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ABSTRACT

Max1mum thermogene51s which 1s dépressed by ;ila
fasting cannot be restored by sympathomlmetlgc but can be
restored and further enhanced by either substrate feeding or
am1nophy111ne (85% Theophylline, 15% Ethylenedi: ‘ne). Siwce'
amlnophylllne potentiates cyclic AMP's action on sub tzate
mobilization at a post-receptor level, it is possible “:tﬁ
fasting dnpresseg‘gdrenergrc efficacy, resulting in
reduction of cAMP formation, substrate mobilization and
maximun thermogenesis. To test this possibility, adrenergic
-efficacy under fed and fasted gondi?ions was characterized
in vivc,rutilizing the establishéd assay ofiporepinephrine
f~Ni. -stimulated honshivering thermogenesis (NST) in
cold-acclimated rats (Depocas e. al., 1980). Cold
acclimated, male Spraque-Dawley rats (400 gm) cannulated in
either the.carotid or jugular vessel were used for
characterization of the“dose-response relationsnip of
NE-stimulated NST. Following this the effects.of
aminophylline on NE—stimuléted NST were assessed. Each rat
was used at least twice serving. as it's own control under
well-fed, 1-day fasted and 2—day‘fast¢d condition§.

A typical dose-response relationship between log dose
NE and heat production was observed under both feeding
conairions. Noﬁsignificant difference was observed in
resting heat production between the well-fed and fasted

\

. states (2;02i.05 and 1.81+.04 Kcal(Kg- -h)“y'respectlvely)



measured at 253C under phendbarbital sedation. In the fasted
i:;state, NE-stimulated NST was significantly less than that
found ;; the fed state at all NE doses tested (0.6-8.0
ué(Kg-”’-Ql“). The decrease in maximum respénse of 1-day
fasted EatéAat a dose of 6.4 ug&Kg-7‘-min)" was 18.2%
(6..87t.47 vs 5.81+.39 Kcal(Kg-’*-h)-'). However, the Ke
(dose of NE at 50% maximum respc 1se; well-fed = 0.85, fasted
= 1fb9 pé(K9?7‘-r'w5") was not s&gnificantly different
betyeen t » tw, staves.

Pretoenrmen. 30 aminophylline (15mg(rat)-') increased

~

“the mgxiw:” NE-51 tiilated NST by 9, 10 and 18%,

. respectivel,. in the well-fed, i1-day fasted and 2-day fasted
States. The 1dg‘ingrease in‘1—day fasted rats alleviated the.
@eﬁressién of;ﬁéxihum thormggenesis conseguent ﬁo fasting.
The 18% increése‘in 2~-day fasted rats resulted in ar

14

elevation of NE-stimulated thermogenesis to a level which

14

was not significantly different from that of NE-s%imulated

4

thermogenesis in 1-day fasted rets. < ﬁ
Theée_resu%té indigate that’ the fasti;g—depreSScd #

'adrenergic effiéﬁcy in stimulating thermogcnesis is not due
to a reduction in adrenexgic;receptor affinity. It could be
due to a redﬁc;ion in adreqergic receptorvnumbers or
adenylate cyclase activity but available studies ﬁrom the
literature sﬁgéest this is also unlikely. Since
aminéph lline’can'alleviaté;the fasting depression of
adrenerz}c efficacy in sfimglating thermogenesis, it is more

likely that phosphodiesterase activity is increased after

Ve



fasting resulting in decreased intracellular cAMP
concentration -and substrate mobilization. The greater
sensitivity to aminophylline in enhancing NE-stimulated NST
in‘2—day fasted rats ~1lso suggesf; fhégmghosphodiesterase

activity may increase vith the duration of fasting.

vi
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I. BACKGROUND ' "

When a mammal is exposed to increasingly colder temperatures
-a p01nt is eventually reached where heat loss exceeds
maximum heat productlon and progressive hypothermla ensues
(Popovic and Popovic, 1974). At this poiet one asks what
physiological mechanisms might limit maximum heat
productidﬁ. There appear to be three major possibilities
(Wang,. 1978): 1) the ‘maximum capabilities of the respiratory
and cardiovascular functions for transport of oxygen and
’carbon didxide; 2) the maximum eellular oxidative
capabilities; and 3) the availability of substrates for
oxidation.

Respiratory and cardiovascular limitations on maxﬁmum'
thermogenesis were ieveetigated and effectively discounted
by Wang and Peter (1975). Systemic hypoxia or acidemia was
not observed in rats during HeO, (21% bxygen,‘balance
helium) and cpld“%‘10°c) induced hypothermia when»maximuﬁ
thermogenesis was maintained while body temperature (Tb)‘was
conllnually decreasing. Thﬁs, it appears that neither the
maximum capacity fef gas‘transport nor the max imum buffering‘
capacity of the blood were exceeded under pheSe_conditions;
weng (1978) argued against maximization of cellular
‘ox1dat1ve capabllltles as a llmrtlng factor by demonstratlng
that, whlle Tb could bé\3)4 to 9 7°C lower at the end of a

135 -min HeOz cold exposure the total heat productlon durlng

the final 15 min period was, in the majority of cases;



higher than the initial period whs.. Tb was 37°C. This
indicates that the cellular oxidative capabilities have not
been exhausted prior to.the onset of hypo£hermia; if they
were, this shou}d be manlfest by a decrease in total heat
production in ﬁhe final period following the depre8sion of
Tb and the Q,, effect on metabolism. Finally, by utilizing
four feeding regimes (overnight well-fed, rationed, fasted
and overnight fasted blus a f5 Kcal substrate mixture 60
min. prior to cold exposure) Wang'(1980) was able to
modulate the cold tolerance in the same rats by var;ing the
total as well as the maximum heat production. Thus, in the
overnight fasting state} the fhermogenic capacity and final
body temperature were significantly lower than their
respective values when fed ad libitum overnight or fasted
"overnight but given a substrate mixture p ior to cold
exposure (Wang; 1980). Since the thermogenic capabilities
.of rats can be modulated by short term variations Qf
nutritional status, substrate'avaiiability is indicated as a
limiting factor before the exhaustion of cellular oxidative
capabilities or respiratory—cardio?ascular functions.

