Eur J Appl Physiol (1993) 67:450-456 ——

wmio Applied
Physiology

and Occupational Physiology
© Springer-Verlag 1993

Cardiovascular and metabolic responses to noradrenaline
in men acclimatized to cold baths

G. M. Budd’, J. R. Brotherhood', D. W. Thomas?, F. A. Beasley', A. L. Hendrie', S. E. Jeffery’, G. J. Lincoln',

and A. T. Solaga’

! National Institute of Occupational Health and Safety, GPO Box 58, Sydney NSW 2001, Australia
2 Division of Clinical Chemistry, Institute of Medical and Veterinary Research, Frome Road, Adelaide, South Australia

Accepted July 19, 1993

Summary. The purpose of this study was to see wheth-
er artificial acclimatization to cold would reduce the
pressor response to noradrenaline (NA) as natural ac-
climatization has been shown to do, and whether it
would induce nonshivering thermogenesis. Three
white men were infused with NA at four dosage levels
between 0.038 and 0.300 ug-kg ™ ''min~* (2-23
pg-min ~*), before and after artificial acclimatization
to cold and again 4 months later when acclimatization
had decayed. Acclimatization was induced by ten daily
cold (15°C) baths of 30-60 min followed by rapid re-
warming in hot (38-42°C) water, and was confirmed
by tests of the subjects’ responses to whole-body cool-
ing in air. Three control subjects also underwent the
first and third tests. Acclimatization substantially re-
duced the pressor response to NA at 0.150 and 0.300
pg-kg~'-min !, confirming earlier findings by the
same technique in naturally acclimatized men, and its
decay increased this response to beyond its initial lev-
els (P<0.05 for both changes). Acclimatization did not
change the response to NA of heart rate, subjective im-
pressions, skin temperature of finger and toe, pulmon-
ary ventilation, or plasma free fatty acids and ketone
bodies. At no time did NA increase oxygen consump-
tion, or increase skin temperature or heat flow over re-
ported sites of brown fat. These findings would seem to
show that acclimatization to cold reduces sensitivity to
the pressor effect of NA but does not induce nonshiv-
ering thermogenesis, and that the reduced sensitivity is
replaced by a hypersensitivity to NA when acclimatiza-
tion decays.
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Introduction

The important role of noradrenaline (NA) in the tem-
perature regulation of cold-acclimatized small animals
has long been established (Hsich and Carlson 1957),
but knowledge of its role in human acclimatization to
cold is still rudimentary. In the only previous study in
which the subjects were independently shown, by con-
current tests of their responses to whole-body cooling,
to be acclimatized (Budd and Warhaft 1966a,b), accli-
matization was accompanied by a striking reduction in
the pressor and subjective effects of infused NA, and
by the apparent development of a small calorigenic re-
sponse which increased resting heat production by
about 10%.

By contrast, men conditioned in cold rooms (Joy et
al. 1963), and Korean women divers (Ama) in winter
(Kang et al. 1970), have shown no change in their pres-
sor response to infused NA, although a small calori-
genic response (7%-14% of resting heat production)
has been detected. A 17% increase in heat production
has also been observed (Itoh and Kuroshima 1972) in
the Ainu inhabitants of the cold northern islands of Ja-
pan following subcutaneous injection of NA; it was ac-
companied by a greater mobilization of plasma free
fatty acids (FFA) and ketones, and more marked sub-
jective reactions, than the same dose had evoked in a
control group.

Whether these small increases in heat production
constitute a realistic parallel to nonshivering thermo-
genesis (NST) in the acclimatized rat has been ques-
tioned (Kang et al. 1970) and it is not yet clear whether
adult humans possess thermogenically active brown fat
- the tissue which has been found to contribute much
of the nonshivering heat production in acclimatized ro-
dents (Alexander 1979). However, some anatomical
studies (Heaton 1972; Huttunen et al. 1981) have re-
ported the presence of brown fat at certain sites in the
adult human, and local warming at those sites has been
observed in response to infused NA (James and Tray-
hurn 1981) and oral ephedrine (Rothwell and Stock
1979).



