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CIRCULATORY CHANGES IN THE
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DURING THE HIBERNATING CYCLE’
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and Museum of Comparative Zoology, Harvard University
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[n the past few years the function of the heart in hibernation
has received considerable attention. For example, it has bheen
shown that there is a marked decline in heart rate before a
decline in core temperature when the animal starts to enter the
hibernating state (Lyman, 1958). In hibernation, the heart rate
may vary greatly with no apparent changes in body temperature
(Dawe and Morrison, 1955 ; Lyman, 1958). On arousal from the
hibernating state the heart rate increases prior to a change in
body temperature (Lyman and Chatfield, 1950, and references
above). These observations sugeest that there must be important
changes in the cirenlation during the hibernating eyele and that
measurements of these changes mieht eive further insieht inte
the phenomenon of hibernation.

Although some measurements have been made on the blood
pressure of mammals waking from hibernation (Dubois, 1896 :
Chatfield and Lyman, 1950; (‘hao and Yeh, 1931) nothing has
been reported on the blood pressure of mammals either entering
the hibernating state or in natural. deep hibernation. The tech-
nique developed by Still and Whitecomb (1956) for chronically
mtubating the aorta of small mammals ¢ave the opportunity of
measuring the blood pressure of hibernators over long periods
of time. Measurements could be made as the animal passed from
the active condition into hibernation, as it remained in hiberna-
tion, and as it aroused from the hibernating state. The tube also
offered a means of introducing drugs of known pharmacological
effect mito the cireulation at any point during the hibernating
cyvele without disturbing the animal. Using in-dwelling thermo-
couples and electrodes, the body temperature and the electro-
cardiogram (EKG) could he monitored conceurrently with the
blood pressure.

I'This research was supported in part by the U, 8. Air Foree under contract
no. AF41(657)-190 and in part by U. 8. P. H. grants nos. RG-5197 and RG-5611.



354 BULLETIN : MUSEUM OFF COMPARATIVE ZooLogY Vol. 124

This paper is a description of the changes which take place in
the blood pressure; body temperature and EKG during the
hibernating cyele of the thirteen-lined ground squirrel (Citellus
tridecemlineatus), and the effect of drues during various parts
of this eycle.

Materials and Methods

A total of 47 ground squirrels were intubated for this study.
Of these, five yielded satisfactory records of the various phases
of the normal hibernating cyele and seven others were used
successtully i the study of the effect of drugs on the circulation
durine hibernation. Of the former, continuous records of 2 to
S days were obtained from single animals. The animals were
kept i individual cages 1in a cold room which was maintained
at 6 =4 (. They were given shavings for bedding and Purina
laboratory chow and water ad libitwim. Animals which had hiber-
nated over protracted periods of time were used preferentially.
Prior to intubation, the animals were aroused in a warm room.
and then anesthetized with an intraperitoneal injection of pento-
barbital sodium (S0 meg/ke). The aorta was exposed by an
abdominal incision. A small slit was made in the vessel about
1 em posterior to the renal arteries and a thin polyethyvlene tube
(PE 10, ID .28 mm, OD 0.6 mm), bevelled at the end, was
mserted into the slit and pushed rostrally 1.5 ¢m. No modifica-
tions were made in the technique deseribed by Still and Whit-
comb (1956) except that the mstrument used to make the slit 1n
the aorta was a curved Bard Parker blade (size 12), ground
to 0.5 mm width and sharpened to a needle-like point. Once
the tube was fastened i place with a tie to the muscles of the
back it was filled with heparin-saline (25 mg heparin/1¢ ml
physiological saline) and closed at the distal end with a knot.
The abdominal incision was c¢losed and the tube anchored acain
with a tie at the caudal edee of the incision. The tube was then
led subeutaneously to an exit between the scapulae, and fastened
to the skin of the back. The animal was eiven 40,000 units of
procaine penicillin and returned to its cage i the cold room.