Many factors influence the processes of substrate
nobilization and utilization during cold exposure. Of
‘these, sympathetié activities (catecholamineg) are of
primary importance for the mobilization and utilization of
glucose (Depocas, 1960, 1962) and free fatty acids (FFA) .
(Himmg-Hagen, 1967; Young and ﬁandsberg, 1977a). Recent

L
evidence indicates that "basal" sympathetic activity is



. itself modulated by nutritional status. ?oung and Landsberg
(1877b, 19795 found that fasting (48h) decreased, and one
day of refeeding restqréd norepinephrine (NE) turnover’(a
measure of éympathetic activity) in the rat heart, pancreas,
liver and more recently in brown adipose tissue (BAT) (Young
et al., 1982). Overfeeding, on the o£her\hand, increased NE
turnover above that of controls. From this they suggested
that- the decrease, during fasting, and increase, during
\overfeedihg, of sympathetic activities could Ee responsible
for the cérresponding depression and elevation,
respectively, of re ing metabolic rates after fasting and
overfeeding (Young and Landsberg,‘1979).

v I1f the reduction in maximum thermogenesis after fasting
can be interpreted as due to a reduction of maximum
sympathetic activity in the fasted animal, then
supplementing the endogenous sympatheﬁic activity with
exogenous sympathomimeti;s should restore the level of
max imum thermogenesis in fasted rats to the fed level.
Experimental evidence indicates that tﬂis is not the case,
however. Injection of NE (10-40 ug(rat)-') or Isoproterenol
(a B-adrenergic agonist; 2—4b ug(rat);’) in fasted rats,
failed to restore the depressed maximum thermogenesis to the
fed level (wWang, 1982). This seems to suggest £hat the
adrenergic receptors’ have been fully saturated by endogenous
catechqlamines released by sympathetic neurons during severe
cold exposure, rendering exogenous sympathomimetics

redundant. If this interpretation is correct the reduction



éf maximum thermogenesis after fasting could be due to a.
reduction in adrenergic receptor activity, either in
receptor sites or drug-receptor affinity;'or due to
modifications of post-receptor events leading to substrate
mobilization.

Beta—-adrenergic agonists such as NE exert the%r effects
through the B-adrénergic receptor - édenylate cyclase system
by activating the prodﬁction of cAMP. Cyclic AMP'acts
intracellularly as a second messenger to elicit the
physiological responses, e.g. lipolysis, glycogenolysis and
gluconeogenesis (Ropison et al., 1971a). The intracellular
concentration of cAMP is regulated by phosphodiesterase
(Robison et al., 1971b), which degrades cAMP to 5'-AMP.
Therefore, if the reduction ii. Lhe level of maximum
thermogenesis after fastiry is5 Jdue to a reduction in
receptor activity, then remedial measures aimed at
increasing intracellular cAMP concentration_and thus
increased substrate'mobilizétion should restore“the fed
level of maximum thermogenesis 1in fastéd rats. Addressing
this pbint, Wang (1982) injected réts (i.p.) with
aminophylline (85% Theophylline, 15% Ethylenediamine), a
potent phosphodiesterase inhibitor (Robison et al., 1971b)//
The resuit was a significant'increase in the maximum(heat/
production of both fasted and well-fed rats above that of
their saline injected values. Consequently, the onset of

hypothermia could either be prevented or its magnitude

attenuated (Wang, 1982). This is further evidente that



neither the respiratory-cardiovascular functions nor the
cellular oxidative capabilities are éxhausted prior to the
'limitation of maximum thermogenesis imposed by substrates.
Moreover, it seems to indicate that the observed depression
of makimum thefmogenesis in the fasted rat is possibly due
to a reduction in the expression of the adrenergic signal

between its reception at the cell membrane and its final

biochemical manifestation, namely, substrate mobilization.,



II. RATIONALE

Since aminophylline inhibits phosphodiesterase, it is
possible that aminophylline-stimulated thermogenesis could
be via prolongation of cAMP's ;ctlon on substrate
mobilization. This and the inability of exogenous
sympathomimetics to restore depressed maximum thermogenesis
after fasting squests that this depressed thermogenesis
could be due to ajdpcrease in adrenergic agonist efficacy
after fastlng ’T%:g decirease in efficacy could be due to a
decrease in adrenergic receptor activities, either in number
or affinity, a decrease in adenylate cyclase activity, or to
an incfease in phosphodiesterase activity. Thé specific aim
of this study was to provide preliminary information as to
which of these areas might underlie the_observed modulation
.of thermogenesis by fasting.

To demonstrate, in vivo, a reduced efficacy .of
adrenergic stimulation on thermogenesis after fasting, a
specific experimental model is required. Since adrenergic
stimulation of metabolic rate is a B-receptor effect

(Bukowicki et al., 1980; Cannon et al., 1981; Cannon and

Nedergaard, 1983), an in vivo B-receptor assay, involving

, -

the stimulation of nonshivering thermogenesis (NST) by NE in
cold-acclimated rats was utilized.
The NST, which is found as a major source of heat.

production in many newborn mammals, hibernators and some

adult non-hibernators (ie. mice, rats, rabbits, guinea-



pigs etc.) that have been cold—éccl{mated,-is regulatea by
the sympatheﬁic nervous gystem, vié\the neurotransmitter, NE
(Hsieh and Carlsdn, 1957; tarlson, 1?60; Depocas, 1960; also
Himms-Hagen, 1967 and Jansky 1972 foi reviews) . fﬁe primary
site of NST is BAT (Foster and ngdmah, 1978b). This
NE-stimulated NST is mediated by the éyadrenergic receptor
(Bukowicki et al., 1980) adenylate cydiase - cyclic AMP
system (Reed and Fain, 1968; Fain and Reed, 1970),§énd leads
to the activation of‘BAT lipase. The aéyl—CoA produced
following lipolysis competitivély bihds-a membrane bound H*
channel brotein (the 32,000 daiton GDP binding prétein,mor
Thermogenin, Cannon et.al., 1981, 1982;‘Cahnon and
Nédéfgaard, 1983) which is unique to éAT, and results in the
dissipation of‘the proton electrochemical gradient and the
uncoupling of oxidative phosphorylation (Locke and Nicholls,”
1981; Cannon et al., 1981, 1982). Cénsequently, energy
released due to B-oxidation of fatty acids in BAT 1is .in the
form of heat (Nicholls, 1975, 1979; Cannon et alg 197é,
1982)ufor therhoregulétion during cold expdébre; )

Foster and Frydmén (1979) have qrovided guantitative
estimations as to the possible contribution of NST and
shivering in warm- and cold-acclimated rats. 1In the
warm-agclimated rat exposed to severe cold (-19°C), 61% of
the cardiac output (CO) is directed to tissues whicﬂ produce
heat by shivering or musculéf work (ie. skeletal muscle, ‘
heart, ribcage and diaphragm) and only 29% is directed to