We here report the effects of artificial acclimatiza-
tion to cold and its subsequent decay (Budd et al.
1993) on responses to infused NA. The study was part
of the scientific programme of the International Biom-
edical Expedition to the Antarctic (IBEA)" (Lugg and
Rivolier 1982) and was carried out in accordance with
the Declaration of Helsinki. Its main aim was to see
whether artificial acclimatization would result in:

1. A reduced sensitivity to the pressor and subjective
effects of NA, and/or

2. The development of a capacity for NST. as shown
by an increase in oxygen consumption (VO,) or fat
mobilization, or by local warming at reported sites of
brown fat.

An additional aim was to compare the results with
observations previously made by the same techniques
(Budd and Warhaft 1966a,b) in naturally acclimatized
men wintering in Antarctica.

Methods

Three expedition members (the bath group) were nfused with
NA at several dosage levels before (series 1, abbreviated as S1)
and after (series 2. S2) they had undergone ten daily baths in
water at 15°C, as described elsewhere (Budd et al. 1993). They
were retested in the same way 4 months later (series 3, S3), 3
weeks after they had completed a 10-week motor-toboggan trav-
erse on the Antarctic plateau. Three other expedition members
(the control group). who shared in the traverse but underwent
only two baths (which were required as assessment tests in an-
other study), were also tested in SI and S3: unfortunately the de-
manding timetable of the expedition did not permit the control
group to be tested in S2.

In a concurrent study the same six subjects. together with the
six remaining members of the expedition (three bath and three
control). underwent tests of their responses to whole-body cool-
ing in air (Budd et al. 1993). These tests showed that the immer-
sions had acclimatized the six-man bath group, as shown by sig-
nificantly lower heat production and heat loss in the cold, and
that this acclimatization, together with any natural acclimatiza-
tion that may have developed in either group during the Antarc-
tic traverse. had completely decayed by the time of S3.

Subjects. The subjects were white, male, self-selected biomedical
scientists and technicians. mainly of sedentary habits, who had
spent the previous 6 months or more in temperate climates. All
were in good health. Average values for bath and control group
were age 41 and 43 years, height 185 and 175 cm, body mass 72
and 79 kg, mean skinfold thickness 9 and 12 mm, body fat content
21% and 26%, and aerobic capacity 53 and 52
ml-O,-min ~' kg ~! fat-free mass, respectively. Individual char-
acteristics for the bath group (subjects 4, 5, and 6), and the con-
trol group (subjects 1. 9, and 11) are reported elsewhere (Broth-
erhood et al. 1986).

Procedures. Procedures were the same as in the earlier study mn
Antarctica (Budd and Warhaft 1966b). The tests for each subject
were carried out at the same time of day; he was not fasting but
had not eaten in the 2 h before the test. During the test and for at
least 1 h before it the subject. wearing only nylon briefs, lay su-

! The IBEA was a scientific project organised by the Scientific
Committee on Antarctic Research (SCAR) Working Group on
Human Biology and Medicine: SCAR is a committee of the In-
ternational Council of Scientific Unions
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pine n a warm (28-30°C) air-conditional room, under a cotton
sheet which was adjusted as necessary to keep him comfortably
warm without sweating. The right cubital or brachial vein was
cannulated, and an indwelling needle for blood samples was
placed in a forearm vein of the same arm; both veins were kept
open by a slow drip of 4.3% dextrose in 0.18% saline (‘dextrose
saline’). Levophed NA solution from a single recent batch was
used in all tests; it was purchased from the manufacturers (Win-
throp Laboratories, Sydney) 1 month before S1 and was stored in
the dark at 5°C. Immediately before each subject was tested a
stock solution of NA in dextrose saline was prepared which at the
highest rate of infusion would deliver a dose of 0.300
wg-min~!-kg~! body mass.

