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Noradrenaline released from sympathetic nerve endings and adrenaline secreted by the adrenal cortex have
been shown to play roles in cold adaptation. The calorigenic effect of noradrenaline increases during accli-
mation. Catecholamines stimulate noncontractile thermogenesis in brown fat tissue, white fat tissue, and
skeletal muscle. Adrenergic increases in cold tolerance are associated with increases in UCP expression in
the tissues. The following signal pathway operates in mediating the calorigenic effect of catecholamines
in prolonged cold exposure: catecholamines — [3-adrenergic receptors — adenylate cyclase, CAMP —
protein kinase A — p38 kinase — transcription factors — increased UCP expression. The following signal
pathway operates on acute exposure to cold: catecholamines — f3-adrenergic receptors — adenylate cyclase
— cAMP — protein kinase A — hormone-sensitive lipase — free fatty acids — UCP — uncoupling of
oxidative phosphorylation. The calorigenic effect of stimulation of a;-adrenoreceptors is mediated by the
following mechanism: noradrenaline — a.;-adrenergic receptors — phospholipase C — inositol-1,4,5-tri-
phosphate — [Ca2*]; — increased calorigenic effect of catecholamines.
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Abbreviations mental temperature. It is now accepted that the key role in
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cAMP cyclic adenosine monophosphate - The calorlgenlc effect. of c.atecholzllmlne?s. Smith and
[Ca2*]; cytoplasmic calcium ion concentration Hoijer [69] published a review in 1962 in which they ana-
ATF-2 activating transcription factor 2 lyzed the then sparse published data on the role of catechol-
Binax receptor density amines in cold acclimation. Cold adaptation was found to
CREB a transcription factor, cAMP response element- induce adrenal hypertrophy, to increase the calorigenic ef-
binding protein fect of noradrenaline, and to increase the adrenaline and
Ky dissociation constant noradrenaline levels in the adrenals by factors of 3 and 4,
K; inhibition constant ) ) ) respectively [69]. In adapted rats, noradrenaline induced a
PGC-1-a ?transcntptlon(?;g’]f’ p)eromif)mte prlollferator activa- more marked increase in the serum free fatty acids (FFA)
or recepfory (EAY) coactivator 1-¢ level than in nonadapted individuals [59]. Precisely the op-
UCP uncoupling proteins

Cold adaptation occurs as a result of chronic continu-
ous or discontinuous exposure of the body to low environ-
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posite situation was obtained with glucose: a more marked
increase in the glucose level was obtained in response to
injections of noradrenaline in nonadapted rats [59]. Hannon
and Larson noted increases in the calorigenic effects of nor-
adrenaline in adapted rats [30]. They documented an in-
crease in noradrenaline-induced mobilization of FFA from

e-mail: Maslov@cardio-tomsk.ru. fat tissue in cold-acclimated individuals. However, they
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noted that noradrenaline was not the only mediator of non-
contractile thermogenesis in cold-adapted animals [30].
A group of Japanese physiologists showed that infusion of
noradrenaline promoted a 20% increase in FFA oxidation in
intact rats and a 50% increase in adapted individuals [51].
Thus, cold adaptation not only enhances noradrenaline-in-
duced mobilization, but also FFA oxidation. Joy showed in
1963 that cold adaptation in humans significantly increases
O, consumption in response to noradrenaline infusions,
while increases in systolic and diastolic arterial pressure af-
ter noradrenaline were more marked in nonadapted volun-
teers [36]. Basal oxygen consumption levels were identical
in adapted and nonadapted men. Thus, adaptation to cold in
humans increases the calorigenic effect of noradrenaline but
decreases the sensitivity of the vascular bed to this catechol-
amine. Experiments on cold-adapted rats yielded similar
data [20]. Infusion of noradrenaline was found to induce a
more marked elevation in O, consumption in adapted rats
than in intact individuals. The increase in arterial blood
pressure after use of noradrenaline in adapted rats was tran-
sient in nature, while intact rats displayed stable hyperten-
sion. Acclimation promoted an increase in the inotropic ef-
fect of noradrenaline (due to an increase in stroke volume).
The positive chronotropic effects of noradrenaline were
identical in acclimated and intact rats [20]. The adapta-
tion-related increase in noradrenaline-induced thermogene-
sis was confirmed in later studies [16, 19, 43]. Experiments
on cold-adapted (+5°C) rats reported by an American group
demonstrated a paradoxical calorigenic effect of noradrena-
line [80]. When acclimated animals were placed at room
temperature (+25°C) or moderate cold (+5°C), noradrena-
line injections induced an increase in oxygen consumption.
At-15°C, conversely, noradrenaline decreased oxygen con-
sumption. In nonadapted individuals, decreases in O, con-
sumption after noradrenaline injections were seen at +15°C,
and a further reduction in temperature only exacerbated the
“anticalorigenic” effect of noradrenaline [80]. Blockade of
o,-adrenoreceptors with yohimbine completely eliminated
the “anticalorigenic” effect of noradrenaline. This allowed
the authors to conclude that this effect of exogenous nor-
adrenaline is linked with activation of presynaptic a,-ad-
renoreceptors and a limit on the release of endogenous nor-
adrenaline from sympathetic terminals.

