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tension adjusted such that the atria were beating at the 
peak of the length-tension curve. The preparation was 
allowed to stabilize for a period of 0.5-1 h at which time 
the atrial rate was counted. The chronotropic response to 
catecholamines was tested by adding epinephrine (E) or 
norepinephrine (NE) to the bath to bring the bath content 
of E to the following concentrations: 10 -7 M, 10 -6 M, 
10 -5 M or of NE to these concentrations: 10 -7 M, 10 -6 M. 
The atrial rate was then counted after stabilization. Statisti, 
cal analyses were done according to methods described by 
Schefler 1~ 
Results. The spontaneous rate of atria isolated from seden- 
tary controls was 235_+7.8 beats/min (mean+ SEM). The 
rate from exercised animals was 194_+5.7 beats/rain. The 
difference between sedentary and exercised was significant 
(p < 0.001). 
The figure shows these basal rates as well as the responses 
of atria to the various concentrations of E and NE. Because 
atria from exercised animals beat at a significantly lower 
rate than atria from controls, we analyzed the data by 
means of a factorial analysis of variance. By this test, the 
response to E (with the exercise effect factored out) was 
significan t (p < 0.005) at all concentrations except 10 -7 M. 
The response to NE was significant at all concentrations. 
However, interaction effects between exercise and catechol- 
amines were not significant at any concentration indicating 
that chronic exercise does not alter the chronotropic re- 
sponse to catecholamines. Nevertheless, trained atria 
always beat at a significantly (p < 0.01) lower rate than did 
untrained atria at all concentrations of E and NE. The rate 
of trained atria only exceeded the basal rate of control atria 
by a significant amount (p < 0.05) when in the presence of 
E in a concentration of 10 -5 M. 
Discussion. Our results corroborate those of Bolter et al) 1 
which Show that isolated atria from exercise-trained rats 
beat at a slower rate than atria from sedentary controls. The 
mechanism for exercise bradycardia therefore exists at least 

in part at the level of the atrium itself. This bradycardia 
could certainly be related to the increased amount of 
acetylcholine found in the exercised heart tissue. At least a 
part of the bradycardia effect might be explained in terms 
of altered sensitivity of the pacemaker to the autonomic 
neurotransmitters. However, our results indicate that atria 
from exercised animals are equally as sensitive to catechol- 
amines as atria from sedentary rats. Whatever anti-adrener- 
gic mechanism exists in these exercised hearts, it is not 
exerted by a reduction in chronotropic responsiveness to 
catecholamines. It is noteworthy, however, that the rate of 
trained atria was always less than untrained atria and that 
only with E in a concentration of 10 .5 M did exercised atria 
beat at a faster rate than the basal rate of non-exercised 
controls. These results are consistant with an anti-adrener- 
gic rote of exercise as expressed by Raab et al. 9. 
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Summary. The thermogenic response to injections of noradrenaline at thermoneutrality was substituted by thermogenes!s 
at low ambient temperatures. This demonstrates that noradrenaline-induced heat production is equivalent to physiologi- 
cally induced nonshivering thermogenesis during cold exposure. 

In small mammals, nonshivering thermogenesis (NST) is 
the dominating pathway for thermoregulatory heat produc- 
tion, and shivering thermogenesis is only used when heat 
production by NST is insufficient 2,3. The most important 
site of NST appears to be brown adipose tissue (BAT) a, 
where heat is liberated by oxidation of fatty acids following 
a stimulation of BAT cells by noradrenaline (NA) released 
from the sympathetic nerve endings of BAT 5'6. This 
mechanism of NST induction is deduced from the fact that 
NST may also be induced artificially by injections of NA or 
it may be inhibited by injections of fl-adrenergic inhibitors 
like propranolol 7'8. The artificial stimulation of NST is 
most commonly used for quantitative determination of 
NST. Provided that an optimum dosage of NA is used, 
NST may be stimulated to its maximum in a curarized or 

