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MILAM, K. M., J. S. STERN AND B. A. HORWITZ. lsoproterenol alters nonshivering thermogenesis in the Zucker obese rat 
(fafa). PHARMAC. BIOCHEM. BEHAV. 16(4) 627-630, 1982.--To test nonshivering thermogenic (NST) capacity of 
lean and obese Zucker rats, 4 doses of isoproterenol, ranging in concentration from 0.25 to 6.0/~g/min-kg.TL were intrave- 
nously infused into 16 to 18 week old male rats, and oxygen consumption was continuously monitored. Obese rats had a 
decreased NST response relative to lean littermates. This lowered thermogenic response of the obese rats cannot be 
attributed to a decreased mass of brown adipose tissue since both the cervical and interscapular depots from obese rats 
weighed significantly more than did those from lean rats. 
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HEAT production is the most direct measure of metabolic 
rate in mammals. Basal metabolic rate, physical activity and 
thermogenesis all contribute to the rate of metabolism. 
Thermogenesis can be broken down into several categories, 
including diet-induced thermogenesis and thermoregulatory 
thermogenesis (shivering and catecholamine-stimulated non- 
shivering), the latter being activated at environmental tem- 
peratures below the animal's thermoneutral zone. Since 
thermogenesis is an effective biochemical mechanism for the 
dissipation of body energy as heat, its impairment could re- 
sult in enhanced conversion of dietary energy into carcass 
energy, i.e., enhanced energetic efficiency. Subnormal non- 
shivering thermogenesis (NST) has been implicated in the 
etiology and maintenance of obesity in genetically obese 
mice (obob) when these mice are maintained below their 
thermoneutral zone at 24°C [6, 28--31]. Consistent with the 
occurrence of diminished NST in the obob mouse is the find- 
ing that these mice are unable to withstand exposure to cold 
(4°C) for more than a few hours, apparently due to an inabil- 
ity to sufficiently increase their metabolic rate via nonshiver- 
ing effectors [6, 23, 28, 29]. Several metabolic insufficien- 
cies, including defects in (Na+/K+)-ATPase [4,33] and re- 
duced binding of purine nucleotides in brown adipose tissue 
mitochondria [11], may be involved in impaired NST and 
enhanced energetic storage in the obob mouse. 

Evidence for a similar NST deficit in the obese Zucker rat 
(fafa) is suggestive, but inconclusive. Very young (16 days 
old) pre-obese Zucker rats can be identified by their lower 
resting rates of oxygen consumption [9] and rectal tempera- 
tures [15] relative to lean littermates. Adult Zucker obese 
rats also have reduced rates of oxygen consumption when 
compared to ventromedial hypothalamically-lesioned lean 

littermates of comparable weight [1]. When exposed to cold 
temperatures (3-4°C), obese rats initially fail to increase 
plasma free fatty acid levels [34], rectal temperature begins 
to drop [34], and death ensues within 28 hours [30]. Diet 
induced thermogenesis is also reduced in the obese Zucker 
rat [35]. No metabolic defect has been clearly elucidated to 
explain these deficiencies in the obese rat although abnormal 
sympathoadrenal function [18], altered brain catecholamines 
[5, 16, 17, 18], and/or impaired thyroid function [2, 3, 34, 35] 
may underlie the disturbed thermoregulation of this obese 
rodent. 

The present study was designed to directly test the ca- 
pacity of genetically obese rats for nonshivering ther- 
mogenesis. Since NST can be effectively stimulated by sys- 
temic administration of the/3-adrenergic agonist isoprotere- 
nol [20], this catecholamine was intravenously infused into 
lean and obese Zucker rats and its effect on heat production 
measured. 