However, not all investigators have been able to confirm
the existence of cold-induced enhancement of the calorigenic
effect of catecholamines. Thus, results obtained by Kuroshima
et al. [44] indicated that the basal plasma FFA level in
cold-adapted rats was lower than that in intact individuals.
After noradrenaline injections, acclimated animals showed
smaller increases in glucose and FFA than control rats.
Similar data were reported by a Canadian group [60]. Their
experiments on isolated brown fat adipocytes showed that
cold acclimation significantly decreased the lipolytic effect of
catecholamines. Observations of healthy cold-adapted volun-
teers reported by Budd et al. [12] did not show any calorigen-
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ic effect with noradrenaline. The authors of this study did not
assess cold tolerance, so it remains unclear whether their vol-
unteers developed cold resistance. It is possible that the
adapting effect was insufficiently strong, such that resistance
simply did not form. Similar data were obtained by Jansky et
al. [34] from observations of swimmers taking winter dips.
Basal metabolic rate was measured in terms of the quantity of
inhaled oxygen. Intravenous infusion of the [3,-adrenorecep-
tor agonist dobutamine or the 3,-adrenoreceptor agonist bri-
canyl was found to increase basal metabolic rate in untrained
volunteers but had no effect on oxygen consumption in
swimmers. This is evidence of desensitization of [3;- and
[,-adrenoreceptors. However, these data do not exclude the
possibility that there is an adaptational increase in the calori-
genic effect of noradrenaline, as it interacts not only with [3,-
and [3,-adrenoreceptors, but also with s-adrenoreceptors
which, as has been demonstrated by several authors, play a
key role in acclimation to cold [19, 79].

The reasons why some authors have observed adapta-
tional increases in the calorigenic effect of catecholamines
and others have not remains unclear.

The roles of brown fat, white fat, and skeletal mus-
cle in the calorigenic effect of catecholamines. Studies in
1969 showed that the calorigenic effect of noradrenaline
was linked with activation of oxygen consumption by
brown fat tissue [48]. In rats from which interscapular
brown fat was removed after acclimation, the calorigenic
effect of noradrenaline decreased by 40%. Some data indi-
cate that removal of brown fat from adapted rats decreased
the calorigenic effects of adrenaline and noradrenaline more
than 1.5-fold [32]. In another article, the same author con-
firmed that removal of brown fat decreased the calorigenic
effect of noradrenaline in adapted individuals by a factor of
more than 1.5 [32]. The important role of brown fat in nor-
adrenaline-induced thermogenesis in acclimated animals
was confirmed in later studies [17, 21]. However, the real
contribution of brown fat to adaptive thermogenesis is quite
difficult to evaluate, as it is located not only in the interscap-
ular space, but also in other parts of the body [70]. The pos-
sibility that the calorigenic effect of noradrenaline may be
due to activation of adrenoreceptors in other tissues cannot
be excluded. In fact, microcalorimeter studies reported by
Kuroshima et al. [42] showed that noradrenaline stimulated
heat production in adipocytes isolated from white fat tissue
from cold-adapted rats.

A British group showed [15] that chronic treatment of
rats with noradrenaline (an agonist of - and B-adrenorecep-
tors) promoted hyperplasia of brown fat, with increases in
the number of mitochondria and thermogenin in adipocytes.
Chronic administration of phenylephrine (an o-adrenorecep-
tor agonist) or isoproterenol (a 3-adrenoreceptor agonist) did
not induce such changes in brown fat tissue. Simultaneous
administration of both adrenomimetics produced changes in
brown fat tissue analogous to those observed after chronic
administration of noradrenaline [15]. These points indicate
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that catecholamines imitate the adaptive changes in adipo-
cytes in brown fat. This effect of catecholamines requires
activation of a- and -adrenoreceptors.

In experiments on isolated rat hindlimb muscles, van
Hardveld et al. [75] did not detect any increase in the calo-
rigenic effect of catecholamines after cold acclimation.
Directly contradictory data were obtained by Shiota and
Masumi [67]. Using in vivo experiments on perfused hind-
limb skeletal muscle, this group showed that cold adapta-
tion increased noradrenaline-induced O, consumption by
these muscles. Blockade of a- and B-adrenoreceptors weak-
ened the calorigenic effect of noradrenaline.

Thus, most reports provide evidence that the calorigen-
ic effect of catecholamines is linked with their effects on
brown fat, white fat, and skeletal muscle.

Contribution of the sympathoadrenal system to cold
acclimation. Chemical sympathectomy (with reserpine)
and blockade of peripheral autonomic ganglia eliminated
increases in glucose and FFA levels in response to acute
cold exposure [25], while demedullation of the adrenals had
no effect on this parameter. After these procedures, rats re-
sponded to cold (+4°C) by developing hypothermia, while
intact individuals retained normal body temperature. The
most precipitous hypothermia developed in rats after use
of reserpine and ganglion blockade [25]. Blockade of -ad-
renoreceptors with propranolol was found to decrease oxy-
gen consumption in cold-adapted rats, but to have no effect
on O, consumption in intact individuals [2]. These observa-
tions indicate that the sympathoadrenal system (SAS) plays
an important role in acute adaptation of the body to cold.

