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Effect of Cooling on Vascular Smooth Muscle from the 
Thirteen-Lined Ground Squirrel’ 
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Peripheral vascular resistance in the ground squirrel (Spermophiius tridecemlineutus) increases 
when the animal enters hibernation. The goals of this study were (1) to determine if a change in 
vascular reactivity contributes to this hemodynamic response, and (2) to compare the effects of tem- 
perature on vascular responsiveness in a hibernator (ground squirrel) and a nonhibernating mammal 
(rat). Helically cut strips of aortae and femoral arteries were mounted in organ chambers (37°C) and 
isometric contractions were recorded. The arteries were made to contract in response to exogenous 
norepinephrine (5.9 x lo-’ M). Cooling the organ chamber (11°C) potentiated contractions to norepi- 
nephrine (5-15% increase) in ground squirrel femoral arteries but depressed those (80-100% de- 
crease) in ground squirrel aortae and rat aortae and femoral arteries. Contractions in response to 
depolarizing concentrations of potassium in ground squirrel femoral arteries were depressed by 
cooling (1 l”C), suggesting that the augmented response to norepinephrine at low temperature is spe- 
cific. Treatment with indomethacin, propanolol, and ouabain did not alter the potentiating effect of 
temperature on contractions to norepinephrine in ground squirrel femoral arteries. Apparently, the 
potentiation is not related to prostaglandins generated in the vascular wall, to blockade of P-adren- 
ergic receptors, nor to inhibition of the electrogenic sodium pump. The observations are consistent 
with the hypothesis that a change in vascular responsiveness contributes to the regional control of 
blood flow in hibernation. This adaptive response is specific in that it does not occur in the aorta of the 
ground squirrel and the response is not present in the vasculature of the rat, a nonhibernating 
mammal. 0 1987 Academic Press, Inc. 

As an animal enters hibernation, periph- 
eral vascular resistance increases (1, 2, 5, 
6, 15, 17). While this increase is said to be 
generalized, it does not occur in all vas- 
cular beds, nor is it of equal magnitude in 
the beds where it does occur (12). Blood is 
preferentially shunted to the heart, brain, 
lungs, and brown fat at the expense of most 
visceral organs and the posterior portion of 
the animal. Lyman and O’Brien (7) sug- 
gested that although some of the changes 
observed in blood flow were attributable to 
a temperature-dependent increase in blood 
viscosity, an increase in vascular tone was 
also a contributing factor. Maclean (8) re- 
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ported that several characteristics of hiber- 
nators’ blood combined to make it unlikely 
that an increase in blood viscosity was a 
major contributor to the observed increase 
in vascular resistance. The extent of in- 
volvement of the nervous system and va- 
somotor tone in maintaining peripheral 
vascular resistance during hibernation is 
less clear. 

The rise in vascular resistance seen in an 
animal entering hibernation is mirrored by 
the fall in the parameter upon arousal (2, 
5). At that time, flow to the heart, brain, 
lungs, and brown fat is maintained or in- 
creased, and that to the posterior section 
and other areas receiving low flow during 
deep hibernation is increased. Bullard and 
Funkhouser (2) have attributed the in- 
creased flow in the posterior portion of the 
animal to an effect of the warmed blood 
being delivered at a higher pressure and 
thus physically distending the vasculature. 
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Conversely, Kirkebo (4) states, “There 
must be an important autoregulatory effect 
giving (rise to) higher local resistance in the 
cold” and a lower resistance at higher tem- 
peratures. 

The mechanism underlying the control of 
regional blood flow in the hibernating and 
arousing animal has been the subject of 
speculation. While some authors have con- 
cluded that sympathetic tone plays a role in 
regulating regional blood flow during hiber- 
nation, that role remains undefined (7). It is 
possible that the blood vessels of hiber- 
nators are specially adapted, particularly 
those which distribute blood to peripheral 
tissues, to enable them to maintain vas- 
cular tone at low temperatures. In this re- 
port, we describe experiments designed to 
assess the direct effect of temperature on 
isolated adrenergically stimulated vascular 
smooth muscle (the aorta and the femoral 
artery) from a hibernator, the thirteen-lined 
ground squirrel, and a nonhibernator, the 
laboratory rat. 