[f intubated animals were observed to re-enter hibernation,
they were removed in the hibernating state and fitted with one
or two thermocouples made of 34 ea. iron and constantan wire
mdividually protected with PE 10 polyethylene tubimg. Usually
one thermocouple was fastened subeutancously in the region near
the heart and the other fastened intraperitoneally at the mid-
abdomen. The thermocouple wires were led subeutaneously to
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the exit between the scapulae. Three silver wire electrodes were
sewed into the skin of the back. The tube from the aorta was
spliced using a section of 27 hypodermie needle and a long
piece of PE 10 tubing. All wires and the tube were passed
through a helical spring for protection, and the spring was sewed
to the back where the tube and thermocouple wires made their
exit from the animal.

The ground squirrel was placed 1 a round battery jar meas-
uring 23 ¢m in diameter with food and water and the bedding
from its cage. The helical sprineg was led through a wire scereen
which closed the top of the jar and was suspended with an
elastic band so that the animal could move freely in the cage
without being bothered by the cable.

Throughout the chronic experiments, temperatures from heart
and abdomen were cach recorded every thirty-two seconds on a
Lieeds and Northrup Speedomax thermoelectrie recorder with an
accuracy of =0.25°C. The EKG and blood pressure were ob-
tained every four minutes, for a period of one minute.

Blood pressure was measured directly from the polyethylene
tube using a Statham P23D pressure transducer.® This was
amplified with a Grass low-level DC preamplifier, model 5P1A,
and Polyeraph DC driver amplifier, model 5.* Various sensitivity
settings were used during the experiments and a drift of as much
as 25 mm Ilg could take place in a twenty-four hour period.
However, the machine was calibrated at least twice a day, and
more often when exact measurements were required. Thus the
accuracy did not vary more than = 5 mm Hg which is a slight
change compared to those which actually took place in the blood
pressure. In order to prevent clotting in the tube, a flow of
heparin-saline (0.6 mg/ml) of approximately 0.5 ml per day was
perfused through the tube by means of a slowly driven serew-
drive syvringe. Because it was possible that the length of the
polyethylene tube might seriously affect the recorded pulse pres-
sure, various lengths of tubing were tried under known condi-
tions of blood pressure. It was found that, within the conditions
of the experiment, neither the varying lengths nor temperatures
of the tubes made any appreciable differences in the blood pres-
sure measurements,

The apparatus was kept running day and night during the
measurements. At various times, records were obtained of ani-
mals in the active condition in the cold, during the process of

ZStatham Instruments Ine., Los Angeles, Calif,

2 Grass Instrument Co., Quiney, Mass.
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entering hibernation, in the hibernating state, and arousing from
hibernation. In the experiments using drugs, the agent was in-
troduced into the animal via the polyethylene tube. In all cases,
the approximate dose was determined by giving graded doses
of the drug in question to intubated, nembutalized rats. Awake,
imtubated ground squirrels were given doses below those which
affected the rats, and the doses were inereased until some effect
was noted. Subsequently, a comparable dose was used initially
m cach experiment and inereased gradually if no effeet was
noted. Periodically, tests were made to be sure that the same
amount of heparin-saline solution did not produce a similar
result. In order to produce vasodilation individual doses of
acetylcholine ¢hloride (Merck®) varying from 0.15 to 1.2 meg/ke
were given while Benodaine hydrochloride Merck™ was given at
S to 41 mg/ke. To produce vasoconstrietion 1-Norepinephrine
(Levophed bitartrate, 0.29, Winthrop) was used in concentra-
tions of 6 to 44 ve/ke.

Results

The normal non-hibernating ground squirrel in the cold main-
tained a fairly steady heart temperature of 37 =1°C. The ab-
dominal temperature averaged 0.5 to 1°C below the heart
temperature. Blood pressure and heart rate varied considerably,
depending c¢hiefly on the activity of the animal. Often the heart
rate was reduced as much as one-half in a few seconds, accom-
panied by a reduced blood pressure and an inerease in pulse
pressure. Though this occurred invariably if the animal were
alarmed, 1t also took place for no apparent reason. Over periods
when two animals failed to hibernate for several days the mean
blood pressures averaged 119 mm Hg, but the highest mean
pressure was 108 and the lowest was 76. Ilighest syvstolie and
lowest dhastolie pressures were about 20 mm e above and below
these ficures. Heart rates from the same observations averaged
299 beats per minute, with a high of 468 and a low of 184.