Cold-adapted rats showed a three-fold increase in uri-
nary adrenaline excretion, while noradrenaline excretion
increased eight-fold [68]. After one month in the Antarctic,
polar explorers also showed increased urinary excretion
of noradrenaline (+107%) and adrenaline (+70%) [4].
Increased catecholamine (noradrenaline, adrenaline, do-
pamine) excretion in cold-adapted rats was noted by the
authors of later reports [23]. The increase in urinary nor-
adrenaline excretion was particularly marked [23]. An in-
crease in plasma noradrenaline was seen after five days of
acclimation to cold, with a simultaneous increase in the lev-
el of noradrenaline metabolites [24]. Huttunen et al. [33]
published the results of their observations of volunteers
swimming in cold water (+4°C) daily for one month and in
nonadapted people. In response to immersion in cold wa-
ter for 36 sec, these and other groups have noted identical
increases in plasma noradrenaline concentrations. People
swimming in cold water for three months showed a smaller
increase in noradrenaline in response to transient exposure
to cold. Similar data were obtained from observations of
participants in the Indian Antarctic Expedition [31]. During
the first seven days, urinary adrenaline excretion increased
four-fold, while noradrenaline excretion increased five-
fold. After two months in the Antarctic, these measures
returned to baseline (pre-expedition) levels. Thus, the re-

sponse of the SAS to cold depends on the duration of cold
acclimation.

Direct evidence for activation of the sympathetic ner-
vous system during cold adaptation in mice was obtained by
Kawate et al. [37]. They recorded bioelectrical activity from
one of the sympathetic nerves innervating the interscapular
brown fat in anesthetized animals. A decrease in body tem-
perature led to an increase in sympathetic activity in adapt-
ed and nonadapted mice, though this effect was more
marked in acclimated individuals [37].

In 1964, a Canadian group reported convincing evi-
dence that noradrenaline is involved in cold acclimation
[45]. Rats were divided into three groups: 1) intact animals;
2) individuals subjected to chronic cold (+6°C for 45 days);
and 3) rats with chronic daily administration of noradrena-
line (for 45 days). Cold adaptation was found to produce a
basal increase in oxygen consumption, while chronic cate-
cholamine administration had no such effect. Subcutaneous
noradrenaline increased O, consumption in nonadapted in-
dividuals by 40%, compared with a 75% increase in adapted
rats and 100% in rats given noradrenaline. In intact animals,
rectal temperature in response to noradrenaline increased by
I°F (the range 0..+100°F corresponds to —18...438°C),
while increases in the second and third groups were by
2.5°F [45]. All intact animals died on being kept at —20°C
for 12 h, compared with 70% of those given noradrenaline
and only 20% of adapted rats. Thus, these data indicate that
noradrenaline imitates the calorigenic effect of cold accli-
mation. However, the results provide evidence that cate-
cholamines are not the only humoral factors supporting cold
adaptation. Similar results were obtained by LeBlanc et al.
[46] in conditions of chronic administration of the [-ad-
renoreceptor agonist isoproterenol. A later study from the
same group showed that s.c. noradrenaline (0.3 mg/kg) in-
creased rectal temperature in adapted rats by 1.5°C 1 h after
injection [47], while temperature remained unaltered in
control individuals.

Studies reported in 1984 showed [38] that tyramine —
an agent inducing noradrenaline release from nerve termi-
nals — increases oxygen consumption and rectal temperature
in rats. The calorigenic effect of tyramine was significantly
greater in adapted individuals. This indicates that endoge-
nous noradrenaline plays an important role in noncontrac-
tile thermogenesis. The increase in the calorigenic effect of
noradrenaline (an agonist of a- and B-adrenoreceptors) in
adapted individuals has also been confirmed in other inves-
tigations [19], though the calorigenic effect of the selective
[;-adrenoreceptor agonist CGP-12177 was particularly
marked after acclimation [19]. It should be borne in mind
that chronic administration of any receptor agonist induces
receptor desensitization, i.e., decreased sensitivity to ago-
nist [1]. Here there is a directly opposite situation, i.e., en-
hancement of the calorigenic effect of noradrenaline. In this
regard we note the studies of Thomas et al. [72]. These in-
vestigators incubated 3Y3-F442A cells with the [3-agonist
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isoproterenol for 30 h. After this procedure, the expression
of Bs-adrenoreceptors (measured in terms of [3;-adrenore-
ceptor mRNA) increased by 165%, while [3,-adrenoreceptor
expression decreased by 70%. This indicates that in some
cases, prolonged stimulation of a receptor may lead to its
upregulation, i.e., an increase in the density of the receptors
on the cell membrane.