MATERIALS AND METHODS 

Adult thirteen-lined ground squirrels 
(Spermophilus tridecemlineatus) were live- 
trapped in the vicinity of Ann Arbor, Mich- 
igan, during the summer months. Animals 
(80-200 g body wt) were housed at an am- 
bient temperature of 22 ? 1°C and given 
sunflower seeds (supplemented with fresh 
fruit and vegetables) and water ad libitum 
until being used during the fall and winter 
months. Normothermic ground squirrels of 
either sex (core temperature ca. 37°C) were 
decapitated and the aorta and the femoral 
arteries were removed. Vessels were stored 
(I -2 hr at 4°C) in physiologic salt solution 
(PSS) and cut into helical strips (0.8 x 8 
mm) using a dissecting microscope. The 
helical strips were mounted in a 50-ml 
tissue bath with one end held stationary 
and the other connected to a force trans- 
ducer to measure isometric contractions 
which were recorded on a Grass polygraph. 
Resting tension was adjusted to an op- 

timum by examining contractile responses 
to norepinephrine (5.9 x 10e7 M) and the 
strips were allowed to equilibrate for 60-90 
min in PSS (without drugs), maintained at 
37°C and gassed with a mixture of 95% 0, 
and 5% CO,. The solution had a pH of 7.2 
at 37°C and the following composition 
(in mM): NaCl, 130; KCl, 4.7; NaH,PO,, 
1.18; MgSO,-7H,O, 1.17; CaCl,-2H,O, 
1.6, NaHCO,, 14.9; dextrose, 5.5; CaNa, 
EDTA, 0.03. 

Following the equilibration period, nor- 
epinephrine was added to the 37°C bathing 
solution to yield a final concentration of 5.9 
x lo-’ M. This concentration of norepi- 
nephrine was chosen because it produced a 
contraction that was approximately 75% of 
the maximal response. Due to its position 
on the concentration/response curve, this 
allowed detection and quantification of 
both potentiation and relaxation responses. 
After 5 min, when the norepinephrine-in- 
duced contraction had stabilized, the bath 
temperature was quickly lowered to 11°C. 
When the contractile response reached a 
stable level at this new temperature, the 
bath was reheated to 37°C. The entire 
cooling and rewarming process took ap- 
proximately 25 min. Control strips, con- 
tracted with the same concentration of nor- 
epinephrine, showed sustained, stable 
force generation over this entire period. 
During the experimental periods, bath tem- 
peratures were regulated over the range of 
37 to 11°C. The extent of this range rep- 
resents the animals’ core temperatures 
during the active and hibernating states, re- 
spectively. Changes in bath temperature 
were brought about by cooling or heating 
the water in the water jacket surrounding 
the tissue bath using a Haake heating and 
refrigerating unit (supplemented with ice to 
speed cooling). Drugs used were norepi- 
nephrine (Levophed bitartrate, Winthrop- 
Breon Laboratories), indomethacin (Sigma 
Chemical Co.), ouabain (Nutritional Bio- 
chemicals), and propranolol (Ayerst Labo- 
ratories). Dosages for antagonists were 
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based on the ability of the drug to prevent a 
response to its responsive agonist (i.e., 
propanolol and isoproterenol) or on experi- 
mental observations for the literature (in- 
domethacin, see Ref. 11). 

For comparative purposes, the same ex- 
periments were performed using aortae and 
femoral arteries from male Sprague- 
Dawley albino rats (300-350 g body wt). 

Results are presented as means 2 stan- 
dard error of the means (SEM). In all ex- 
periments, n = number of animals. Statis- 
tical evaluations were determined by Stu- 
dent’s t test for unpaired data. A P value of 
less than 0.05 was taken to indicate statis- 
tical significance between groups. 

RESULTS 

Figure 1 demonstrates the effects of tem- 
perature on contractile responsiveness of 
vascular segments from ground squirrels 
and rats. The arterial segments were made 
to contract in response to 5.9 X lop7 M 
norepinephrine at 37°C and, after reaching 
a plateau, the organ chamber was rapidly 
cooled to 11°C. Contractile responses to 
norepinephrine in ground squirrel femoral 
arteries were potentiated by the cooling 
procedure (Fig. 1, top tracing). By con- 
trast, contractile responses in aortic strips 
from ground squirrels and in aortic strips 
and femoral arteries from rats were de- 
pressed by the cooling procedure. Re- 
warming the arterial segments to 37°C re- 
versed these changes in contractile force 
(Fig. 1). The patterns of contractile re- 
sponses in arteries from six ground squir- 
rels and four rats are summarized in Fig. 2. 

