 transition periods, i.e. within 5 s of the beginning or end
eathing episode, were not analysed further. Mean apneic
pneic heart rates were determined for each animal while
ing normocarbic and hypercarbic gas, before and after
blockade or a sham infusion of saline (normocarbia

 Mean apneic and eupneic heart rates of all animals were
red using a two-way two-factor repeated-measures
is of variance (ANOVA) and Student–Newman–Keuls
 multiple comparison test, P<0.05 (SigmaStat, Jandel
ific).

Results

Initial investigations

ing quiet euthermic wakefulness, animals maintained
body temperatures of approximately 37 ˚C and exhibited
heart rates in excess of 150 beats min21 and continuous
ing with an average frequency of 35 breaths min21

A). Instantaneous heart rate was not constant during the
tory cycle and was higher during inspiration

18 beats min21) than during the NVP (169±12 beats
; mean ± S.E.M.). These differences amounted to a 28.8 %
ardia associated with euthermic breathing (Fig. 2).
ing hibernation, animals maintained their body
ratures approximately 1–2 ˚C higher than the ambient
rature. Heart rates decreased from euthermic levels to
ation rates of less than 30 beats min21. Respiration
d a similar decrease from euthermic levels and, during
hibernation, occurred in distinct 30–120 s episodes

Electrocardiogram
Breathing movements

10 s

1 min
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d by apneic periods ranging between 5 and 30 min in
 (Fig. 1B).
 animals were breathing episodically, heart rate was
ntly greater during eupnea than during apnea. Heart
reased with ambient temperature during hibernation,
e absolute differences in heart rate during apnea and
Apneic versus eupneic heart rates (in beats min21 ±
ere 17.0±2.3 versus 35.3±7.8 at 15 ˚C, 12.1±0.9

6.0±1.9 at 10 ˚C and 7.9±0.6 versus 8.67±0.3 at 5 ˚C,
 in 108 %, 32 % and 11.5 % tachycardia, respectively

Vagal blockade study

ences between apneic and eupneic heart rate were
in animals breathing both air and 3 % CO2 at 5 ˚C
A, F=54.489, P=0.017; SNK at P<0.05, d.f.=9.0
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peratures and had significantly higher
ea than during apnea (Fig. 2). These
respiratory coordination, similar to that
mia, is maintained during hibernation.
 not, however, support or refute the
thetic activity during hibernation. The
could result either from the removal of
io-inhibition or from sympathetic
a.

10 15
nating

0
22

Euthermic
ient temperature (°C)

 standard errors (N=5–6) for apneic (non-
pneic (inspiratory) heart rates of squirrels
0 and 5 ˚C ambient temperatures (left-hand
thermic wakefulness at room temperature
 change in scale of the vertical axis between
. All heart rates are significantly greater (*)
 apnea at the same temperature (Student’s
both treatments; Fig. 3). Animals exposed to
bia had slightly higher mean heart rates (P<0.10), but
show a more pronounced proportional tachycardia,
ring normocarbia (Figs 3, 4). On average, animals
 to air and 3 % CO2 expressed an 11.5±2.6 % and
% increase in heart rate during breathing,
ely. Sham infusions were made to differentiate

 the effects of vagal blockade and the infusion itself.
l infusion of saline had no effect on mean apneic or
heart rate nor on the change in heart rate noted

 apnea and eupnea (SNK at P<0.05, d.f.=8.6; Fig. 3).
s of 0.04 ml of 2 % lidocaine hydrochloride had no
nt effect on eupneic heart rate during either
rbic or hypercarbic exposure. Apneic heart rates,
, increased to corresponding eupneic levels (Fig. 3).
iratory-related tachycardia was effectively abolished
g vagal blockade. Mean apneic and eupneic heart
re indistinguishable; the proportional tachycardia fell
ximately 2.2 % (Fig. 4).

Discussion
g euthermia, golden-mantled ground squirrels breathe

10 and 5 ˚C ambient tem
heart rates during eupn
data indicate that cardio
occurring during euther
These observations do
existence of parasympa
ventilatory tachycardia 
parasympathetic card
excitation during eupne

5
Hiber

0

Amb

Fig. 2. Mean values with
ventilatory period) and eu
during hibernation at 15, 1
axis) and during quiet eu
(right-hand axis). Note the
hibernation and euthermia
during eupnea than during
t-test, P<0.05).
usly (Fig. 1A) and exhibit cardiorespiratory
tion, resulting in a 28.8 % tachycardia during the
ry phase (Fig. 2). Similar coordination, referred to as
ry-related sinus-arrhythmia, is present in many other
nd is believed to be mediated by reductions of vagal
lting in phasic reductions of parasympathetic cardio-

n during inspiration (Anrep et al. 1936a,b; Angell
d De Burgh Daly, 1972; Johansen et al. 1977; Hirsch
hop, 1981; Eckberg, 1983; De Burgh Daly and
, 1989; Richter and Spyer, 1990; Novak et al. 1993).