Noradrenaline released from sympathetic nerve ter-
minals rather than noradrenaline circulating in the blood-
stream appears to play an important role in adaptive thermo-
genesis. Thus, in 1984, Rothwell and Stock [62] published
results from experiments on rats with surgical denervation
of the interscapular brown fat. Sympathectomy before sev-
en-day cold exposure completely prevented acclimatory
hypertrophy of fat tissue and the increase in the content of
uncoupling proteins (UCP) in adipocytes. UCP-1 (thermo-
genin) levels were measured in this study in terms of the
number of binding sites for labeled GDP in adipocytes [62].
Uncoupling proteins are known to: 1) uncouple oxidative
phosphorylation and 2) increase heat production by mito-
chondria [5], so an increase in the quantity of UCP-1 is ev-
idence for cold acclimation. Desautels et al. [18] showed in
1986 that adaptive hyperplasia of brown fat and an increase
in thermogenin content were not seen in animals with surgi-
cal sympathectomy of the interscapular fat. In experiments
on adipocyte cultures, Puigserver et al. [57] showed that in-
cubation of cells with noradrenaline leads to an increase in
the UCP-1 level at 24 h of incubation. This effect reached a
maximum at five days. These data would seem to indicate
that noradrenaline plays a key role in adaptation to cold,
while adrenaline does not. However, some data contra-
dict this view [66]. A US group conducted experiments on
mice with knockout of the gene responsible for synthesis of
the enzyme phenylethanolamine-N-methyltransferase [66],
which is involved in adrenaline synthesis. Knockout mice
responded to 24-h cold with no increase in UCP-1 mRNA
in brown fat tissue. This is evidence that adrenaline also
plays an important role in cold-induced UCP-1 synthesis in
brown fat tissue. The molecular mechanism supporting this
UCP-1 expression remains incompletely understood and is
now being studied by investigators addressing the problem
of cold adaptation.

Thus, analysis of published data provides evidence that
noradrenaline released from sympathetic nerve terminals
and adrenaline circulating in the blood play an important
role in cold adaptation.

Roles of uncoupling proteins and f3-adrenorecep-
tors in the calorigenic effect of catecholamines. A Finnish
group sought to identify which types of -adrenoreceptors
are involved in cold adaptation [40]. During adaptation, rats
received daily i.p. injections of the 3;- and [3,-adrenorecep-
tor antagonist propranolol or the [3;- and [3,-adrenoreceptor
antagonist pindolol. Blockade of ;- and [3,-adrenorecep-
tors did not affect adaptive hyperplasia of the interscapular
brown fat or the adaptive increase in total protein content in
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brown fat tissue. Unfortunately, the authors did not evaluate
the animals’ resistance to cold. Nonetheless, these points
provide indirect evidence that [3,- and [3,-adrenoreceptors
are not involved in the mechanism of cold adaptation in rats.
Experiments using isolated brown fat adipocytes showed
[7] that the greatest increase in respiration was obtained in
these cells by incubating adipocytes with selective [3;-ad-
renoreceptor agonists and that less marked effects were
seen with 3;- and ,-agonists. A Swedish group addressed
the receptor nature of the calorigenic effect of catechol-
amines and evaluated this effect in terms of the respiration
of isolated rat brown fat adipocytes [79]. This study used
the selective 3;-adrenoreceptor agonist dobutamine, the {3,
agonist salbutamol, and the selective [3;-adrenoreceptor ag-
onists BRL-37344 and CGP-12177, as well as the -, B,-,
and [;-adrenoreceptor agonist isoproterenol. Only agents
interacting with [s-adrenoreceptors increased adipocyte
respiration. The authors concluded that the calorigenic ef-
fect of catecholamines was associated with stimulation of
[;-adrenoreceptors on brown fat tissue adipocytes [79]. It
remained unclear whether the calorigenic effect of cate-
cholamines in other tissues was linked with activation of
[;-adrenoreceptors. A Japanese group showed that chronic
administration of isoproterenol to rats induced hyperplasia
of the interscapular brown fat, with an increase in their un-
coupling protein UCP-1 content [53]. Chronic administra-
tion of the selective s-adrenoreceptor agonists CL316,243,
BRL 26830A, and ICI D7114 had the same effect [53].
These data were supported by Cinti et al. [14]. Nagase’s
group showed that chronic administration of the [3; agonist
CL316.243 to mice induced a six-fold increase in the quan-
tity of UCP in brown fat, with simultaneous increases in the
expression of uncoupling proteins in white fat and skele-
tal muscle [54]. However, data obtained by other authors
[26] indicate that single doses of the [B; agonist trecadrine
to rats increased the level of uncoupling proteins in brown
fat tissue but not in skeletal muscle. It may be that increased
UCP-3 expression in muscles requires prolonged occupa-
tion of [;-adrenoreceptors by agonist. An American group
showed that single doses of the [3; agonist CL316,243 to
mice increased the quantities of UCP-23 mRNA and UCP-3
mRNA in skeletal muscles [11]. This effect was not seen
in in mice with knockout of the P;-adrenoreceptor gene.
The effect of occupation of 3;-adrenoreceptors depends
not only on the duration of receptor stimulation, but also on
the properties of the [;-adrenoreceptor agonist. Increases
in UCP-2 and UCP-3 expression in mouse skeletal muscle
after courses of CL316.243 were supported by a later study
[55]. An American group showed that chronic (14 days)
administration of noradrenaline and the [3;-adrenoreceptor
agonist CL3126,243 to rats increased the quantity of UCP-1
protein in brown fat tissue by 60% and 230%, respective-
ly [52]. Experiments with cultured brown fat adipocytes
showed that UCP-1 expression increased on stimulation of
any of the three [-adrenoreceptors, the greatest effect being
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seen on activation of all three [3-adrenoreceptors with iso-
proterenol [61]. UCP-1 protein is not the only end effector
of the calorigenic action of catecholamines. Thus, Gong et
al. [28] showed that two doses of the [3; agonist CL214613
increased UCP-3 expression in white fat tissue.