BAT. \However,Ain the cold-acclimated rat at —19°C, 61% of



the CO is directed to BAT and only 28% is directed to
tissues involved in shivering Although the contribution to
heat production made by these various tissues cannot be
calculated due to an absence of tissue-specific oxygen
extraction coeff1c1ents,.these data do indicate a sh%ft from
‘shivering thermogepe51s in the warm-acclimated rat to NST in
the‘cold-acclimated rat. Based oa blood flow measurements,
u51ng radioactive mlcrospheres =and the oxygen extraction
coeff1c1ent for BAT, it was est1mated that the contribution
to NE- or,cold—stlmulated NST by BAT ranged between 60%
" (Foster and Frydﬁan, 1978)”ahd 80% (Foster and Frydman,
1979), respectively ih the cold—acclimated rat. There is
little question that ih'small rodents, NE-stimulated NST
plays a paramount role in:the'maintenance of normal body
temperature under seasonal cold exposure (ﬁickler, 1980,
1981:; Bockler ‘and Heldmaler 198], Feist and_&orrison,
1982).

“ATo ascertain that there isAa decrease in the efficacy
of adrenergic stimulation-of thermogenesis after fasting, a
dose-response study 5£ NE?stimulated NST was carried out on
‘cold-acclimated‘ rats under fed and fasted conditions.
' Analy51s of the pharmaco kinetic parameters associated with
VthlS B—receptor assay should provide insights to any change
in drug—receptor affinity and/or drug efficacy following
fasting. |
-To further test whether the fasting—induced decrease in

efficacy of NE-stimulated NST is a post-receptor event, due



s AR

W

to either a decreased production of cAMP and/or increased
phosphodiesterase activity, amipophyllihe (AMPY) was used to
enhance intracellular cAMP‘concentration., The . subsequent
influences on NE-stimulated NST were afsessed in rats under
fed, 1-day and 2-day fas?ed conditions. The 2-day fasted
rats were used to provide preliminary information on the
possibility of a progressive inErease inlphosphodiesterasé
activity with the prolongation of fasting.

A schemétic feprésenfation illustrating the relation-
ships between adrenergic receptors, cAMP productién,
phosphodiesterase action and substrate mobilization

following NE stimulation is shown in Figure 1.



Schematic representation of B-adrenergic mediated
heat production and a hypothetical «-adrenergic
inhibition of heat production in the brown
adipocyte. PK = protein kinase, PDE =
phosphodiesterase, HSL = hormone-sensitive lipase,
FFA = free fatty acids, CDR = calcium dependent
regulator protein (calmodulin), TGN = thermogenin.
Modified from Cannon et.al., 1981. :

Figure 1.
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1. MATERIALS and METHODS
A. ANIMALS | . \ . )

Adult male Sprague-Daweley'rats weighing 375-425 gm

_ were used for all eXperiments. The rats ﬁerevinqividually
housed in shoe box type cages (45 x 25 x 20 cm) and
acclimated to 5i1.5°¢ under 12/12 L-=D photoperiod in a
walk—-in enviromental chambei for at least 3 weeks prlor to
experimentation. Food (Vitamite cubes, 25% protein, 5% fat,
6% fiber, salts and vitamins; gross energy approximately 4
kcal(g)-'; North West Feeds, Edmonton) was rationed to
maintain a constant body weight‘throeéhoﬁt the experimental
period. Food was provided at i53Qh daily, weter‘wae
available at ail.times. For the experimental condition of
"1-day fested", the ration was removed overnight; for "2;day
fasted", the ration was removed two days before_the '
experiment; for the "well-fed" cenditieh food was provided
ad libitum overnight. Since the rats generally ate all of
their ration w1th1n 2- 3 h the 1~ day fasted rats were
approx1mately‘36h and the 2-day fasted rats approx1mately
60h postprandiai prior to experimentation. Each rat served
as its own control under at least 2 of the feeding
protocols; i.e. well-fed and 1 day fasted and/or 2 day

fasted. A minimum of 7 days was allowed between successive

experiments in the same rat.

12
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B. CANNULATION
Since these'experiments reauire a self-control design,

it was tpodght necessary that the céhnula used for NE
infﬁsi§n remain patent for at'least 3 weeks. A great deéi
.of time and effort was spent on this problem prior to
arriving at the proper technique. Thislinvolved the placing
of a silastic cannula‘(OLSOmm Iﬁ,‘0.92mm OD) 3 cm into the |
vrigﬁt'carotid artery. The cannula was then drawn under the\fx
.~skin to the back of the head where it was exteriorized by

1
passing.it through a headset. The'jeadset consisted of a 4

cm piecewdf 16 gauge stainless speel tubing be%t to a _
'J—shape: To this is attached (;ith dental acrylic) a 1 cm?
piéce.of pquethyléne’ﬁesh.(1pob um mesh; Small Animal j
Pafts,'Miami, Florida). fﬁe headset was mounted loosely.
under thé skin on top gf the head where future tissue growth
and thé ékin'held it firmly in pl?ce. When not in use, the
éénnula was stored in a small pocket under-fhe skin on the
back of the neck and the headset capped with a sméllbpiece
of tygon tub{ng, heat sealed at one end. This combleteiy
~ppotected the cannula and yet allo@ed easy access to it by
;;H; investigator. The cannula was flpshed with heparinized
saline (100 U(ml)-') once every 3-4 qusL " Patency could be
”aaintained for at least 3 weeks. Chéonically cannulated
rats wére ailowed té recover overnight at room tempefa£ufe

and then returned to the cold room for one week prior to

experimentation. Due to problems associated Wwith the

|



maintenance of the chronic cannula, such as.the prevenfion
véf infection, etc., this technique was discontinued at the
end of the NE doée—response study and an acute cannulation'
of the jugular vein was developed and tested.

Cannulation of the jugular vein involved inserting a
polyethylene cannula (PE-10, 0.28mm iD, 0.61mm. OD)
approximatelﬂ 3 cm into the right judular near the hea;t.
This cannula was removed at the énd of each experiment.f"lt
was found that the right jﬁgular could, with care, be
cannulated this way 4-6 times without any complications.
The effectiveness of the techniquevwas tested gainst
chronic éannulation of ;he jugular by infusing'tﬁe rat with
NE immediatly after cannulation.(the acute respdnse)‘and
again one week later. The responses fo the two infusions
were essentially the same, ihdicating that the acute
surgical procedure did not interferevwith the rat's
metabolic response to NE. This technique was, therefore,
used in the aminophylline experiments.