nating species typically display one of two distinctive
ry patterns. Ventilation either occurs as a continuous
 single breaths separated by short apneas (single-breath
g) or as clusters of breaths separated by much longer
(episodic breathing) (Milsom, 1992). The golden-
 ground squirrels used in the present study exhibited
dic breathing pattern (Fig. 1B) while hibernating at 15,

Mean heart rate was reduced in proportion to ambient
temperature and to the body temperatures at which animals
were hibernating (Fig. 2). It should be noted that animals were
in a stable hibernation state at each of the three temperature,
15, 10 and 5 ˚C, as indicated by stable body temperatures
within 2 ˚C of ambient and stable cardiac and respiratory
rhythms over periods of several days. The ventilatory
tachycardia was greatest at 15 ˚C and decreased at lower
ambient temperatures. These data indicate that the reductions
in ventilatory tachycardia between 15 and 5 ˚C were not the
result of hibernation per se, but rather were determined by an
additional effect of body temperature.

At 5 ˚C, alterations in heart rate between apnea and eupnea
were small in absolute terms and reduced when compared with
values at 15 and 10 ˚C. The increases in heart rate (10–12 %)
during the breathing period were statistically significant,
however. Assuming a constant stroke volume, this tachycardia
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would have been manifested as a physiologically significant
10–12 % increase in cardiac output during the eupneic phase.

Animals exposed to 3 % CO2 had slightly higher mean heart
rates than when breathing air (Fig. 3). Mild tachycardia is
commonly associated with hypercarbic exposure and has been
previously documented in hibernating species (Lyman, 1951).
McArthur and Milsom (1991) have shown that hibernating S.
lateralis, when exposed to mild hypercarbia, increased their net
breathing frequencies (from 2.59±0.30 to 5.89±
1.08 breaths min21). Although they had breathing episodes of
similar duration (51.3±15.2 s versus 59.0±9.8 s) to those
observed while they breathed air, they took a greater number
of breaths per episode (8.8±1.0 versus 6.86±0.58). In the
present study, heart rate in animals exposed to 3 % CO2 was
again elevated during the breathing episodes compared with
that during apnea. Although this increase was larger in absolute
terms than that in animals breathing air, it was exactly the same
in relative (proportionate) terms. The degree of proportional
tachycardia, therefore, appears to correspond to the duration of
the breathing episodes, or to the initiation of the breathing
episode, regardless of duration. Absolute changes in heart rate,
however, may have been influenced by the number of breaths
taken during these episodes.

Saline infusion into the vagal cuff had no effect on either
mean heart rate or the change in heart rate noted during the
transition from apnea to eupnea (Fig. 3). These observations
indicate that no physiological changes resulted from fluid
infusion into the cuff alone. Thus, the changes that did occur
following Xylocaine infusion were the direct result of the
pharmacological action of Xylocaine on the isolated nerve.

During exposure to both air and 3 % CO2, Xylocaine
infusion resulted in an increase in the mean apneic heart rate
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Fig. 3. Mean + S.E.M. (N=4) apneic and eupneic heart rate of all
hibernating squirrels breathing air and 3 % inspired CO2 before and
after a sham infusion of saline (air only) and an infusion of 2 %
Xylocaine (block). An asterisk denotes conditions where heart rate
was significantly greater during eupnea than during apnea (ANOVA
and SNK, P<0.05).
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ual to, or slightly greater than, the eupneic heart
lockade (Fig. 3). These results complement those

t al. (1993), who noted an 8–12 % increase in heart
ng bilateral vagotomy in anesthetized hibernating
irrels. These data confirm the presence of vagal
etic tone during the apnea. They also demonstrate
hanisms responsible for elevating mean heart rate
rcapnic exposure are unaffected by vagal blockade
re not mediated by the vagus.
e infusion virtually abolished the difference in
etween apnea and eupnea (Fig. 4). The residual
(2.2 %) present following vagal blockade was

 to that observed following total denervation of the
er species (Bernardi et al. 1989) and could be
 the result of enhanced atrial filling by changes in
 negative pressure during breathing. These data

at unobstructed vagal conduction is necessary for

apneic bradycardia to occur and that phasic parasympathetic
tone does influence heart rate during hibernation. Thus, these
data suggest that the resting parasympathetic tone which
dampens heart rate during apnea is totally removed during
eupnea.

The alterations in heart rate between apnea and eupnea
observed in hibernating S. lateralis were similar to the
ventilatory tachycardia exhibited by many other episodically
breathing animals (Angell James and De Burgh Daly, 1972). In
addition, the proportional tachycardia noted during hibernation
was similar to, or at times greater in magnitude than, that in the
same species during euthermia. In general, ventilatory
tachycardia has been attributed either to a simultaneous
deactivation of cardiac vagal motor output associated with
feedforward interactions (central ‘irradiation’) between
respiratory neurons and cardiac vagal motorneurons within the
medulla (Anrep et al. 1936a; Angell James and De Burgh Daly,
1972; Burggren, 1975; Hirsch and Bishop, 1981; Richter and
Spyer, 1990) or to a feedback inhibition of cardiac vagal motor

(%
)