In 1995, observations of healthy volunteers showed
that ephedrine increased thermogenesis [49]. Prior use of
nadolol (an antagonist of 3;- and ,-adrenoreceptors) de-
creased the thermogenic action of ephedrine by 57%. The
effects of ephedrine are known to be associated mainly with
mobilization of endogenous catecholamines [6], so there
are grounds for suggesting that the thermogenic effect of
endogenous catecholamines in humans results from occu-
pation of 33-adrenoreceptors and one of the other two types
of adrenoreceptor — [3; or [3,. A Dutch group showed that
administration of isoproterenol to volunteers increased en-
ergy consumption, while blockade of §;-adrenoreceptors by
atenolol halved the level of isoproterenol-induced energy
consumption [9]. The selective 3, agonist salbutamol also
increased oxygen consumption. Thus, the data reported
by these authors showed that thermogenesis in humans in-
volves all three types of B-adrenoreceptor. In 2011, Wijers
et al. reported a sensational finding [76]: B-adrenoreceptors
are not involved in thermogenesis in humans. During a cold
test (+16°C), volunteers were given the [3-antagonist pro-
pranolol. This agent was found to have no effect on energy
consumption. In this regard, it should be noted that pro-
pranolol blocks only ;- and [3,-adrenoreceptors and has
virtually no interaction with $;-adrenoreceptors [77]. Thus,
the studies of Wijers et al. provide indirect evidence that
the decisive role in thermogenesis in humans is played by
[;-adrenoreceptors.

Results from experiments on mice lacking all three
types of adrenoreceptor — 3, 3,, and 33 — were published in
2002 [35]. These individuals were found not to be resistant
to acute cold. Mattson et al. [S0] reported results from ex-
periments on mice with knockout of the B;-adrenoreceptor
gene in 2011. These animals were found to survive for sev-
en weeks at +4°C, i.e., deletion of the [;-adrenoreceptor
gene had no effect on acclimation in these animals.
Injections of noradrenaline to nonadapted normal mice and
knockout animals increased oxygen consumption in both
groups, though this was less marked in knockout individu-
als, while the UCP-1 protein level, conversely, was higher
in mice with deletion of the [;-adrenoreceptor gene.
Expression of [3;-adrenoreceptors was increased in brown
fat in knockout individuals. Experiments on isolated brown
fat adipocytes showed that isoproterenol increased cAMP
synthesis in these cells. The most marked effect of iso-
proterenol was obtained in normal wild-type cells [50].
Isoproterenol-induced cAMP synthesis in knockout adipo-
cytes was not apparent in conditions of selective blockade
of the B;-adrenoreceptors by ICI-89406. The authors con-
cluded that in mice with knockout of the [3;-adrenoreceptor
gene, the key role in thermogenesis was played by ,-ad-

renoreceptors. Unfortunately, the authors did not evaluate
the survival of knockout mice for seven weeks at +4°C in
conditions of chronic blockade of §;-adrenoreceptors. Data
reported by Ueta et al. [73] showed that intravenous infu-
sion of noradrenaline or the [;-adrenoreceptor agonist
dobutamine increased the temperature of the interscapular
brown fat in mice. Observations of mice with knockout of
the ;-adrenoreceptor gene showed that infusion of dobuta-
mine had no effect on brown fat temperature in these ani-
mals and the calorigenic effect of noradrenaline decreased
by a factor of four [73].

Thus, analysis of published data provides evidence that
the calorigenic effect of catecholamines in rats is linked
with activation of ;-adrenoreceptors, while in mice it is
associated with stimulation of [3;-adrenoreceptors and in
humans with activation of [3;-adrenoreceptors and, to a less-
er extent, occupation of 3;- and [3,-adrenoreceptors by en-
dogenous catecholamines. Uncoupling proteins play an im-
portant role in the calorigenic effect of catecholamines.