For all cannulations, the surgical procedures“were
ca:ried out~While the rat was under halothane (Halocarbon,
Ontario) anaesthesia (0.5—1.5%),-'Although strict aseptic
procedures are not necessary for fats, every effort was made
to ensure optimum aseg‘ic conditions prevailed during .

surgery. Anti-biotics (Derapen-C; Ayerst, Montreal) were
Yy

given intramuscularly (0.5ml) following surgery.
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C. SEDATION of EXPERIMENTAL ANIMALS

In the present studies, it was desirable to reduce
spontaneous activity so that small Chapges in metabolic
response subsequent to NE or aminophylline administration
could be discerned without being masked by activity- “
induced metabolickeffects. This is particularly necessary
in experiments inQoiving aminqphyll&ne since methylxanthines

. : . \
are known to increase spontaneous activity in unanesthetized
réts‘th:ough central nervous system stimulationj(Strubelt
and Sieger, 1969). This enhanced spontaneoés act{vity is
depresSediby barbital sedation. The peripheral effects of
methylxanthines on EAMP accbmulaticn, rowever, are étill
. apparent (Foster et al., 1977). My initial éttémpts using
@éntobarbital (Somnotal; M.T.C. Pharmaceuticals, Hamilton)
as a sedative were unsatisfactory due to its relatively
short durafion of action, par£icuiarly under the agumented
.metabolic state of NE stimulation. Although ippplementary
doses were given periodically, this tendec to suppress
respiration and therefore the fespé;se to NE. Furthermore,
a stable, reproducible resting state was quite difficult to
obtain with this drug. Subseqdently, phenobarbital sodium
(Abbott, Montreal) was chosen as it has essentially the same
mode of action as pentobarbital but is longer lasting
(Harvey, 1980). With the appropriate dose (50-100 mg(kg)~ ")

the animal could be sedated to the point where spontaneous

activity was essentially eliminated for the 8-10 h which
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were required for each cxperiment, without any signif'cant
depression of respira: ic1., It should be noted that while

- *
spontaneous activity was eliminated, the animal was quite

awake and responded readily to toe pinching, noise and other

external stimuli.
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D. PROTOCOL

. DOSE-RESPONSE NE

Overnight well-fed or fésted rats were sedated with
phenobarbital one half hour before beinq.placed in a
plexiglass meﬁabolic chamber. The chamber was équipped with
a grid of copper tubing at the ..ottom so that cold or warm
water could be circulated to maintain the animal'svbody
temperature bet&een 36-39°C. The metabolic chamber was
housed in a constant temperature cabinet maintained at
25-27°C, within the thermal neutral zone of rats. A rectal
thermocouple (30 ga éopper—constantan) inserted to a depth
of 5 cm and taped to the tail was used to monitor body
temperature. Room air to the metabolic chamber was
requlated at 1.5 1(min) " (STP) by a Matheson electronié
mass flow controller. The exhaust air from the animal
chamber Qas analyzed for O, consumption (Applied Chemistry
S-3 Oz.analxzer) and CO, production (Applied Chemistry CD-3
CO, analyzer). A computer bésed (MacSym 2) data acguisition
system was used to calculate O, consumption, CO; producfion,
R.Q. and for measurement of bdédy and ambient tempegatures.
Heat production was calculated from O, consumption énd'RlQ.

using Kleiber's (1875) equation:

HP (Kcal) = vO2 X [(87 + 27RQ)/22.4]

o
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"The animal was allowed to stabilize for 10-20 min
before the first infusion of NE. Norépinephrine (Levoped, 1
mg base(ml)-') was diluted to a stock solution of 0.5
mg(ml)-' with sterile vehicle (Ascorbic acid (1 mg(ml)-",
sterilized by filtration through a 0.22 um Millex-GS filter,
Millipore Co., Bedfofd, Ma.) prior to each experiment. This
stock was diluted to the appropriate infusion concentration
just prior to the start of the infusion. A Gilson‘Minipuls

2 peristaltic pump was used to infuse NE at a constant rate

of 0.5 ml(h)-'. This infusion rate was verified daily prior
to experimentation. Norepinephrine was infused at a rate of
0.30-4.0 ug(min)-' (i.e. 0.6-8.0 ug(Kg-’*-min)~', based on a

standard weight of 400 gm) for 30 min. Each infusion of NE
was preceded and followed by 10 min infusions of vehicle and
a 301min rest period. Dﬁring any one experiment each rat
recegvéd a maximum of five doses of NE (0.30, 0.60, 1.2, 2.4
and 3.2vq; 4.0 ug(min)L'). Since a similar minimum
metabolié rate was always attained betwéen successive NE
infusions (Fig. 2), it is indicative that little if any
accumulative effects of NE on metabolism reéults from this

protocol.

AMINOPHYLLINE (AMPY)

The protocol for the AMPY experiments is essentially
the same as that for the NE dose-response experiments.
Briefly, overnight well-fed, 1 day fasted or 2 day fasted

rats were cannulated in the right jugular as well as in the

-



Figure 2. Typical time course of metabolic response to two
doses of norepinephrine for both well-fed and
fasted states in the same rat. Black line under
the curves indicate the duration of NE infusion.
Ambient ‘temperature = 26+1°C
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peritoneal cavity just prior to experimentation. The
peritoneal cannula facilitated the injection of AMPY without
disturbing the animal.. Following cannulation the rat was
given an“i.p. injection of phenobarbital and placed in the
metabolic chamber. Once the animal'h;d stabilized (20-30
min) the first of 2 infusions of NEl(O.8 or /1.6 ug{(min)-")
was started. NE was infusedvfor 40-60 mih or until a stable
plateau had been reached. The rat was then allowed to rest
for 1 h before starting the secound infusion.‘ Ten min prior
to the start of the second NE infusion each rat recieved
(fhrough ﬁhe i.p. cannula) an injection of AMPY (Abbott,
Montreal; 15 or 20 mg(rat)-').  This procedure allowed both
the effect of AMPY (Foster et al., 1977) and NE (personal
observation) to peak at about the same time. ‘Due to the
duration (3-5 h; Foster et al., 1977) of AMPY's effect on
the animal only these two infusions were used in any one

experiment. Data collection and evaluation were as

described for NE ddse-response studies.
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E. DATA ANALYSIS

Since the weight of all animals was maihtained constént
at approximately 400 gm throughdut the experimental period,
drug doses were calculated and expressed as total drug perl
animal (AMPYj or per min (NE). Experimental results are
expr.ssed as weight-specific metabolic rates based on W-’°
(W i~ Kg) (Kleiber, 1975) to reflect the physiologically
relev. .t metabolic size. Maximum heat production was
calculated from the 10 min period which exibited the highest
tot 1 VO, during NE infusibn. Total heat production was
calculated using 4 ten minute periods, starting with minute
11 and ending with minute 50. Statistical analysis was by
the Wilcoxons's Signed Rank Test and Students t test
.(Snedecor aﬁd Cochran, 1968;. Zar, 1974). Significance was

at p<0.05, unless otherwise stated.