Entrance into hibernation was usually preceded by some sort
of activity, for the blood pressure and heart rate rose transiently.
After this period of activity there was a sudden drop in heart
rate, accompanied by a decrease in systolie and diastolic pressure
(Fie. 1). Althoueh the heart rate micht deerease to one-third

LWe are extremely obliged to Merck & Co. of Rahway, New Jersey, for giving
ns the acetyvleholine.

7 2-(1-Piperidylmethyl)-1, 4-benzodioxan hydrochlozide.
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of its original value in fifteen minutes and the blood pressure
drop precipitously, still the latter remained in the lower part of
the range found i the resting, awake animal.

After heart rate and blood pressure declined, the body temper-
ature started to deerease. Often after a few minutes the heart
rate again speeded and the blood pressure rose. This was fol-
lowed by a rise in body temperature. A second decline in heart
rate and blood pressure was acain followed by a drop in body
temperature. Although the heart and abdominal temperatures
were not the same at the beginning of the hibernating state, they
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Fig. 1. Blood pressure, heart and abdominal temperature, and heart rate
of ground squirrel entering hibernation. Blood pressure in dark area is
highest systole and lowest diastole recorded every four minutes for a one-
minute period. Note declines in heart rate and blood pressure, followed
by body temperature.

soon beecame identical and remained the same until the animal
was near the temperature of the environment. At this time the
heart temperature was about 0.5°C above the abdominal tempera-
ture and remained so while the animal stayed in hibernation.

During the first part of entrance into hibernation, heart rate
and blood pressure were irregular. Bradycardia often occurred
for a few seconds followed by tachycardia, with a concurrent
decline and rise in blood pressure (Figs. 1 and 2a). As the
entrance into hibernation proceeded, the pattern of the heart
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rate became more regular, and the fluctuations in blood pressure
became less prmmlmve*(l. Thus, when the heart temperature
reached 32-21°C, the graph of highest systole and lowest diastole
heecame muceh more even (Fig. 1). Slowing of the heart was
accomplished both by quite evenly occurring skipped beats and
by reduction of the even rate of the heart (Fig. 2b). Occasion-
ally, while the body temperature was still dropping, the heart
rate inereased transiently and muscle action potentials appeared
on the EIXG. An increase in heart rate and a rise in blood pres-
sure oceurred at the same time (Fig. 3a). Such transient bursts
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Fig. 2a. Blood pressure and EKG of same animal starting to enter
hibernation. Note uneven pattern of bheats. Time: 4:26 p.m. = 1% hours
on Figure 1.

Fig., 2h. Same animal later. Note even pattern of beats and skipped
heats.

of activity occurred at unpredictable intervals and usually lasted
too short a time to cause any difference in the decline in body
temperature, but occasionally they were of longer duration and
actually resulted in a briet rise in body temperature. Also as
hibernation deepened, the heart rate became slower and the pulse
pressure inereased (compare Figs. 2a, 2b and 3a). These changes
were accompanied by a slicht lengthening of systole and an
increasingly long diastole (compare Figs. 2 and 3, a and b).
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The marked inerecase i the length of diastole indicated an
increase i peripheral resistance as hibernation deepened. DBe-
cause the systolic pressure varied ereatly, it was possible to
compare the rate of dhastolic runoft from the same systolic pres-
sure at all stages of the entrance into hibernation. If the inerease
of the angle which the diastolic pressure made with the per-
pendicular was plotted against temperature, the result was almost
a straight line.
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Fig. 3a. Same animal as in Figure 2, showing transient inerease of heart

rate at low body temperature. Note musele action potentials on EKG.

Fig. 3b. Same animal, now in deep hibernation. Blood pressure tube
slightly plugged. Blurring of EKG is electrical artifact.