Adaptation-related sensitization and desensitization
of B-adrenoreceptors. Cold adaptation leads to changes in
the properties of 3-adrenoreceptors. Using the § antagonist
(B> > B1 > B3) [*H]dihydroalprenolol, a Japanese group eval-
uated the state of 3-adrenoreceptors after cold acclimation
[43]. These studies showed that prolonged cold exposure
(four weeks) of the body decreased the affinity of (-ad-
renoreceptors for ligands in brown fat without altering the
density of -adrenoreceptors [41]. This is evidence for de-
sensitization of [-adrenoreceptors, which is a typical result
of receptor stimulation [1]. However, this result contradict-
ed published data on an increase in the calorigenic effect of
noradrenaline in adapted individuals. Directly contradictory
results were obtained by a Canadian group [8]. Using [3H]
dihydroalprenolol, they found that cold adaptation leads to
an increase in the density of [3-adrenoreceptors on adipocyte
membranes in brown fat tissue. Their studies established that
cold acclimation leads to an increase in the sensitivity of ad-
enylate cyclase in fat cells to noradrenaline and isoprotere-
nol [8], which is evidence for receptor sensitization. These
data indicate that the cold-induced calorigenic effect of cate-
cholamines may result from sensitization of 3-adrenorecep-
tors on cells in brown fat tissue. Like other investigators,
Svartengren et al. [71] used [*H]dihydroalprenolol. Their
experiments showed that adaptation had no effect on either
the density (B, of B-adrenoreceptors on the membranes
of adipocytes in brown fat tissue or their affinity (K, or K;)
for (-adrenoreceptor ligands. At the same time, half-max-
imal stimulation of adenylate cyclase in adipocytes from
adapted individuals required a noradrenaline concentration
2.5 times that needed for the same effect in cells from intact
rats. Half-maximal activation of respiration in adipocytes
from adapted rats required a noradrenaline concentration
five times greater than for cells from control animals [71].
The authors came to the conclusion that 3-adrenoreceptors
and the intracellular signal systems became uncoupled in
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brown fat adipocytes from cold-acclimated animals, leading
to desensitization of -adrenoreceptors in fat cells. As noted
above, this contradicts published data showing increases in
the calorigenic effect of catecholamines in adapted individ-
uals. Using the same methodological approaches as these
authors, Rothwell et al. [63] showed that cold acclimation
leads to a decrease in the density of P-adrenoreceptors in
brown fat cells, while the density of B-adrenoreceptor in
cardiomyocytes remained unaltered. After adaptation, the
affinity (Ky) of P-adrenoreceptors in adipocytes to selec-
tive 3;- and P,-adrenoreceptor agonists did not change [63].
Unfortunately, the authors of this report did not assess the
functional state of [3-adrenoreceptors, so it remained unclear
whether uncoupling of these receptors from the intracellular
signal systems occurred on acclimation.

Nedergaard et al. [56] assessed the calorigenic effect of
noradrenaline in terms of the respiration of isolated brown
fat adipocytes. Cells from cold-adapted hamsters and rats
were ten times less sensitive to noradrenaline than cells
from control individuals. This points to desensitization of
adipocyte adrenoreceptors and contradicts the data present-
ed above on adaptive increases in the calorigenic effect of

noradrenaline. These data were supported by a later study
reported by Unelius et al. [74], which was also performed
on isolated brown fat adipocytes from cold-adapted ham-
sters and intact animals. The calorigenic effect of catechol-
amines was assessed in terms of cell respiration. Adaptation
was found to decrease the calorigenic effects of noradrena-
line (an agonist of a- and (-adrenoreceptors) and iso-
proterenol (an agonist of 3;-, B,-, and (3-adrenoreceptors),
the calorigenic effect of the 5 agonists BRL-37344 and
CGP-12177 being particularly marked. The authors tried to
identify the level at which desensitization of the adrenergic
response of adipocytes occurred. Cells were incubated in
the presence of forskolin (an adenylate cyclase activator).
Adaptation was found to lead to a significant decrease in the
calorigenic effect of forskolin [74]. Experiments using the
enzyme-resistance analog of cAMP, 8-Br-cAMP, showed
that the calorigenic effect of this intracellular messenger de-
creased. As the cAMP receptor is protein kinase A [6], it can
be suggested that the affinity of protein kinase A for cAMP
within cells decreases or that the quantity of this enzyme
decreases. The adaptation-related decrease in the calorigen-
ic effect of Ps-adrenoreceptors was supported in experi-
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Fig. 2. Scheme showing intracellular signal pathways on acute exposure to cold. G, protein,

a subunit, and {3, subunit of G, protein.

ments on isolated brown fat adipocytes in later studies re-
ported by a Swedish group [79].

Cold adaptation was followed by desensitization of
brown fat adipocyte P-adrenoreceptors and uncoupling of
[-adrenoreceptors from the intracellular signal systems in
these cells. This contradicts published data on adaptation-re-
lated increases in the calorigenic effect of catecholamines and
thus far remains unexplained.

The signal mechanism of the calorigenic effect of
stimulation of (}-adrenoreceptors. -Adrenoreceptors are
known to be linked with adenylate cyclase via G proteins
[6], so there is clear interest in the studies of Granneman
and Bannon [29], who found that the level of G, proteins in
brown fat tissue of cold-adapted rats was twice that in intact
individuals. This is indirect evidence of an increase in the
sensitivity of fat cells to hormones operating via activation
of G, proteins.

The calorigenic effect of stimulation of 3-adrenorecep-
tors is linked with increases in cAMP synthesis. In fact,
studies have demonstrated that treatment of rats with for-
skolin (an adenylate synthase activator) increase oxygen
consumption [64].