IV. RESULTS
A. DOSE-RESPONSE NE

All rats in both states (well-fed and fasted) exhibited
the typical dose-response relationship between log dose of
NE and heat‘produgtion. Increasing doses of NE elicited
greater metabolic responses until a maximum was reached
(Fig. 3). Figure 4 shows the log dose-response relationship
of aﬁ individual to two control (well-fed) and one fasted
trials. The minor difference between the two well-fed
trials indicates that there is little, if any, aﬁticipatory
response to repeated exposure to this experimental protocol.
The mean maximum.heat production in well-fed and fasted
states 1in regponse to NE 1is summarized in Figure 3 and Table

1. |

The mean resting metabolic rates for rats in the
well-fed and 1-day fasted states (2.01x0.16 and 1.81+0.04
Kcal( Kg"s-h)", r=spectively) were not significantly
different. In both states, the metabolic responses to all
doses of NE were significantly greater than the resting
values. Within each state, there was no significant
difference in heat production at doses of 2.4 ug(min)~' or
higher indicating a maximal plateau had been reached. 1In,
the fasted state, the metabolic respoﬁse was significantly
léss,than that in the well-fed state at all doses (Fig. 3).

The difference between the maximum responses of well-fed and

23



Figure 3.

Dose-response relationship betyeen log dose NE and
maximum NE-stimulated heat production. Means*1 SE
for both well-fed and 1-day fasted states. The
number of individuals used to obtain each mean are
shown in parentheses at each point.
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TABLE 1

Mean maximum heat production of rats to

" different doses of norepinephrine.
Means*1SE are indicated in Kcal(Kg-’®*-h)-',
Number of measurements used to -determine
the means are indicated in parentheses. (WF
= well~fed, F1D = fasted 1-day)

Dose : State
NE

ug(min) - WF F1D

Resting HP 2.02+.05 ‘ 1.81£.04
(11) (11)

0.3 - 2.65+£.16 2,14%,05
N (9) (9)

0.6 4.22+.26 3.09+.18
(9) (9)

1.2 6.15+..19 5.02%.26
(9) (9)

2.4 6.80%.25 5.88+.20
' (9 - (9)

3.2 6.87+.47 ™ 5.81%.39
(5) (5)

4.0 - 5.99+.37 . 5.62+.49
(4) (4)
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1-day fasted states at a dose of 3.2 ug(min) ' Qas 18.2%
(6.874.47 vs 5.81+.39 Kcal(Kg-’*-h)~"').

The Ke', which is the dose at 1/2 maximum response, was
not significantly different‘(Kg weil4fed = 0.43, 1-day
fasted = 0.55 ug(min"‘) between the two states (Fig. 3).

In 2-day fasted rats the maximum metabolic response
(4.590.14 Kcal(Kg-’*-h)-'), which could be elicited by a
slightly lower dose of NE (1.6 ug(min)-'), was significantly

lower than that of 1-day fasted rats (5.32%.0.11

Kcal(Kg-7%-h)-') at the same dose (Fig. 5).

B. AMINOPHYLLINE °
| \

The' maximum and tétal héat production for,weli-féd rats-
with NE alone at 0.8 ug(min)-' was 4.70;6.21JKéél(Kg-753h)"
and 2.6810.13,Kcal(Kg-’5-4Oﬁin)"-fespectiveiy, for tQé )
1;day-fasted rats these values were 3.91+0.11
Kcal(Kg-"*-h)-' and 2.22 *0.07 Kcal(Kg-7*-40min)-'. At 1.6
ug(min)-' the maximum and total heat production values were
6.Q7i0.10‘and 5.32£0.17 Kcal(Kg-’s-h)">and 3.15%20.06 and
3.10£0.06 Kcal(Kg-’* -40min)-' for well-fed and 1-day fasted
rats reépective;y (Fig.v5). >These values which were |
obtained us{ng acute‘cannulétioh techniques (see methods)
were comparable to those obtainéd under similar dosages but
using a chronical cannulation preparation as described in

a )
the NE dose response study.



I3}
A .
Figure 4. Typical dose-response relationship between log
dose NE'and maximum NE-stimulated heat production
, for one rat under both well-fed and fasted

conditions, Well-fed trial II was run after the
1-day fasted trial, ‘
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The typical metabolic responses of an individual to NE
and NE with AMPY pretreatment are shown in Fig. 6. The
metabolic response to NE after AMPY pretreatment was
significantly greater under all feeding conditionév(Figs. 7
& 8). In well fed animals, AMPY pretreatment (15-20 mg)
produced a 9% increase in NE-stimulated heat production ,
(Fig. 9). 1In 1-day fasted animals the increase after AMPY
was 10% (Fig. 9). This 10% increase elevated maximum and
total NE-stimulated heat,production to-levels which were not
significantlf different from those of well-fed animals
receiving NE alone (Figs. 7 & 8). In 2-day fasted animals
the NE-stimulated increase after AMPY was 18% (Fig; 9) which
is twice the increase obserfed in well-fed rats treated with
AMPY. This increase elevated heat production to levels .

“ich were not significantly different from those of 1-day

fasted rats treated with AMPY (Figs. 7 & 8).

PR



Figure 5. Effects of norepinephrine on maximum and total
thermogenesis in'well-fed, 1-day fasted and 2-day
fasted rats. Meanst! SE are represented. The
number of animals used to determine the means are
shown 1in parentheses. '
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V. DISCUSSION
A. DOSE-RESPONSE NE

The concept of drugs interacting with specific
receptors to exert their actions is well established in
pharmacology. The first,attémpt to quantify the
relationship between drug dose and response using this
concept is credited to Clark in 1937. Presently, the
magnitude of response is théught'to be a function of 2
prbperties: 1) the affinity of the drug for the receptor and
2) the efficacy of the Qrug, a term which‘describes the
biological activity of the drug and includes changes in
receptor numbers as well as biochemicaluchanges at post
reéeptor sites (Levine, 1973; Goldstein, 1974).