To determine whether the potentiation of 
contractile responses to norepinephrine in 
ground squirrel arteries was specific for the 
agonist, arterial segments of these vessels 
were made to contract to either 5.9 x lop7 
M norepinephrine or 25 mM KC1 at 37°C 
(Fig. 3, top panel). After the contractile re- 
sponses reached a plateau, the organ 
chamber was cooled to 11°C. Contractile 

responses to norepinephrine were poten- 
tiated by the cooling procedure, whereas 
contractile responses to KC1 were inhibited 
(Fig. 3, bottom panel). Rewarming the arte- 
rial segments to 37°C caused the contractile 
responses to return to the initial level of 
force development. 

To investigate specific mechanisms that 
may contribute to the potentiation of con- 
tractile responses to norepinephrine in 
ground squirrel femoral arteries upon 
cooling, three experiments were performed 
(Fig. 4): (1) treatment with 4 x 10e7 M 
propranolol to block B-adrenergic re- 
ceptors, (2) treatment with 3 x lop5 M in- 
domethacin to inhibit prostaglandin syn- 
thesis, and (3) treatment with 3 x 10e5 M 
ouabain to inhibit the electrogenic sodium 
pump. In each experiment, the arteries 
were subjected to two cycles of the cooling 
procedure; the first cycle served as the 
control and the second as the drug treat- 
ment. Data were analyzed as a percentage 
of the contractile response to 5.9 x lop7 M 
norepinephrine at 37°C. Propranolol (Fig. 
4A) and indomethacin (Fig. 4B) did not 
alter contractile responsiveness to norepi- 
nephrine in ground squirrel femoral arteries 
at 37”C, whereas ouabain (Fig. 4C) caused 
a small potentiation at this temperature. At 
1 l”C, contractile responses to norepineph- 
rine were potentiated before and after each 
drug treatment. However, the magnitude of 
the potentiation induced by cooling was not 
altered by propranolol, indomethacin, or 
ouabain. 

DISCUSSION 

This study provides evidence indicating 
that contractile responses to norepineph- 
rine in femoral arteries from ground 
squirrels are potentiated at cold tempera- 
tures. By contrast, it was observed that 
cooling inhibited contractile responses to 
norepinephrine in aortae from ground 
squirrels and in aortae and femoral arteries 
of rats. The mechanism responsible for the 
potentiating effect of cold temperatures in 
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FIG. 1. Temperature and contractile responses to norepinephrine in femoral arteries and aortae 
from ground squirrels and rats. Contractile responses to norepinephrine in a femoral artery and aortic 
strip from a ground squirrel (top panel). Contractile responses to norepinephrine in a femoral artery 
and aorta from a rat that were depressed by cooling (bottom panel). 

femoral arteries from ground squirrels is 
not related to the electrogenic sodium 
pump, prostaglandin metabolism, or 
blockade of P-adrenergic receptors. The 
potentiating effect was not observed in ar- 
teries contracted with elevated potassium, 
suggesting that the response to cooling is 
specifically related to a receptor-mediated 
event. 

The results of this study differ from those 
of Wisnes et al. (16). They examined re- 
sponsiveness to norepinephrine at various 
temperatures in the perfused hindlimb of 
the hedgehog (Erinaceous europeus) and 
found that pressor responses of the cate- 
cholamine did not change at 32, 22, and 
12°C compared with those at 37°C. An ex- 
planation for these differences may be re- 

lated to specifics of the experimental pro- 
tocol. Wisnes et al. first cooled the animals 
to a lower temperature before examining 
vascular responsiveness to norepinephrine. 
In the current study, the arterial strips were 
first contracted with norepinephrine and 
then cooled, a procedure which may mimic 
that which occurs as an animal enters hi- 
bernation. Preliminary studies support this 
hypothesis-in four experiments, prior 
cooling to 11°C caused an inhibition of sub- 
sequent contractile responses to norepi- 
nephrine (data not shown). The precise 
reason for the different responses is not ap- 
parent but suggests that the order of events 
may be critical and may influence interpre- 
tation. 

Different responses to cooling may be 
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FIG. 2. Contractile responses to norepinephrine (5.9 x lo-’ M) during the cooling procedure: 
femoral arteries and aortae from ground squirrels (left) and rats (right). Values are the means * SEM 
for four rats and six ground squirrels. 

related to the anatomical location of the 
blood vessel and to the species of animal. 
Miller et al. (10) observed that cooling aug- 
mented norepinephrine-induced contractile 
responses in isolated aortic strips from the 
woodchuck (a hibernator) but did not alter 
those in the femoral arteries from the same 
animals. Janssens and Vanhoutte (3) ob- 
served that cooling potentiated contrac- 
tions to norepinephrine in dog saphenous 
vein but depressed those in the femoral 
vein of the same species. In the current ex- 
periments, cooling inhibited contractions to 
norepinephrine in aortic strips of ground 
squirrels but augmented those in femoral 
arteries from the same animals. The re- 
sponse appears to be species related since 
the augmentation did not occur in blood 
vessels of the rat. 