[n deep hibernation, two or more heart beats sometimes oc-
curred quite close together followed by a long diastole. In such
cases the second beat oceurred before diastolic pressure had had
time to drop markedly, and the next systolic pressure was higher
thar: the first (Fig. 9¢). This implies that there was considerable
blocd in the heart after the first heat. At other times the heart
rate was fairly regular, though it was never absolutely even.
[n fthis case systolic pressure rose to about the same height with
each beat, and the drop in pressure during the latter part of
diastole was so slow, as the blood pressure approached zero, that
diastolic pressure remained extremely even. In the whole series
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of records the systolie pressure varied between 90 and 40 mm g
and the diastolic between 40 and below 10 mm He, with heart
temperatures between 5 and 8.3°C. The lowest precise record
of diastohi¢c pressure was 7 mm Hg. Very long term records of
animals in hibernation were not made, but heart rates as low as
three heats per minute were recorded.
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Fig. 4a. Another animal entering hibernation. Evenly occurring elec-
frical depolarizations with little or no change in pulse pressure,

Fig. 4b. Extra systole with no change in pulse pressure. Rates measured
iy I‘:]\" }

Oceasionally, as the animal entered hibernation, or when in
deep ibernation, complete sequences of myocardial depolariza-
tions were recorded with little or no change in pulse pressure.
These sometimes oceurred at fairly evenly spaced intervals (Fig.
4a) with slight changes in the configuration of the EKG, and
at other times took the form of extra svstoles (Fig. 4b) with no
change In pulse pressure.

Complete records were obtained of animals which were stimu-
lated to arouse from the hibernating state (Fig. 5). In some
cases the animals were stimulated by poking, but in animals
which were fitted only with a heart thermocouple arousal was
initiated by insertion of a rectal thermocouple to a depth of
2.5 cm.
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As soon as the animal was disturbed, the heart rate increased
and liastole was markedly shortened. The inerease of heart rate
was accompanied by the appearance of musele action potentials
(Fig. 6a). These changes were often observed within two or
three minutes after application of the stimulus. Later, systolic
and diastolie pressures rose and the heart began to warm (ie.
6h).
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As arousal continued the heart rate became more rapid, the
blood pressure rose and violent shivering could be seen in the
anterior part of the animal. Although the plot of the highest
systole and the lowest diastole does not show it c¢learly (Iig. 5),
the pulse pressure was considerably reduced (Fie. 7a). During
this time the temperature of the heart and the anterior part of
tae body inereased rapidly, while the abdominal temperature
remained nearly static (Fig. 5).

As the heart temperature approached 37°C, the abdominal
temperature started to rise and the blood pressure and heart
rate usually, but not invariably, dropped from the extreme
heights to which they had climbed (Figs. 5, 7a and 7b). During
this time diastolic runoff was more rapid, indicating a decrease
in peripheral resistance. The abdominal temperature rose rapidly



362 BULLETIN : MUSEUM OF COMPARATIVE ZOOLOGY Vol. 124

Timwe : b P rES t‘;é??ff’f' rEze Y0 @
fare: 17 KEcrme renl 2.2°C
1Y ™ ."\
\f\f\\ (\f\ [\ 'ﬂt .'ﬁ'\ [ R SN fiN
\J o 4 ~ ‘\\J \\\-.J \‘\..J \\"'H-.JI \H"‘--._. o |

i |
| A2 srroros I

a
Yt~

?//7?! SHminrESs //é'ﬁﬁr TEZS ZET -2
= Fe Frerme 72527 2.2°C,

- 722

|I P I1 f\ ,Inllll\ Inll".. 1 r" \
Y e\
=z
I | omiG

h I /0 sco0nns ]

HMWMMMAMMWWWWMA

IMig. Ga. Same animal as in Figure 5. Note bursts of muscle action
potentinls in EKG. Time: minutes after animal was picked up.
Iig. 6h. Same animal. Note inerease in systolie pressure, heart rate and

musele action potentials.
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Fig. 7a. Same animal, before posterior has warmed. EKG discontinued
beeause of fast rate and blurring by muscle action potentials,
Fig. 7h. Same animal. Posterior now warming. The even variation in

blood pressure is caused by respiration.
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and within 215 to 3145 hours after the initial stimulus the
animal was completely aroused. For an hour or more after this
the heart and rectal temperatures averaged at least a degree
above that found in the normal, awake animal.