The validity of using NE—stimulated thérmogenesis as an
in vivo dose-response assay of adrenergic receptor.activity
in the present study was based on the study of Depocas
et.al.(1978). They found that the concentrations of NE -
which stimulated thermogehesis in vivo were in the same
range (10"’ to 10-"M) as those reported (Seydoux and
.Girardier, 1977) to stimulate O, cohsumption in isolated
Vbrown adipocytes. Further, Depocas et al.(1980), studying
NE-stimulated NST in cold—acclimated rats in vivo, and
Bukowieki et al.(1980), studying B-receptor mediated heat
production of’ brown adipocytes from cold-acclimated rats in

vitro, demonstrated that the concentration of NE required

33



Figure 6.

Typical metabolic responses of an individual to
norepinephrine (NE, 1.6ug{(min)-') and
norepinephrine after aminophylline (AMPY, 15mg)
pretreatment under well-fed, 1-day fasted and
2-day fasted conditions. The duration of NE
infusion was 60 min beginning at time 0.
Aminophylline was injected i.p. 10 min prior to
the start of NE infusion. - ‘
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for 1)2 maximal stimulation in vivo was the same as for 1/2
maximal stimulation in vitro. Since NE-stimulated heat
production in brown édipoéytes'is 3—adreﬁergic receptor
mediated (Bukowieki et al., 1980; Cannon et él., 1983), and
in cold-acclimated rats more than 80% of NST is due to brown
adiéocyte metabolism (Foster and Frydman, 1979), the in vivo
assa§\pf NE-stimulated NST employed in the present study is
therefdre an estimation of B-adrenergic receptor activity of"
brown adipocytes.

It is well known that changes in drug-receptor binding
affinity manifest themselves by shifts of the.dose—résponse
curvé to £he\right or left (Endrenyi, 1975; Levine, 5973;
Goldstein et al., 1974). THe results of tHis study show
only a slight but non-significant shift of this type after
fasting (Fig: 3). Therefore, the observed changes in the
dose-respOnse relationships do not appear to suggest.any'
changes in gffinity associated with fasting. This is in
concert with in vitro studies on both hepatocyfes and white
adipocyteg; in which no change in B-adrenergic receptor
affinity was observed after fasting Guidicelli et al., 1981;O
El-Refai and Chan, 1981).

A. Interpretation of the reduced response of Né4stimulated
heat production in fasted rats as due to-reduced receptor
numbers is contradicted by in vitro studies. 'Beta-receptor
binding studies on'whité adipocyte ﬁembrane fractions

(Guidicelli et al.,, 1981) and isolated hepatodcytes (El-Refai

and Chan, 1982) from 72 and 24 h fasted rats show a doubling



Figure 7. Effects of norepinephrine (NE, 1.6ug(min)-') and
NE after aminophylline (AMPY, 15mg) pretreatment
(NE+AMPY) on maximum thermogenesis in well-fed,
1-day fasted and 2-day fasted rats. Data are
presented as percent of the well-fed NE alone
value (horizontal dashed line) in the same rat.
The number of animals used to determine each mean
is given 1in parentheses. '
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of B—recegtor numbers. .Dax et al.(1981) on the other hand
report no change 1in the B-receptor parameters, numbers or
affinity, of white adipocyte membrané fractions from their
72 h fasted rats. Taken together, it appears that the
observed decrease in the efficacy of NE in stimulating heat
production in the fasted rat is not due to a reduction of
B-receptor numbers, but possibly due to biochemical changes
at post receptor sites. The reduction of cAMP production by
the adenylate cyclése‘system also does not appear to be a
likely event since Guidicelli et al.(1981) and Dax et
al.t1981) report an increase in botﬁ adenylate cyclase.
activity and sensitivity to adrenergic stimulation after
'fasting. Isoproterenol-stimulated lipolysis, however, is
Severely depressed (Guidicelli et.al., 19871). Thus,:in
spite of increases in B-receptor numbers and adenylate
cyclase activity‘after?fasting, lipolysié (Guidicelli et
al., 1981), cold- (Wang, 1980) and NE-stimulated
‘thermogenesis are depressed.

Since NE has almost equal affinity for «- and
p-adrenergic receptors, and a-adrenergic receptors are -
present in both white (Lifkowitz and Hoffman, 1980; Exton,
1982) and brown (Svartengren et al., 1980) adipocytes, it is
possible that, as Burns et al.(1979) suggested, there is a
shift in the ratio of a- to B-receptor numbers associated

with fasting. While both subtypes of a-receptors have been
demonstrated in adipoée'tissue (Exton, 1982) the a,-receptor

does not appear to be a likely site for the fasting
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Effects of norepinephrine (NE, 1.6ug(min)-') and
NE after aminophylline (AMPY, 15mg) pretreatment
(NE+AMPY) on total thermogenesis (total heat
production for 40 min) in well-fed, 1-day fasted
and 2-day fasted rats. Data are presented as
percent of well-fed NE alone (horizontal dashed
line) in the same rat. The number of imals used
to determine the means is shown in g~ theses.
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depression of thermogenesis as its antagonism of lipolysis
is expressed through inhibitioﬁ of.adenyléte cyclase and
adenylate cyclase activity haS'been.shown to incréasé after
fasting (Dax et al., 1981; Guidlcelli et al., 1981).
Alpha,-adrenergic activation, on the other hand, appears to
involve an increasé in membrane permeability (Horowitz et

al., 1971; Exton, 1982; Cannon et al., 1981) resulting in an

increase in cytosolic Na*(Fig. 1). Si. : Na*® promotes the

release of mitochondrial Ca‘*igNedergaard et al., 1979;
Nedergaard and Cannon, 1980) -anj increase in cytosolic ca**

concentration results. The activity of several enzymes has

been shown to be regulated by intracellular Ca**. One such’

enzyme is the membrane-bound phosphodiesterasé (MPDE) .
Clayberger et al.(l981) demonstrated that depletion .of
intracellular Ca'"* prevents the activation of MPDE brought
about by éhronic (1h) isoproterenol) treatment. The - '
activation of MPDE éppéars to be mediatedxby translocation
of a calcium-dependent regulgtor protein_(calmoaulin) from
the cytosol to'éhe plasma memb:aneﬁ(ClaYberger et. al.,

1981). .That this enzyme (MPDE) is an important regulator of

cAMP metabolism is demonstrated by the fact that incubation

, of isolated, intact rat erythrocytes with isoproterenol and
the phosphodiesterase inhibitor-Ro24-1724 elicited a

~ sevenfold increase in cAMP conqeqpration, whereas incubation

with isoproferqﬁg}’alone yielded only a three to fourfold
TRE © v ‘ .

increase (Clayberger et al., 1981). Therefore, since

" aminophylline enhances maximum thermogenesis in fasted rats

r



Figure 9.