Several experiments were conducted to 
determine the mechanism responsible for 
the cold-induced potentiation observed in 
the ground squirrel femoral artery. To 
mimic the contractile response of norepi- 
nephrine but to bypass the agonist-re- 
ceptor interactions, a depolarizing solution 
of KC1 (25 mA4) was added to the tissue 
bath, Under these conditions, both aortic 
and femoral strips responded with relax- 
ation to the cooling procedure. The fact 
that vessels contracted with KCl-induced 
depolarization did not show the same re- 

sponse to cooling as they did when con- 
tracted with norepinephrine argues that the 
mechanism for the potentiation may be at 
the receptor level. Miller et al. (10) have 
also observed inhibitory responses to 
cooling after contraction induced by potas- 
sium in arteries from the woodchuck that 
show augmented responses to norepineph- 
tine at low temperature. 

Cold is known to inhibit sodium potas- 
sium pump activity in many systems (9, 
13). It is possible that the cold-induced po- 
tentiation of the norepinephrine contrac- 
tion seen in the ground squirrel femoral ar- 
tery strips was caused by pump inhibition 
and subsequent membrane depolarization. 
To evaluate this possibility, a maximally ef- 
fective concentration of ouabain was added 
to the bath following norepinephrine stimu- 
lation at 37°C. The inability of ouabain to 
duplicate the effect of cooling, coupled 
with the demonstration that cooling after 
ouabain treatment still resulted in a poten- 
tiation in the femoral artery strip, implies 
that inhibition of the electrogenic pump by 
low temperature is not responsible for the 
different responses seen in the two vessel 
types. 

Ground squirrel femoral artery strips 
contract when stimulated with prosta- 
glandin F,, (data not shown) and blood 
vessels have the capacity to synthesize 
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FIG. 3. Temperature and contractile responses to norepinephrine (5.9 x IO-’ M) and elevated 
potassium (25 mm in ground squirrel femoral arteries (top panel). The bottom panel summarizes 
experimental results for four to seven ground squirrels. Values are the means f SEM. Asterisks 
indicate statistical differences between 11 and 37°C (P < 0.05). 

prostaglandins (11). To determine whether 
this synthesis was necessary for the cold- 
induced potentiation to occur, ground 
squirrel femoral artery strips were incu- 
bated with the cyclooxygenase inhibitor, 
indomethacin, prior to stimulation with 
norepinephrine. The cold-induced poten- 
tiations were not significantly different 
from those observed in untreated vessels, 
implying that the phenomenon is not pros- 
taglandin mediated. 

Another possible explanation of the po- 
tentiation in the femoral strips would be a 
cold-induced decrease in P-adrenoceptor- 
mediated relaxation. To evaluate this possi- 
bility, ground squirrel femoral strips were 

incubated with the P-adrenoceptor antago- 
nist, propranolol, prior to stimulation with 
norepinephrine. Vessels treated in this way 
and then cooled showed potentiation not 
significantly different from that in arteries 
not exposed to propranolol. 

In summary, these data provide direct 
evidence of a local response that may in- 
crease the tone of a particular vessel (e.g., 
femoral artery) in a temperature-dependent 
manner. This effect may reflect a mecha- 
nism that contributes to increased periph- 
eral vascular resistance when the animal 
enters hibernation. The effect is not due to 
the electrogenic sodium potassium pump 
being inhibited by cooling, nor is it prosta- 
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FIG. 4. Contractile responses to norepinephrine (5.9 x lo-’ M) in femoral arteries from ground 
squirrels and treatment with (A) propranolol (4 x lo-’ M), (B) indomethacin (3 x low5 M), and (c) 
ouabain (3 x 1O-5 M). Values are the means 2 SEM, with number of animals in parentheses. As- 
terisks indicate statistical differences between treated values at 37°C and untreated values at 37°C or 
responses obtained at 11°C (P < 0.05). 

glandin mediated. It is not observed in 
vessel strips contracted with a depolarizing 
solution of KCl, implying that the phenom- 
enon may occur at the receptor level, and 
the potentiation is not mediated by block- 
ade of p-adrenergic responsiveness. This 
response in the femoral artery of the 
ground squirrel resembles that in cuta- 
neous veins of other mammals (14) and is 
not present in femoral arteries of the rat. 
Temperature-dependent changes in either 
agonist efficacy and/or receptor affinity are 
possible mechanisms for such an event (3, 
14). 
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