A single record of an animal whieh started to arouse spon-
tancously at 2:30 am. showed the same sequence of events,
with heart rate and blood pressure rising before heart tempera-
ture.
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I'ig. 8. Graph of partial waking and re-entrance into hibernation, as in
Figure 1.

Occasionally during the winter months an animal, when stim-
ulated during hibernation, started the arousal process, but did
not complete it and returned to the hibernating state (Ifig. 8).
[n these cases the arousal was precisely as described above, with
a rapid rise in heart rate, blood pressure, temperature, and
frequency of muscle action potentials. Quite suddenly, however,
the heart slowed and the musele action potentials were reduced.
Peripheral resistance inereased, as measured by the slope of the
diastolic runoff time as deseribed above. The blood pressure
dropped, but not as rapidly as the decrease in heart rate. As the
animal re-entered the hibernating state, the heart temperature
declined slowly and the abdominal region, which had remained
cold during the transient period of arousal, rose slowly to nearly
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the temperature of the heart and then declined with the heart
temperature,

Reaction to Drues

When the experiments with drues were begun, it was apparent
that the heart of the hibernating animal was extremely sensitive
to liquids mtroduced via the intubated aorta. As little as .07 ml
physiological saline introduced quicekly occasionally caused a
shight transient increase in heart rate. For this reason the effect
of the drugs was repeatedly checked against control injections ol
saline solution. Although the same drue was often used several
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Fig. 9a. Pulse pressure in deep hibernation.

Fig. 9b. Pulse pressure after acetyleholine. Note faster diastolie runoff
from slightly lower systolic pressure than in Figure 9a.

Fig. 9¢. Pulse pressure in deep hibernation.

Fig. 9d. Pulse pressure after Benodaine hydrochloride, Note faster
diastolic runoff tfrom same systolie pressure.

times on a single animal, every experiment was repeated on at
least two animals,

As might be expected, fairly large doses (0.15 to 0.9 mg/ke)
of acetvlcholine were necessary to override the presence of
cholimesterase in the awake ground squirrel and cause a clear-eut
clfect. Onee the effective dose was reached, there was a drop in
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blood pressure and a compensatory increase in heart rate ol
25 to 70 per cent. There was no observed bradycardia caused by
this drug.

Similar doses produced a marked effect on the hibernating
animals. This effect consisted of a rapid deerease i peripheral
resistance coupled with a rise in heart rate. Unlike the situation
in the awake animal, the systolic and diastolic blood pressure
showed little or no c¢hange during this time (Figs. 9a and 9b).
If the infusion of acetvleholine was continued, the heart rate
mmereased further and the animal started the process of arousal.
Althoueh the long-term effeet of acetyleholine is typical of a
normal arousal, we were not able to determine whether this drug
is actually the neurohumeral agent which mediates the waking
process. It 1s possible that vasodilation and speeding of the
heart were in themselves as much of a stimulus to waking as
would be an externally applied physical stimulus.  However,
within the dose ranges used, short-term, rapid injections of
acetyleholine did not cause arousal, while one sharp mechanical
stimulus almost invariably produced this result.

Acetyleholine had apparently no effeet on the distribution of
hlood once arousal was fully underway, for doses as large as 2.32
me/ke failed to cause a change in the blood pressure or a rise in
the abdominal temperature,

Benodaine hydrochloride was chosen as an adrenergic bloecking
agent rather than Dibenamine hydrochloride Merck or other of
the better-known drugs because its effect 18 of short duration
(Goodman and Gilman, 1958). In low doses the primary effect
of this drug was a speeding of the heart and a resulting rise n
blood pressure in both the awake and hibernating animals. Larger
doses caused a drop m blood pressure in the awake animal al-
though the heart rate was inereased. In the hibernating animal
doses of 8.5 to 25 me/ke caused a marked decrease in diastolie
runoft’ time along with an inerease i heart rate (Figs. 9¢ and
9l

Norepinephrine infused rapidly into the active ground squir-
rel caused a rise in blood pressure, an increase in pulse pressure
and a slowing of the heart which was probably compensatory.
In contrast, the effeet of this drug on the hibernating anmmal n
doses of 6 to 20 pe/ke was an increase in heart rate and pulse
pressure and a rapid rise in blood pressure. Because of this
rapid rise, sufficient comparative measurements of diastolic run-
off time could not be made, but there was no evidence that peri-
pheral resistance was increased by norepinephrine during hiber-
nation. The rise in heart rate and increase in pulse pressure
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alone were enough to account for the initial rise in blood pres-
sure.