Ly i
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Effects of aminophylline (AMPY) on norepinephrine

(NE)-stimulated heat production in well-fed, 1-day
fasted and 2-day fasted rats. Data are presented‘.
as percent increase over NE alone in the same rat.

The number of animals used to determlne the means

is shown in parentheses.



% Increase

20

15

44

|
!

2

| X+ SE Well-Fed

X + SE 1 Day Fasted

NS

X + SE 2 Day Fasted

| (
NE[1.6 ug (min)~] + AMPY [(15 or 20 mg)(Rat)™]



45

(Wang, 1981, 1982), it is possible that phosphodiesterase
‘activity is increased after fasting, possibly through
increased a;-adrenergic activity after fasting. Further,
since fasting-depressed maxiﬁum thermogenesis can bé
restored to thé fed lével by aminophy}line, possibiy through
enhanced intracellular cAMP concentration, it is evident
that other biochemical mechanisms which are involved with
substrate mobilization and heat proauction but are down;
stream from cAMP production (eg. protein kinases, etc.) are
not directly affected by fasting. waever, speculation suéh
as this based on indirect evidence is at best inconclusive.
Further studies are required to elucidate the changes
responsible for the-obsérved depreséion of NE-stimulated

thermogenesis after fasting.

B. AMINOPHYLLINE

The methylxanthines are alkaloid derivatives of
dioxypurine (Xanthine) and are structurally related to uric
acid. These compounds have a low solubility which is
enhanced by complexing them wifh salts and various other
compounds. The most notable and widely used complex is that
of theophylline (1,3-dimethyl-xanthine, 85%) and
ethylenediamine (15%), (aminophylline). The general
pharmacological properties of the methylxanth}nes include

CNS and cardiac muscle stimulation, stimulation of diuresis
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in the kidney (Rall, 1980; Goldstein et él., 1974) and
relaxation of smooth muscle, most notably in the bronchus
(Swinyard, 1980).

The actions of methylxanthines on the CNS and cardio-
vascular system may not be due to direct éctivity of the
xanthines but rather as an indirect result of increased
monamiﬁe turnover (Karasawa et al., 1976). Much of the CNS
activity of xanthines is inhibited by sedatives such as the
barbiturates, which‘inhibit turnover of dopamine, NE and
serotonin. Leduc (1974), using unanesthetized,
cold-acclimated rats,“found'that theophylline (>50mg(Kg)-"')
increased the metabolic rate about as much as did NE.
However, Foster et al.(1977), ﬁsing barbital-sedated
cold-acclimated rats, found theophylline (100 mg(Kg)~') was
less .than half as effective as an optimum dose of NE in
stimulating Ehermogenesis. Pfelihinary work in this study .
in which we found little or ne calorigenic response to AMPY,
at doses up to 100 mg(Kg)~"' 1i.v. ar i.p., in phenobarbital
sedated cold-acclimated rats is in concert with this
ébservation. This seems to suggest that the greater
calorigenic effect of theophylliné in ﬁhe unanesthetized
animal is due to centrally stimulated enhancéd motility as
suggested by Strubelt ana Siegers (1969). Since barbital
sedation effectively eliminates the central effects of
theophylline on spontaneous activity, use of sedated animals
should accurately reflect the peripheral effects of

theophylline.
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Pharmaceutically Aﬁinophylline has been used as .a °
bronchodilator because of its' smooth muscle relaxing
effects. It is doubtful, however, that the observed
stimula?ory.effects-on thermogenesis are due to
bronchodilation, as isoproterenol and epiﬁephriné which are
both potent bronchodilators do not elicit a similar
thermogenic response (Wang and Anholt, 1982). Therefore, it
seems likely that the observed increase in NE-stimulated
thermogenesis, after pretreatment with AMPY, is due to
AMPY's effects on substrate mobilization through action on
cAMP metabolism. -

All actions of the methylxanthines appear to be
vnderlain by three basic cellular acfions. These are: 1)
increased translocation of intrggellular calcium. 2)
increased intracellular cyclic AMP. 3) blockade of adenosine
receptors. The primary importance of the actions desqribed
in 1) above appear to be in the actions of methylxanthines
on skeletal and cardiac muscle, where the bermeabil%ty of.
the endoplasmic reticulum to ca** is increased (Biadphi,
1968). Thus, atAhigh céncentfations, caffeine, anot%gr
common methylxanthine, increases the twitch response 59
motor nerve stimulation andlat'very\high concentratibns\“an
produce contraction without nerve stimulation. Théophyll\ne
is reported to have low poﬁency.in this area (Axelsson and
Thesleff, 1958; Bianchi, 1975), and thergfﬁre, this action

on muscle is not l%kely to play an important role in the

present studies. The actions listed in 2) and 3) above
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appear to be more relevant to‘ishe work at hand. Both
actions result generally in an increase in intracellular
cAMP concentration, one through tbe inhibition of cAM?
degradation by blocking phosphodiesterase activity and the
.ofher through the blockage of adenosine's inhibition of CAMP
production (a general but not universal action of adenosine,
Rall, 1980). Since the intracellular“concentration of
metabolically active cAMP underlies the control of glucose
(Exton et al., 1972) and free fattylacid (Carlson and
Butcher, 1972) mobilization and since the depressed efficacy
of a B-adrenergic agonist (NE), which acts through the
spimulation of cAMP production, can be réstored\by
pretreatmen£ with AMPY (Figs. 7 & 8), it seems plausible
that reduced intracellular cAMP concentration is responsible
for the observed depression in maximum heat production éfter
fasting.