Working from the data presented above, a chain of sig-
nal events can be constructed, as seen in experimental ani-
mals after prolonged cold stimulation of the SAS (Fig. 1):
catecholamines — -adrenoreceptors — G, proteins — ad-
enylate cyclase — cAMP — increased UCP expression.
Before the report of Cao et al. [13], the intermediate steps
between the increase in the cAMP level and the increase in
the UCP level remained unknown. Data from these investi-
gators showed that cells contain at least three signal mecha-
nisms regulating cAMP-dependent UCP expression. The
first signal pathway is: catecholamines — [-adrenorecep-
tors — adenylate cyclase — cAMP — protein kinase A —
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CREB — increased UCP expression, where CREB (cAMP
response element-binding protein) is a transcription factor
interacting with the enhancer of the UCP gene. An enhancer
is a short DNA segment able to bind transcription factors to
increase the transcription of a gene or group of genes [3].
Phosphorylation of CREB by protein kinase A leads to an
interaction between CREB and the enhancer of the UCP
gene and an increase in the transcription of the UCP gene.
The second signal pathway includes the following signal
chain: catecholamines — [-adrenoreceptors — adenylate
cyclase = cAMP — protein kinase A — p38 MAPK —
ATF-2 — increased UCP expression, where ATF-2 is acti-
vating transcription factor 2 and MAPK is mitogen-activat-
ed protein kinase. p38 kinase phosphorylates ATF-2, such
that it interacts with the enhancer of the UCP gene and in-
creases UCP mRNA synthesis. The third signal pathway
includes: catecholamines — f-adrenoreceptors — ade-
nylate cyclase — protein kinase A — p38 MAPK — PGC-
1-a — increased UCP expression, where PGC-1-a is the
transcription factor peroxisome proliferator activator recep-
tor-y (PPAR-Y) coactivator 1-a (PGC-1-a). Phosphorylation
of PGC-1-a leads to interaction of this transcription factor
with the enhancer of the UCP gene and acceleration of the
transcription of the UCP gene [13]. It should be noted that
this proposed scheme for catecholamine-induced enhance-
ment of UCP expression remains to be confirmed in inde-
pendent experiments. In addition, this scheme does not ex-
plain the delayed calorigenic effect of catecholamines in
adapted animals, when increases in oxygen consumption
are seen within a few minutes of catecholamine treatment,
excluding any increase in the quantity of UCP protein.

Some investigators separate the views of Cao et al. regard-
ing a mechanism for the chronic calorigenic effect [65], be-
lieving that the acute calorigenic effect of catecholamines is
mediated by the following scheme (Fig. 2): catecholamines
— [-adrenoreceptors — adenylate cyclase — cAMP —
protein kinase A — hormone-sensitive lipase — FFA —
UCP — uncoupling of oxidative phosphorylation. Although
this mechanism of catecholamine-induced heat production
has not been confirmed, it does have grounds as it is in good
agreement with published data on the properties of UCP [5].

The role of a-adrenoreceptors in the calorigenic ef-
fect of catecholamines. The discussion above related to the
role of B-adrenoreceptors in cold acclimation. Data on the
role of a-adrenoreceptors in cold adaptation are quite sparse.
The first study of this question was published in 1977 by
Fregly et al. [22]. Cold-adapted rats were given the 3-ago-
nist isoproterenol. This was found to increase rectal tempera-
ture, while the o agonist phenylephrine (Mesaton) at a dose
of 0.1 mg/kg had no effect on body temperature in adapt-
ed individuals. This is evidence that a-adrenoreceptors are
not involved in cold-related thermogenesis. In 1994 Borst
et al. reported experiments on nonadapted rats [10]. These
showed that phenylephrine (3 or 10 mg/kg) produced a 3.5-
fold increase in oxygen consumption. The 33-adrenoreceptor
agonist CGP 12177A had the same effect. The authors did
not identify any synergism when these two agents were com-
bined, though there was a tendency to an increase in the calo-
rigenic effect in response to combined use of the two adreno-
mimetics. The a-adrenoreceptor agonist phenoxybenzamine
eliminated the calorigenic effect of phenylephrine, while the
[ antagonist propranolol had no such effect. Thus, stimula-
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tion of a-adrenoreceptors can increase oxygen consumption.
Why are the results reported by Fregly et al. and Borst et
al. so far apart? The reason would appear to lie in the doses
used. Fregly et al. used phenylephrine at a dose of 0.1 mg/kg,
while Borst et al. used a dose 30 times greater — 3 mg/kg.

There are even fewer reports on the role of o,-adreno-
receptors in thermogenesis. A Spanish group established
that treatment of intact rats with the o,-adrenoreceptor an-
tagonist yohimbine decreased body temperature by 1.5°C
and blocked the calorigenic effect of the 3; agonist trecad-
rine [27]. Analogous effects were noted in relation to oxy-
gen consumption. In experiments on isolated white fat adi-
pocytes, yohimbine had no effect on cell respiration but in-
hibited trecadrine-induced increases in cell respiration.
Thus, stimulation of a,-adrenoreceptors by endogenous
catecholamines promotes increases in heat production. In
addition, a,-adrenoreceptors evidently take part in a syner-
gistic interaction with [3;-adrenoreceptors in controlling cell
respiration and thermogenesis. The molecular nature of this
interaction remains unclear, as does the role of a,-adrenore-
ceptors in cold acclimation.