Norepimephrine at doses of 17 to 44 ve/ke was also introduced
imto animals during arousal, when the heart temperature had
reached 37°C and the temperature of the posterior part of the
body had started to rise. At this time the drug caused an im-
mediate rise in blood pressure, and the abdominal temperature
ceased rising and remained level for one minute or more. After
this time the blood pressure resumed its original level and the
abdominal area again started to warm. It was not possible to hold
the blood pressure at the high level or stop the abdominal region
from warming over long periods of time in spite of the infusion
of large amounts of norepinephrine. IHowever, the abdominal
temperature could be made to rise in a step-wise fashion by
periodic introductions of norepinephrine into the bloodstream.

Discussion

Records of Dblood pressure in any stage of hibernation are
ccanty, and none have been reported on mammals entering hiber-
nation or in the undisturbed hibernating state. Dubois (1896)
reported very low blood pressures after the cannulation of the
carotid artery in the hibernating marmot. Blood pressure hecame
higher as the animal aroused from the hibernating state, but
Dubois did not trace the changes during the arousal process.
Chao and Yeh (1951) measured the blood pressure of hiber-
nating hedgehogs by acute cannulation of one carotid artery.
The conditions of the experiment were very different from those
desceribed here, as the animals were strapped to a board through-
out the experiment. These authors report that the carotid
arteries were completely bloodless during hibernation, which is
certainly not the case in hibernating rodents.

Chatfield and Lyman (1950) measured the blood pressure of
hamsters arousing from hibernation by acutely cannulating a
carotid artery. The conditions of the experiments were com-
parable to those reported here for the process of arousal, except
that there was a time lag of 25-35 minutes to perform the cannu-
lation. The results differ in that the rise in blood pressure was
much more rapid in the hamster, but did not reach the high
pressures observed in the waking ground squirrels. The obser-
vations on hamsters should be repeated using ¢hronie intubation,
not only to claritfy this diserepancy, but also because the varia-
tions in the physiolooy of hibernation in these two species should
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supply interesting comparisons on the condition of the circula-
t1om.

As far as the present results are concerned, 1t 1s apparent that
there is a decrease of heart rate and blood pressure as the ground
squirrel enters hibernation, and that this decrease occurs before
a detectable decrease in body temperature. The equal tempera-
tures of heart and abdomen as the animal enters the hibernating
state indicate that blood Hlow to the anterior and posterior parts
of the body 1s evenly distributed. As body temperature drops,
peripheral resistance increases. A part ol this inerease in
peripheral resistance is probably caused by the increased viscosity
of the chilling blood. However, part of the resistance must be
caused by changes in the vascular bed, for the stimulus of
waking, or a vasodilatory or an adrenergic blocking drug, can
quickly reduce the peripheral resistance hefore there is any
measurable change in temperature.

The result of the mereased peripheral resistance and concur-
rent rise in pulse pressure is that the mean blood pressure re-
mains at remarkably high levels, even with a heart rate of only
three or four beats per minute in the deeply hibernating animal.
We have observed i chilled, nembutalized ground squirrels that
the peripheral resistance does not rise appreciably as the animal
cools, nor does the pulse pressure increase. The net result of a
low systolie pressure and a rapid diastolic runoff time is a very
low mean blood pressure. This may contribute to the early death
of the hyvpothermed potential hibernator, while the animal
natural hibernation may live for many days.