Foster et al.(1977) showed that doses of NE and
theophylline which stimulate\calorigengsis result in changes
in plasma cAMP which are directionally correlated with
changeé in calorigenesis. Further, these changes in plasma
cAMP levels corresponded with Ehe'established'effecﬁs of
‘ theophylline.on increasing intracellular cAMP (Foster et‘
~al., 1977; Robison et al., 1971a). Adenosine at micfomolara
concentrations has been shown to suppress the cAMP
atcumulati&ﬁ due to NE in isolated fat cells (Fain, 1973);

enzymatic removal of adenosine with adenosine deaminase

mérkediy potentiates the sensitivity of cAMP acc mulation

-
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and lipolysis to NE_(Fain and Weiser, 1975). However, this

—

adenosine-regulated change in NE sensitivity appears to be
médiati' through requlation of adenylate cyclasé activity.
(Fain and Mélbon, 1979). Since the activity and sensitivity
of,adenylaté cyclase to NE have been shown to .increase
rather than decrease after fasting (Guidicelli et al., 1981;
Dax et al., 1981), the observed depression of NE-stimulated
thermogenesis after fasting doeg not appear td be dué to

. alterations in the adenosine regulated adenylate cyclase
locus.

Phosphodiesterase (PDE) is present in cells in two
primary forms;ﬂlow Km.membrane bound PDE (MPDE) and high Km
soluable PDE (SPDE) (Van Inwegen et al., 1975). Of these
two forms MPDE appears to be the primary regulator of
intracellular cAMP concentration (élayberger et al., 1981;
Morgan et al., 1982; Van Inwegen et\al., 1975). Lipson et:w‘T
ai.(1979) and Cabit§ and Hedeskov Ki974) report no change‘}né
PDE activity in unstimulated isolated islets from fasted
rats‘and mice. Capito and Hedeskov (1974), however, show a
400% increase in the ceﬁg—&ﬁgatidn of CAMP in pancreatic
islets from fasted mice as cbﬁpared to a 250% increase in
isléts from fed miée, when thevisléfs,Qere incubated with
glucose and 3—isobutyl—];methyixanthine (the most pétént of

‘the methylxanthines; Beavo, 1970). Clayberger et al.(1981)
demonstrated a 3-fold increase in the Vmax of MPDE from

isoproterenol-stimulated erythrocytes, over control

(unstimulated) cells. Two points seem clear from these



50

studies: a) the importance of using an activated
(stimulated) system for PDE activity studies, as differences
in the active state may not be apparent in the resting
state; and b) fasting appears to increase PDE activity since
a greater increase in.cAMP is obser?ed afte; inhibition of
PDE. Thése points are consistent with the observations that
basal lipolysis is unchanged, but under adrenergic
stimulation, lipolysis (Guidicell& et al., 1981) and maximum
thermogenesis (Wang, 1978) are significantiy depressed after
fésting. Methylxanthines have been shown to cross cell
membranes readily (Bianchi, 1962). A close correlation
between their PDE inhibitory activities and their
'enhancemept of lipolytic activities has also been
demonstrated (Beavo, 1970). 1In view of'the significant
increases in both cola-stimulatéd (Wang, 1982) and
NE-stimulated heat production after prétreatment with AMPY
(Figs. 7 & 8) and the apparent increése in sensiti;ify to
AMPY in 2-day fasted rats (Fig. 9), it seems iikely that the:
observed depression of maximum thermogénesis aftef fasting
could be due to increased PDE activity. -"Again, conclusions
baséd on ‘indirect evidence are at best-tentative and furthef‘
étudiés at the biochemical.levél are ﬁéceséary before the
mechanisms underlying fasting-depressed maximum

thermogenesis can be fully elucidated.



VI. CONCLUSIONS AND PERSPECTIVES

The current results indicate a signifiéant debression
of NE-stimulated heat production after ¢vernight fasting.
This is in concert with previous observaﬁions thﬁt fasting
depresses maximum thermogenesis in severe cold (Wang, 1978).

The lack of difference in Ke's between the fed and
fasted states (Fig. 3) suggests that fasting does not affect:
the NE—receptor'binding affinity but decreases the efficacy
of NE in stimulating heat broduction. This interpretétion
is‘supported by available in vitro B-adrenergic and
"ade%ylate cyclése studies using white'adipocytes'from 72-h
fasted rats. Guidicelli et al.(1981) report an incfease in
B-receptor number and adenylate cyclase activity, but no
change in Ke, in membrane fractions treated with
iSoproterenol.\ Isoproterenol-stimulated lipolysis, however,
 was severely depréssed. These observations indicate a
decreased efficacy of isoproterenol on lipolysis in spite of
the increase 1in B—recepﬁor numbers and unchanged 
d:ug—receptor binding affinity. Although the mechanisms
remain unknown, it is possible that the phosphodiesterase
" (PDE) activify may be inéréased by fésting.

The enzyme; PDE, particularly the membrane bound form
(MPDE)zhas been shown to be an important factor in the
control of cellular cAMP concentration (Clayberger et al.,

ﬁ981; Van Inwegen, et al., 1975). In our study there is an

increase in NE-stimulated heat production in all animals
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after inhibition of PDE with AMPY pretreatment (F;gs. 7 &
8). Furtuner, there is an incréased sensitivity to AMPY in 2
day fasted animals (Fig. 9). This seems to indicate that
PDE activity does increase with prolonged fasting and such
changes are manifested by depreséed NE-stimulated
thermogenesis. , If this interpretation is correct, then
increased PDE activity could effectively co&nteract any
increases in receptor number or adenylate cyclase activity,
resﬁlting in the observed decreased lipoleis in vitro and
thermogenesis in vivo. | )

Lipon et al.(1979) and Capito and Hedeskov (1974)
report no.change in PDE activity in unstimulated pancreatic)
islet cells from 48-h fasted mice and rats. However,lunder
adrenergic stim;lation, MPDE activity is increased up fo
3-fold (Clayberger et al.; 1981). Thus, while unstimulated
lipolysis (GuidicelLi,‘et al., 1981) may be unchanged in the
fasted state, the maximal levels of lipélysis during
adrenergic stimulation may be significantly depressed due to
an increase in PDE activity after fasting. This decreased
lipolysis (substrate mobilization) under adrenergic
stimula;ion could explain the observed reduction of maximum
thermogenesis. induced by either NE or_cold in the fasted
rat.

It is apparent that in vitro biochemical studies ,of a-
and B—aarenergic receptors, adenylate cyclase, and PDE

activities, are reguired to further elucidate the

biochemical mechanisms underlying the observed depression of

I



maximum thermogenesis after fasting.
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