deeply anesthetized mammal even in a warm environment. 
However this artificial stimulation always leaves the ques- 
tion whether the observed calorigenic response to NA is 
equivalent to the physiologically available NST in an 
unrestrained mammal during cold exposure. 
If NA-induced NST corresponds to the cold-induced NST, 
than the calorigenic effects of exogenous NA and endoge- 
nous NA should be able to substitute for each other, i.e. if 
NA is injected during cold exposure the same NST maxima 
should be obtained as at thermoneutrality (for theoretical 
Considerations see also Mejsnar and Janskyg). Differing 
from previous authors we want to use the term 'cold 
substitution' instead of 'temperature substitution' for a 
more precise description of the phenomenon. A complete 
cold substitution of the calorigenic response to exogenous 
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NA would indicate that a) NA-induced calorigenesis is 
equivalent to physiologically available NST, b) NA is the 
transmitter for cold-induced NST, and c) only NST and no 
shivering thermogenesis has been activated at the level of 
the T a presently investigated. Previously published data on 
cold substitution are far from uniform and there seem to 
exist interspecific differences as to whether a complete 
substitution or an additive relation is found. The aim of the 
present study was to determine the cold substitution in the 
Djungarian hamster, an animal  whose NST capacity is 
extremely large, and therefore can be tested over a wide 
range of Ta 10. 
A total number  of 51 Djungar ian hamsters was used in this 
experiment. The animals were kept under  natural  photo- 
periodic conditions at constant T a (23 ~ = 'inside') or out- 
doors at natural  ambient  temperatures and light according 
to the season (= 'outs ide ' ) .  They were kept in individual 
cages with woodshavings as bedding material and were 
provided with food and water ad libitum. For  the NA-tests 
the hamsters were placed on PVC-grids in small plastic 
boxes (2.8 1) inside a climate chamber. The metabolic rates 
of the unanestetized and unrestrained hamsters were deter- 
mined using an open flow system with a paramagnetic 02- 
analyser and an infrared CO2-analyser (for further details 
see Heldmaier  and SteinlechnerV). The NA-tests were 
performed at Ta's of  20, 10, 0, and - 10 ~ in hamsters from 
'inside' (December 1978), while 'outside' animals were 
tested only at 20, 10, and 0 ~ (February 1979). Preliminary 
experiments had shown that at Ta's higher than 20 ~ the 
hamsters became hyperthermic or even died after injection 
of  NA. Recent investigations indicate that injections of  
catecholamine: may inhibit  their release from sympathetic 
nerve terminals 12. Therefore, experiments on cold substitu- 
tion require an optimal dosage of NA, which compensates 
for its possible inhibitory effect on endogenous release of 
NA. Dose-response tests with hamsters from both 'inside' 
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Maximal O2-consumption of Djungarian hamsters after injection of 
0.8 mg/kg NA at different ambient temperatures (dotted bars = in- 
side; open bars on top = outside). Open part of lower bars indicate 
resting metabolic rate at each temperature tested. Solid line shows 
regression line of metabolic rate versus T a (y=5.45-0.166 x) and 
BMR (1.99 ml/g. h-l). The regression line for metabolic rate 
versus T a was the same for hamsters from 'inside' and 'outside'. 
The broken line represents mean maximal NA-induced NST 
(8.43 ml/g. h-  1). With this NST capacity the Djungarian hamster (in- 
side) can maintain homeothermy down to a Ta of -18~  as 
indicated by the arrow. Values are means_+ 1 SEM with N for each 
group given within the bars. 

and 'outside' showed maximal stimulation of NST between 
0.4 and 0.8 mg NA/kg  when injected s.c) 3. 
As can be seen in the figure, there is a complete cold 
substitution in the hamsters from both inside and outside, 
i.e. the increase in O2-consumption induced by injection of  
NA at 20 ~ is reduced at lower Ta-levels by the amount  of 
the corresponding resting metabolic rate elevated by cold 
exposure. In hamsters from 'inside'  there is a mean  max- 
imum O2-consumption after NA-inject ion from 8.1 to 
8.7 m l / g - h - l ;  in hamsters from 'outside'  these values are 
between 10.4 and 10.9 m l / g .  h -1. At - 10 ~ there was no 
significant increase in muscular activity before injection of  
NA, as confirmed by E M G  recordings. Similar results in 
mice were found by Mejsnar and Jansky 14 if the animals 
were injected with an optimal dosage of  NA, as well as in 
the golden hamster 15, in voles 16, guinea-pigs 2 and in rats 17. 
Jansky et a1.18, testing various species, report contradictory 
results. They could prove complete cold substitution only in 
the guinea-pig, while in hedgehogs and mice additive 
relations were found. At least in the mouse this result might 
be due to a suboptimal dosage of NA 19 or hypothermia of 
the animals, whereas the additive effects observed in the 
hedgehog were confirmed by Wt~nnenberg et al. 2~ and 
Werner  and Wtinnenberg 21. These authors also regard 
corticosteroids, in addit ion to NA, as mediators of NST in 
the nonhibernat ing hedgehog. 
With all prerequisites met, such as optimal NA-dosage, 
wide temperature range, normothermy of the animals after 
NA-injection, exclusion of muscular activity, testing 
without narcotics and restraint, we could demonstrate a 
complete cold substitution of  the calorigenic response to 
NA in the Djungarian hamster. Therefore, we conclude, 
that a) the NA-test is a suitable measure for quantitative 
determinat ion of  physiologically available NST, showing 
that b) NST in vivo is mediated by NA, and c) that NA- 
dependent  NST is the only pathway for thermoregulatory 
heat production in the Djungarian hamster exposed to 
moderate cold. 
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