The ereat imcrease i peripheral resistance with hibernation
was unexpected. From our observations on the equal rate of
decline of temperature in various parts of the woodchuck (lLiy-
man, 1958), we had postulated that the animal was vasodilated
as 1t entered hibernation. It appeared reasonable that any vaso-
constriction would cause marked differences in temperature in
various ]ml'T.\' ot the |lt>il}' as 18 observed in the \\'Elliinf_" hiber-
nator. The possibility of a gradual, evenly distributed, vaso-
constriction over the whole body had not even been considered.
[t now appears likely, however, that the hemodynamics of the
around squirrel and the closely related woodchuck durine the
hibernating cyvele are identical, for in hoth animals the tempera-
ture distribution is the same on entering and waking from hiber-
nation and in both the heart rate anticipates any change in
temperature.
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The hibernating thirteen-lined ground squirrel 1s therefore
probably evenly vasoconstricted over its whole body. Prior to any
measurements of blood pressure in hibernation we had suggested
that the pink feet of the hibernating hamster might indicate a
condition of vasodilation (Lyman and Chatfield, 1955). Although
hibernation in hamsters and ground squirrels differs in many
ways, an alternative explanation for the pink feet of the hamster
could be the cherry-red condition ot the blood during hibernation.

The presence of electrical depolarization of the heart during
hibernation with little or no change in pulse pressure mayv be
explained, in the case of extra systoles (Fig. 4b), by lack of
filling time before the next beat. When depolarizations occurred
at more even intervals (Fig. 4a) some effect of the deep respira-
tions of hibernation might have reduced or obliterated the
arterial pulse. On the other hand, depolarization without visible
beats in isolated hearts of the ground squirrel (Landau, 1956)
and hamster (Lyman and Blinks, 1959) has been reported, and
complete uncoupling of the membrane phenomena from the con-
tractile process is at least theoretically possible (Brooks et al.,
1955, p. 317). Whatever the explanation, it is interesting that
the effective arterial pulse in hibernation can be even less than the
very slow electrically measured heart rate.

When the hibernating ground squirrel starts to arouse, there
15 a rapid rise m heart rate and decrease 1n peripheral resistance.
NSimilar results may be produced by vasodilatory drugs. In
neither case is it possible to tell whether the decreased peripheral
resistance causes a compensatory speeding of the heart, or
whether the decrease in peripheral resistance and increase in
heart rate occur at the same time. Shortly thereafter, the heart
starts to warm though the posterior remains cold.

One is forced to conclude that there is a differential vasodila-
tion in the anterior part of the body which is a vital part of
the waking process. That vasodilatory drugs do not cause a
warming of the posterior part of the body sugeests that vaseular
beds of the anterior and posterior parts have different thresholds
at this stage in the hibernating cycle.

Although peripheral resistance is reduced as arousal starts,
the heart is able to maintain the blood pressure by increasing
its rate. Indeed, as arousal progresses, the blood pressure rises
and the heart rate increases, in spite of an ever-decreasing peri-
pheral resistance. The confinement of the active circulation to
the anterior part of the body results in a high blood pressure and
an efficient and rapid warming of this area. In contrast, if an
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active ground squirrel is given acetyleholine, the result is a drop
in blood pressure even though the heart may almost double its
rate. Evidently the heart cannot maintain a high blood pressure
when the whole capillary bed is vasodilated at the same time,

A similar condition is found in animals during the later stages
of arousal from hibernation. During this time the posterior
portion of the animal 1s warming rapidly, mdicating an unre-
stricted blood flow. The blood pressure, which reached its height
when the anterior part of the body was still warming, now
decreases because of the mercase in the amount of open vascular
bed. 1t norepinephrine is injected at this time, the blood pres-
sure incereases temporarily and the abdominal temperature re
mains static for a short time. One can thus produce with a
vasoconstrictor the condition which obtamed early m the waking
process, but this condition cannot be maintained for long.

The fortuitous observations of partial arousals from hiberna-
tion fill out the general picture developed here. The arousal is
normal until the heart begins to slow and the blood pressure
drops. The fact that the blood pressure does not drop as fast
as the heart rate indicates that peripheral resistance must now
be inereasing in the anterior part of the body. Since the posterior
part of the body warms very slowly, circulation of blood between
anterior and posterior must be sluggish, which emphasizes that
the peripheral resistance in the latter must be high.