Dextrose saline alone, and the NA stock solution, were alter-
nately infused (control and NA periods respectively) by a Thorp-
Palmer continuous-injection machine for 10-min periods at suc-
cessive rates, within the voluntary acceptance of the subject and
the judgement of the supervising physician, of 0.038. 0.075, 0.150,
and 0.300 pg-kg ! min~! (2-23 pg-min~') - designated here
for convenience as multiples of the lowest dose, namely D1, D2,
D4 and D8. After the highest dose the entire sequence was re-
peated, to obtain duplicate measurements at each dose. The sub-
ject, who did not know what was being infused at any given time,
reported his subjective responses at the end of each 10-min infu-
sion. All responses except those of plasma FFA and ketone bod-
ies disappeared within 1-2 min after each NA infusion ceased,
and measurements during successive control periods did not
show any increase with time that would suggest an accumulation
of NA.

Blood pressure and heart rate. Blood pressure (BP) was measured
at the left brachial artery with a mercury sphygmomanometer,
and heart rate (f.) was counted by palpation, every minute by the
same experienced observer in every test on a given subject; dias-
tolic pressure (BP,) was taken as the first muffling of sound
(Korotkow 1V). Electrocardiograph and f. were continuously
monitored by an oscilloscope and cardiotachometer.

Rectal, tympanic, and skin temperatures. These were measured
every 2 min with copper-constantan thermocouples and an auto-
matic data acquisition system of sensitivity 100 nV. Rectal tem-
perature (7;.) was measured at a depth of 12 cm. Tympanic tem-
perature (7,,) was measured with a 36 G thermocouple placed
close to the tympanic membrane and insulated with a large pad
of cotton wool under a wool balaclava. Mean skin temperature
(T) was calculated from six sites (lateral thigh, medial thigh,
back, chest, arm, cheek) by the formula of Teichner (1958). Skin
temperature was also measured at the finger (7) and toe (71),
and at the sternum and nape of neck — which have been reported
to be sites of brown fat (Heaton 1972; Rothwell and Stock 1979;
Huttunen et al. 1981) — as described in the accompanying paper
(Budd et al. 1993). A factory-calibrated heat flow disc (Hatfield
type) was attached to the nape beside the thermocouple.

VO, and pulmonary ventilation. These were measured by 7-min
Douglas bag collections of expired air. using a mouthpiece and
nose clip, from the 4th min of each NA and control period; vol-
ume and composition were measured as described in the accom-
panying paper (Budd et al. 1993).

Fat mobilization. Venous blood for the determination of plasma
FFA and the ketone bodies aceto-acetate (AA) and beta-hy-
droxy butyrate (BHB) was sampled without stasis during the 7th
and 8th min of the first control infusion and the two highest doses
of NA, in each half of the test. Because of technical difficulties no
blood was obtained from subject 1. The blood was immediately
mixed with lithium heparin for assay of FFA, and with fluoride-
oxalate for assay of AA and BHB, and was centrifuged at 4°C;
the decanted plasma was stored at —20° C until it was analysed.
The FFA were estimated by Dole extraction and radiochemical
assay (Ho and Meng 1969), AA by enzymic assay (Price et al.
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1977), and BHB by enzymic assay using immobilized enzyme
(Williamson and Mellanby 1974).

Analysis of results. Except for blood constituents, which are pre-
sented as the observed values, the response to each dose of NA
was calculated as change from the preceding control period, using
the average values (4th through 9th min) of BP and f., the ob-
served values of VO, and ventilation volume (V), and the max-
imal change observed for other variables. A A is used to distin-
guish these computed response variables (ABP, Af,, etc.) from
the observed variables (BP, f., etc.). The response of pulse pres-
sure (APP) was calculated by subtracting ABP, from A systolic
blood pressure ABP,.