The signal mechanism of the calorigenic effect of
stimulation of a-adrenoreceptors. In 1984, Nedergaard’s
group observed that cold-adapted animals showed increases
in the density of o;-adrenoreceptors on the membranes of
brown fat cells — by 100% in rats and by 40% in hamsters
[58]. There was no change in the affinity of o;-adrenorecep-
tors for ligand. These points provide evidence that a,-ad-
renoreceptors take part in adaptation to cold. This same
group subsequently established that adaptation of rats to
cold leads to a twofold increase in the level of o ,-adreno-
receptor mRNA in brown rat adipocytes, while the quanti-
ties of o g-adrenoreceptor mRNA and a,p-adrenoreceptor
mRNA decreased [39]. The increase in o 5-adrenoreceptor
expression evidently increased the common pool of a,-ad-
renoreceptors in fat cells. Experiments on isolated hamster
brown fat adipocytes reported by Zhao et al. [78] addressed
the effects of adrenoreceptor stimulation on cell respiration
and cAMP synthesis. The abilities of selective {3;-, 3,-, and
[5-adrenoreceptors and noradrenaline to stimulate cell res-
piration and cAMP synthesis were compared. The most
marked increase in cAMP synthesis occurred when [3;-ad-
renoreceptors were occupied, while the greatest increase in
oxygen consumption was obtained with the o- and f-ad-
renoreceptor agonist noradrenaline. Forskolin increased
cAMP synthesis to a greater extent than noradrenaline,
while noradrenaline produced the greatest stimulation of
cell respiration. The selective a-adrenoreceptor agonist cCi-
razoline had no effect on the cAMP level or oxygen con-
sumption by fat cells. At the same time, cirazoline increased
forskolin-stimulated adipocyte respiration [78]. a-Adreno-
receptors, operating via Gy proteins, are coupled with phos-
pholipase C, which synthesizes diacylglycerol, which acti-
vates protein kinase C [6]. In addition, phospholipase C
synthesizes inositol-1,4,5-triphosphate, which induces Ca%

mobilization from the endoplasmic reticulum, leading to an
increase in the intracellular calcium concentration [CaZ*];
[6]. The protein kinase C inhibitor chelerythrine had no ef-
fect on the potentiating action of cirazoline. The calcium
ionophore A23187 imitated the potentiating action of cira-
zoline on oxygen consumption by cells [78]. Thus, events in
the cell develop as follows (Fig. 3): noradrenaline — a;-ad-
renoreceptors — Gy protein —phospholipase C — inosi-
tol-1,4,5-triphosphate — [Ca?*]; — increased calorigenic
effect of P-adrenoreceptors. The mechanism of the Ca?*-
dependent potentiation of the calorigenic effect of (3-adre-
nomimetics remains unknown. These data provide evidence
of synergism between o,- and [-adrenoreceptors in con-
trolling thermogenesis in brown fat adipocytes. At the same
time, these data diverge from the results reported by Borst et
al. [10], who did not detect this synergism. It is possible that
the cause of this is that the experiments of Zhao et al. were
in vitro experiments on adipocytes, while Borst et al. per-
formed in vivo experiments, such that the calorigenic effect
involved not only adipocytes, but also other cells.

Conclusions

Thus, it has now been convincingly demonstrated that
noradrenaline released from sympathetic nerve terminals
and adrenaline secreted by the adrenal cortex play an im-
portant role in cold adaptation. Most data indicate that the
calorigenic effect of noradrenaline increases during accli-
mation. Catecholamines stimulate thermogenesis in brown
fat tissue and, in all probability, in white fat tissue and skel-
etal muscle. The adrenergic increase in cold tolerance is
linked with increases in UCP expression in brown fat tissue,
white fat tissue, and skeletal muscles. Data have been ob-
tained showing that the following signal pathways have
roles in mediating the calorigenic effect of catecholamines
during prolonged exposure to cold: catecholamines —
[-adrenoreceptors — adenylate cyclase, cCAMP — protein
kinase A — p38 kinase — transcription factors — increased
UCP expression. Acute exposure to cold involves the signal
pathway: catecholamines — [-adrenoreceptors — ade-
nylate cyclase — cAMP — protein kinase A — hor-
mone-sensitive lipase — free fatty acids — UCP — uncou-
pling of oxidative phosphorylation. The calorigenic effect
of stimulation of a;-adrenoreceptors is mediated by the fol-
lowing mechanism: noradrenaline — o,;-adrenergic recep-
tors — phospholipase C — inositol-1,4,5-triphosphate —
[Ca?*]; — increased calorigenic effect of catecholamines.
After cold adaptation, (3-adrenoreceptors in brown fat adi-
pocytes undergo desensitization and [-adrenoreceptors in
the intracellular signal systems in these cells become un-
coupled. This contradicts published data on adaptation-re-
lated increases in the calorigenic effect of catecholamines
and remains in need of explanation.
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