The picture during the hibernating eyvele i1s of a circulation
under remarkably precise control at all times. With our present
knowledge we can only speculate about mechanisms which cause
the observed changes. IHowever, 1t seems clear that shifts in
temperature alone do not mediate the complex imterrelationships,
["urthermore, whatever is controlline the heart, this orean is
remarkably sensitive to stimuli at all stages of the hibernating
cvele. IFurther study is in progress with other pharmacological
agents in an attempt to clarify these problems,
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DISCUSSION FOLLOWING LYMAN’S PAPER

SOUTH mquired as to changes in blood viscosity with respect
to temperature change as a contribution to the blood pressure
picture in hibernation. LYMAN replied that Dr. John Pappen-
hetmer had worked on the effect of cold on the viscosity of blood,
but the results had not been published.

LANDAU remarked that diastolie pressures rather than slope
of runoft curve may be more eritical in estimating peripheral
vasceular change.

GRIFEFIN ingquired about a part of an cleetrocardiogram

which seemed to be cyelic. LYMAN assured him this was an
artifact periodically appearing as a 60 eyele hum. GRIFFIN
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further expressed his amazement at the high peripheral resist-
ances in hibernating animals; he wondered if the measurements
reflected the difference between arterial and venous pressures
across arterioles and capillaries, or a total resistance of the whole
circulatory system due to high viscosity of the blood, or other
causes. LYMAN replied that, though blood viscosity certainly
contributed to peripheral resistance, still the rapid changes in
resistance upon injection of drugs or arousal must be due to
changes 1 the vascular bed, since they occur hefore a change
in temperature.

BARTHOLOMEW observed that the Mohave ground squirrel
has the capacity of warming the whole body at once or the front
end first, depending on the circumstances. Usunally the whole ani-
mal warms up at the same rate.

LYMAN sugeested that if these animals were vasoconstricted
throughout during arousal one could estimate the degree of vaso-
constriction by giving norepinephrine and noting the change 1n
blood pressure and peripheral resistance.

DAWE inquired as to the status of the “*pink paw problem.’’
LYMAN replied that he now believes it is due to the cherry-red
color of the blood of hibernators showing throuch the paw sur-
face; he no longer believes it 1s a vasodilation phenomenon.

BISHOP asked if the heart keeps up with body metabolisni.
LYMAN replied that 1t essentially did so, though an exact cor-
relation has not been made. BISHOP then further remarked
that a discrepancy between the rate of metabolism and the heart
rate may eive data usable in this context.

JOHANSSON inquired as to heart rate-peripheral resistance
relationship. LY MAN said that when the peripheral resistance
decreases, there is a compensatory inerease in heart rate. In
arousal, dilation occurs first in the anterior end of the body with
a decrease in peripheral resistance there. e stated that he was
not sure which came first, the incerease in heart rate or the vaso-
dilation.

MAYER said that he saw a warming of the anterior end of
the Arctic ground squirrel on arousal from hibernation, followed
by a steady wave of warmine toward the posterior end of the
hody. LYMAN remarked that he did not believe 1t was a steady
wave, but rather a sudden dilation and shuntine of blood mto the
posterior part. This phenomenon is not as striking, he said,
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the ground squirrel as i the hamster. There 1s a drop in blood
pressure corresponding to this opening up of the vessels and
the ground squirrel warms very rapidly thereafter. MAYER
stated 1 rebuttal that it thermocouples are placed along the
leneth of an arousing hibernatine animal they warm in se-
quence, not at once, and the pattern goes back over the animal
as a wave of warmine., LYMAN pointed out that heat conduction
could mask c¢hanges in blood flow. LANDAU commented that
the anterior temperature could fall when the posterior was
warming.

LYMAN then asked the group if anvone knew of the possi-
bility of other physiological conditions in which there may be
complete elecetrical depolarization recorded without change in
blood pressure. BULLARD replied that he thought such a
situation oceurred i certain conditions of 1onie imbalance,
namely caleinm lack,
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