METHOD 

The Zucker rat colony at the University of California, 
Davis, was the source of lean (Fa/-) and obese (fafa) rats for 
the present experiment. Homozygous (FaFa) and 
heterozygous (Fafa) lean rats were included as one group 
(lean). All rats were individually maintained on Purina lab- 
oratory chow in hanging wire cages in a temperature- 
controlled (24°C) room on a 12-hour light-dark cycle. At 15 
weeks of age, the left jugular vein of each rat was cannulated 
with PE50 tubing (Clay Adams Intramedic Polyethylene 
Tubing, 7411) under light ether anesthesia. The tubing was 
passed subcutaneously from the left jugular to the top of the 
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TABLE 1 

OXYGEN CONSUMPTION (ml OJhr.kg .T~) OF LEAN AND OBESE RATS INFUSED WITH ISOPROTERENOL 

Lean (n=5-7) Obese (n=4-9) 

Isoproterenol (ml O2/hr.kg ,7'~) (ml OJhr.kg .7'~) 
(/~g/min.kg rS) resting maximal A* %A resting maximal A* %A 

0 . 2 5  854.49_+25.27 1088.62+__ 50.22 234.13_+43.04 2 7 . 4  715.24_+24.37 
1.0 875.59_+23.13 1674.69_+ 85.25t 799.10-+79.68t 9 1 . 3  788.78_+44.01 
3.0 865.65_+ •7.96 1710.32_+ 108.14t 852.08_+96.39t 9 8 . 4  700.75_+ 11.65 
6.0 859.31_+14.56 1635.62_+ 50.19~ 776.31 -+51.66t 9 0 . 3  687.14_+12.11 

1012.93___41.97 297.70___39.92 41.6 
963.81_26.77t 193.59__.28.54 24.5 

1064.22±22.90t 378.44_ + 16.58 54.0 
1156.10_+52.28t 468.96_+46.92 68.2 

Values are means_+SEM. 
*Change in consumption between resting and maximal. 
tLean rats significantly different than obese rats at same isoproterenol dose, p<0.05. 

skull where it was externalized after being passed through a 
permanent headmount. The cannula was flushed with a 
heparin solution (1 mg/ml in saline pH 7.4) every other day. 

Oxygen consumption measurements began after a 4 day 
recovery period. On the morning of the experiment, each rat 
was put in a Plexiglas restraint. A hole in the top of the 
restraint was of sufficient diameter to allow the cannula and 
headmount to pass through, thus providing stability and 
protection for the cannula. Rates of oxygen consumption 
were determined on these restrained, unanesthetized rats in 
a closed system apparatus (Volume Meter, Med-Science 
Electronics) consisting of a Plexiglas chamber maintained at 
a constant temperature (24°C) by a surrounding water bath. 
The experiment began each morning at 8:00 a.m. to minimize 
circadian fluctuation. Resting levels of oxygen consumption, 
as defined by Garrow [8], were monitored for 1 hour during 
infusion of the control vehicle solution (0.1 mg ascorbic 
acid/ml saline, pH 7.4) at a rate of 4.03/zl/minute. This was 
followed by a 60 minute infusion of the isoproterenol (0.25, 
1.0, 3.0, and 6.0/xg/min.kg "75 solubilized in the control vehi- 
cle solution), after which the infusate was switched back to 
the control solution to return the oxygen consumption to 
resting levels (such a return usually occurred within 1 hour 
after isoproterenol infusion ceased). Maximal rates of oxy- 
gen consumption were determined by averaging the peak 
oxygen uptake over a 20-30 minute plateau. A single concen- 
tration of isoproterenol was used each day, the concentra- 
tion order going from low to high, with 2 days of recovery 
between each infusion. 

After all rats had been infused with the 4 concentrations 
of isoproterenol (16-18 weeks of age), they were decapitated 
at 19 weeks of age. Since brown adipose tissue (BAT) is a 
major site of catecholamine-stimulated NST in rats [7, 21, 
24, 25, 26] cervical and interscapular BAT depots were ex- 
cised and weighed. 

Oxygen consumption data were analyzed using a two-way 
analysis of variance (ANOVA) test (Table 1). The 
Newman-Keuls multiple range test was used to analyze 
differences between means. BAT cellularity and protein de- 
termination [19] were both analyzed by Student 's t-test; 
p <0.05 was considered significant. 