Within each group of subjects (bath and control), responses
to the three lowest doses of NA — which most subjects could to-
lerate — were analysed by 2-factor (series and dose) analyses of
variance, using a repeated-measures model in the GENSTAT
statistical program (Alvey et al. 1977). Statistical analysis was im-
practical for biochemical measurements (FFA, AA, and BHB)
because of the limited number of samples drawn and their un-
even distribution among dose levels (Fig. 4), and for variables
(e.g. Ty, Ty) in which NA caused little or no measurable
change.

Results

Cardiovascular responses

Figure 1 shows that within each series NA caused
dose-related increases in BP,, BP4, and PP, and a
slowing of f. (P<0.01 for all changes). Between series,
substantial and significant changes occurred in the
ABP;, ABP,4, and APP (although not in their Af,) of
the bath group, whereas the responses of the control
group did not change.

In S2 the pressor response of the bath group (i.e.
the extent to which NA increased BP, and BP,) was
substantially reduced at D4 and D&. Thus, at D4 the
average ABP, and ABPy were 13.3 and 6.1 mmHg
(0.81 kPa) less than in S1, equivalent to reductions of
45% and 33% (P <0.05 for both changes). Similarly, at
D8 all three bath subjects could safely tolerate the in-
fusion in S2, whereas in S1 and S3 the blood pressure
of two of them had risen so much in response to D4
that D8 was not given; consequently responses to D8
could not be included in the analyses of variance or the
average values presented in Figs. 1-3. In the remaining
bath subject (subject 6) ABP; and ABP, at D8 were 2.3
and 7.4 mmHg (0.31 and 0.99 kPa) less in S2 than in S1,
equivalent to reductions of 7% and 35%.

In S3 these changes in the bath group were reversed
and accentuated by increases in ABP; and ABP, at all
doses. The average of D1, D2 and D4 showed that BP
increased above its 52 level by 11.1 mmHg (1.48 kPa)
or 125% (P<0.025) for ABP, and by 6.7 mmHg
(0.89 kPa) or 78% (P <0.001) for ABP,. The increase
even exceeded the original S1 level, by 5.7 mmHg
(0.76 kPa) or 40% (not significant, P=0.15) for ABP;
and by 5.0 mmHg (0.67 kPa) or 49% (P<0.001) for
ABP4. At DS, the ABP; and ABPy of subject 6 were
19.7 and 7.9 mmHg (2.63 and 1.05 kPa, 62% and 37%)
greater than his S1 values.
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Fig. 1. Changes from control values in blood pressure and heart
rate in response to various doses (plotted on log. scale) of nora-
drenaline. Note inversion of curve for heart rate. Each point is
the average of two duplicate measurements on each of three sub-
jects. Significance of differences between series at each dose lev-
el: + P<10; * P<0.05

Changes in APP were in parallel with the changes in
ABP;, and ABP, of the bath group at D4 but not at D8
(in subject 6), and APP did not change at D1 and D2.

Thermal responses

Cutaneous vasoconstriction caused by NA was evident
in a dose-related reduction in Ty and T,, (Fig. 2). The
dose-response curve changed between series in an ap-
parently random manner that was not significantly cor-
related with the accompanying changes in pressor re-
sponse. Vasoconstriction increased T, (Budd 1989)
only in two control subjects; the increases did not ex-
ceed 0.10°C and did not change between series. The
T, and T did not change at any time, presumably be-
cause of the small skin-to-air temperature gradient and
the thermal inertia of the rectum and proximal skin
sites.
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Fig. 2. Changes from control values of finger (I}) and toe tem-
perature (7,,) in response to various doses (plotted on log. scale)
of noradrenaline. Note inversion of curves. Other details as in
Fig. 1
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Plasma free fatty acids
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Fig. 4. Response of plasma free fatty acids to successive doses
(plotted on log. scale) of noradrenaline. Numbers identify the
subjects. Each point represents one observation

Metabolic responses

VO, and Vg. The NA caused a dose-related increase
in Vg but not in VO, (Fig. 3). There were no clear
changes between series: inspection of primary data for
Ve and VO, showed that significant differences be-
tween scries were due to a few unusually high or low
values in the preceding control periods.