Air Air
Block

CO2 CO2

Block

 + S.E.M. (N=4) proportional increase in heart rate from
ea of hibernating squirrels breathing air and 3 % inspired
nd after vagal blockade.
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via a vagal pulmonary inflation reflex (Anrep et al.
ngell James and De Burgh Daly, 1972; Johansen et al.
rsch and Bishop, 1981; Eckberg, 1983; De Burgh Daly
man, 1989; Richter and Spyer, 1990; Novak et al.
ven though the former is only observed following

of apnea, while the latter can occur on a breath-by-
asis, distinguishing between these two mechanisms is
 particularly since both can act simultaneously (Anrep
36a). Importantly, however, both mechanisms remove
ibition to the heart during breathing; thus, both require

vel of resting parasympathetic tone be present during
a. Vagal blockade in the present study would remove
 as well as any vagal sensory input which might have
olved in feedback inhibition.
agus nerve is also known to carry sympathetic
lionic neurons, and many mammalian hearts do

reviewed extensively (Angell James and De Burgh Daly,
1972). It is believed that the primary benefits derive from
increasing tissue and pulmonary flows at a time when gas
exchange between tissue stores and atmospheric air can be
maximized, i.e. during ventilation. A recent model proposed
by Rapoport et al. (1993) supports this conclusion. The model
demonstrates that, during episodic breathing, low apneic heart
rates and ventilatory tachycardia produce lower venous levels
of CO2 and reduced arterial CO2 fluctuations compared with
those during a constant cardiac output. Although an 11.5 %
increase in heart rate does not seem much, by potentially
shortening the length of the ventilatory episode required to re-
establish blood gas homeostasis, it could dramatically reduce
energy expenditure. Similarly, parasympathetic inhibition of
heart rate during apnea will decrease the work done by the
heart and the metabolic costs of tissue and pulmonary

. B. HARRIS AND W. K. MILSOM
substantial sympathetic input via this route. The
 ventilatory tachycardia could not have been the result
athetic stimulation of heart rate during the breathing
 however. If such vagus-mediated sympathetic
n were responsible for ventilatory tachycardia, heart
ld have decreased to apneic levels following vagal
. The observed elevation of heart rate to eupneic
erefore, supports the hypothesis that parasympathetic

inhibition, rather than sympathetic stimulation, was
 by vagal blockade. This is consistent with reports that
ing mammals have sparse sympathetic innervation of
 (Nielsen and Owman, 1968; Nilsson, 1983).
 earlier study, Lyman (1982) did not observe
ry-related changes in heart rate in S. lateralis during
ion and concluded that ventilatory and heart rates were
w for such changes to occur. One possible reason for

repancy between studies may arise from differences in
rns of breathing employed by the animals during the
 investigations. As mentioned earlier, some species

ith a series of evenly spaced individual breaths while
play distinct episodes of continuous breathing. These
cies, when disturbed, have also been shown to switch

episodic pattern. When heart rates are high, the duration

perfusion during this phase, when ventilation is not occurring.
The predominant view has been that the parasympathetic

nervous system was relatively unimportant to autonomic control
and greatly overshadowed by the sympathetic system during
deep hibernation. Evidence for this general conclusion was
primarily derived from the supposed absence of parasympathetic
cardiovascular regulation during hibernation (see Lyman, 1982,
for a review). The present study, however, demonstrates that
there is resting parasympathetic tone in the cardiac vagus during
hibernation and that this resting tone fluctuates in a regular
manner in association with respiration. The data also indicate
that the parasympathetic influence on heart rate is more
dependent on body temperature than on hibernation per se and,
thus, it will be more predominant in animals hibernating at
higher body temperatures. Although the corresponding changes
in the influence of body temperature on sympathetic function
and on the relative influence of sympathetic versus
parasympathetic tone during hibernation have not yet been
assessed, these results support the hypothesis that
parasympathetic motor drive is present during deep hibernation.

Funding for this study was provided by the Natural Sciences
le breath will span a number of individual heart beats.
ely small transient decrease in cardiac vagal tone will
 into a noticeable increase in instantaneous heart rate
ber of heart beats. During hibernation, however, mean

e drops from approximately 250 beatsmin21 to less
beatsmin21 (Burlington and Darvish, 1988). Now, a
reath will influence fewer heart beats; in fact, it may
tween beats and have no effect at all. The decrease in
e resulting from a series of consecutive breaths in an

 however, may have a more pronounced effect. During
 breathing, decreases in cardiac vagal tone may occur
nger period, thereby influencing a series of consecutive
ats. Ventilatory tachycardia during hibernation may,
, only be discernible when breaths are clustered into
pisodes.
hysiological significance of ventilation tachycardia
eic bradycardia) during episodic breathing has been

and Engineering Research Council of Canada, through a
general operating grant (W.K.M.) and postgraduate
scholarship (M.B.H.). We are grateful to Rohan Bissoondath,
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the data collection. The authors also wish to acknowledge the
assistance, comments and critical insights provided by
participants of ‘Living in the Cold III’ the International
Hibernation Symposium at Mount Crested Butte, Colorado,
where portions of this study were presented as a poster.
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