Fat mobilization. Figure 4 shows that increasing doses
of NA were accompanied by a progressive increase in
FFA that usually doubled or trebled their plasma con-
centrations in the first half of each test. The highest
values mostly occurred in the control period immedi-
ately after the highest dose of NA, presumably because
of a lag in the clearance of FFA (Steinberg 1966) — to
which we also attribute the more variable response in
the second half of the test. The AA and BHB re-
sponded in a similar manner, but the response of AA
was small and in two subjects it was negligible. There
were no consistent differences between series in the in-
itial concentrations or the response to NA of either
FFA, AA, or BHB.

Brown fat activation? The NA did not change skin
temperature or heat flow at the nape of the neck, or
skin temperature at the sternum, in any series.
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Subjective responses

These were typical of NA (e.g. deep breathing, feelings
of weight upon chest and abdomen) and they did not
change between series.

Discussion

The main findings of this study were that in the bath
group:

1. The pressor effect of NA decreased in S2 and subse-
quently increased in S3 to beyond its initial level

2. No comparable changes occurred in the responses
of finger and toe temperature

3. The FFA were mobilised without any accompany-
ing increase in VO, and

4, No local warming that might have suggested activa-
tion of brown fat occurred at nape or sternum.

Cardiovascular responses

Reduced pressor response in S2. It must first be asked
whether this change was simply the return to normal of
a response that had been exaggerated in S1 by appre-
hension and nonspecific stresses —i.e. by “first-time ef-
fects” (Budd et al. 1993). The evidence would suggest
this was not the case: the pressor response of the bath
group did not remain low but subsequently increased
in S3, and no comparable reduction occurred in the
pressor response of the control group between their
first and second tests (S1 and S3). On the other hand,
the reduction and subsequent increase in the pressor
response of the bath group to NA were accompanied
by similar changes in their heat production and heat
loss during whole-body cooling (Budd et al. 1993) and,
like those changes, may reasonably be attributed to the
development and decay of acclimatization.

The reduced pressor response in S2 confirms our
previous observations (Budd and Warhaft 1966b) but
differs from the unchanged pressor response which has
been reported by Joy et al. (1963) and Kang et al.
(1970). The differences might be due to differing levels
of acclimatization, since acclimatization was not inde-
pendently demonstrated by test cold exposures in
either of those studies.

Increased pressor response in S3. The exaggerated
pressor response in S3 of the bath group was not
shared by the control group, and thus could not have
been due to any experience common to both groups
such as the Antarctic traverse or the seasonal change
from summer to autum. It may have been related to
the decay of the acclimatization induced by the bath
treatment, for a comparable exaggeration in the de-
crease in Ty, during cold exposure has been observed
(Budd 1962, 1964) after the decay of natural acclimati-
zation — even though the responses to cold in S3 of the
present subjects (Budd et al. 1993) did not show this
phenomenon.

Physiological mechanisms. The pressor effect of NA
has been attributed to peripheral vasoconstriction in
the presence of an unchanged or slightly reduced car-
diac output (Eckstein and Abboud 1962). Within each
series the dose-response curves of ABP;, ABP4, ATy,
and AT, thus reflect the intensity of peripheral vaso-
constriction, that of Af;, reflects the reflex bradycardia
caused by the elevated BP, and that of APP reflects the
increased stroke volume which (assuming constant car-
diac output) results from the bradycardia.

Between series, the simplest explanation of the
changes in pressor response of the bath group would
seem to be a reduced sensitivity of the peripheral
blood vessels to NA at D4 and D8 in S2, and an in-
creased sensitivity at all dose levels in S3. The parallel
changes in APP at D4 raise the possibility that changes
in cardiac output, resulting from changes in stroke vol-
ume with an unchanged Af., may also have been in-
volved, but the different response patterns of APP and
Af. at D1, D2 and D8 make this unlikely.

Conditions under which responses to NA may be
reduced or enhanced have been reviewed by Eckstein
and Abboud (1962); in the present study the reduced
sensitivity to NA in S2 of the acclimatized subjects may
have been an adaptation to the elevated plasma con-
centrations of NA that would have accompanied each
cold bath and were continuously present after acclima-
tization (Regnard et al. 1984).

Contrary to our previous finding (Budd and War-
haft 1966b), the reduced pressor response of the accli-
matized subject was not accompanied by a lesser reflex
bradycardia — possibly because it was balanced by a
lesser chronotropic effect of NA on the myocardium
(Eckstein and Abboud 1962). The lack of correlation
between the changes in pressor response and those of
ATy and ATy, confirms an earlier finding (Budd and
Warhaft 1966b) and would suggest that the changing
sensitivity to NA was confined to blood vessels in sites
other than the skin, such as the skeletal muscles or vis-
cera.

Metabolic responses

Oxygen consumption. The finding that the bath group
did not develop a calorigenic response to NA differs
from our previous observation of a small increase in
naturally acclimatized men (Budd and Warhaft 1966b),
but it is consistent with the response to whole-body
cooling of the bath group (Budd et al. 1993) which pro-
vided no evidence of NST. Moreover, as Kang et al.
(1970) have pointed out, the calorigenic responses to
NA that have been reported (Joy et al. 1963; Budd and
Warhaft 1966b; Kang et al. 1970; Itoh and Kuroshima
1972) in acclimatized or cold-conditioned humans have
been so small (7%—17% of resting heat production), in
comparison to the 100% increases that can occur in
cold-acclimatized small mammals (Jansky 1973), that it
is doubtful whether they indicate any significant devel-
opment of NST. This conclusion is in keeping with the
findings of eight studies in the Antarctic (summarised



in Budd 1989), which showed that natural acclimatiza-
tion was insulative rather than metabolic and which
found no evidence of NST.

Fat mobilization. Our finding that acclimatization did
not change either the baseline values or the response
to NA of plasma FFA and ketones (Fig. 4) would sug-
gest that the contrary finding of Itoh and Kuroshima
(1972) — lower baseline values and a greater mobiliza-
tion of FFA and ketones in the Ainu than in controls
from warmer regions — may have been due to a differ-
ent pattern of acclimatization, or perhaps to associated
factors unrelated to acclimatization. The finding that
NA more than doubled our subjects’ plasma concen-
trations of FFA and ketones without increasing V O, is
contrary to the suggestion of Itoh and Kuroshima
(1972) that NA accelerates the oxidation of FFA in
man, and it supports the conclusion of Steinberg (1966)
that fat mobilization is not in itself the cause of a ther-
mogenic response to NA.

Brown fat activation. Local warming in response to
sympathomimetic agents has been attributed to NST in
brown fat (Rothwell and Stock 1979; James and Tray-
hurn 1981), although Astrup et al. (1984) have con-
cluded that it was due to increased blood flow. By con-
trast, in our subjects infused NA caused no increase in
skin temperature or heat flow at nape or sternum,
either before or after acclimatization. These findings
are consistent with the responses to whole-body cool-
ing of the bath group (Budd et al. 1993): nape and ster-
num cooled no less after acclimatization and changes
in VO, were adequately explained by the accompany-
ing changes in shivering and muscle tenseness. The two
present studies thus provide no support for the view
that the adult human possesses functional brown fat
and can develop NST.

In conclusion, this study has confirmed our previous
report of a reduced sensitivity to the pressor effects of
infused NA in cold-acclimatized men, and has in addi-
tion shown that
1. The reduced sensitivity is not a seasonal or first-
time effect
2. It occurs in artificial as well as in natural acclimati-
zation and
3. It is replaced by a hypersensitivity to NA when ac-
climatization has decayed.

The study has provided no evidence of NST: the ef-
fect of NA on plasma FFA and ketone bodies did not
change with acclimatization, and at no time did NA in-
crease V' O,, or increase skin temperature or heat flow
over reported sites of brown fat.
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