RESULTS 

Body weights of the obese rats (500 gin) were significantly 

heavier than those of the lean rats (334 g), p<0.05. Resting 
rates of oxygen consumption of obese rats (n= 11) were sig- 
nificantly less than those of lean rats (n=9) when expressed 
as a function of body weight (obese: 703.6_+7.3 ml 
OJhr.kg "75, lean: 864.7_+ 13.5 ml O2/hr.kg "75, p<0.05), but not 
as absolute rates of oxygen uptake (obese: 387.0_+5.9 ml/hr 
lean: 372.9_+8.7 ml/hr, p>0.05). When oxygen uptake was 
expressed as a function of body weight, no difference in 
response to infused isoproterenol at the lowest dose, 0.25 
/xg/min.kg .rS, was noted between lean and obese rats (Table 
1). However, at the higher doses, lean rats showed a signifi- 
cantly greater maximal response than obese rats (/9<0.05). A 
similar effect was noted when the absolute amount of isopro- 
terenoi infused (/~g/min) was graphed relative to the change 
in oxygen consumption (expressed as ml O#hour) (Fig. 1). 

The cervical BAT from lean rats averaged 48.44_+3.01 
grams compared to 174.98_+0.6 grams in the obese (.0<0.05). 
By the same token, the interscapular depot from lean rats 
averaged 282.00_+ 17.10 grams and was significantly less than 
that found in obese rats, 1220.70_+ 109.60 (p<0.05). 

DISCUSSION 

The heat generating processes which constitute metabolic 
rate fall into several categories: e.g., basal metabolism, phys- 
ical activity, diet-induced thermogenesis, and thermoregula- 
tory thermogenesis. Previous work suggest that all four of 
these heat generating processes may be reduced in obese 
Zucker rats, thereby contributing to the more efficient con- 
version of dietary energy into carcass energy stores (i.e., 
energetic efficiency) in these rats [1, 15, 18, 27, 29, 34, 35]. 

Although the present study did not measure basal 
metabolic rates, resting levels of oxygen consumption were 
measured and, when expressed per unit of metabolic body 
size, were found to be lower in the obese rats than in the lean 
(703.6___7.3 vs 864.7_ + 13.5, p<0.05,  respectively). Similarly, 
results of the present study substantiate the presence of im- 
paired isoproterenol-stimulated NST (a measure of thermo- 
regulatory heat production) in the obese Zucker rat. 
Moreover, the fact the decreased thermogenic response of 
obese rats is more pronounced when oxygen consumption 
rates are corrected for metabolic mass (i.e, ml O2.hour.kg'7'~), 
suggests that the thermogenic capacity of the obese rats is 
not increased in proportion to their metabolic mass. 

Since brown adipose tissue is a major site of NST in rats 
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FIG. 1. Effect of infused isoproterenol on oxygen consumption (ml 
Oflhr) in lean and obese Zucker rats. Values are means+SEM. 
*p<0.05. 

[7, 21, 24-26], the masses  of  cervical  and interscapular  B A T  
from lean and obese rats were  compared .  The finding that 
the two brown fat depots  in obese  rats weighed significantly 
more than those  from lean rats indicates that one  cannot  

attribute the lowered thermogenic responses of  the obese rats 
to a defici t  in B A T  mass.  A cursory examinat ion o f  tissue 
samples f rom the two depots  using an osmium fixation tech- 
nique [12] and an analysis o f  cell size distribution using a 
Coul ter  counte r  revea led  that obese  rats had larger cell  sizes 
compared  with lean rats. Moreove r ,  in a more detailed study 
of  B A T  cellularity in similarly aged male rats that had not 
been  t reated with isoproterenol ,  cervical  and interscapular  
weights and cell sizes were  larger in obese  than in lean rats 
[32]. Thus the decreased  magnitude o f  the isoproterenol-  
induced response  in obese  rats found in this study may have 
been due to decreased  sensitivity of  brown adipocytes  to 
ca techolamines  rather than any decrease  in the amount  of  
BAT.  In support  of  this possibili ty is the report  that 
norepinephr ine- induced oxygen  consumpt ion  of  b rown 
adipocytes  isolated f rom lean Zucker  rats was 20 t imes 
greater  than that of  cells isolated from obese  l i t termates [10]. 
Biochemical  factors  which may influence the capaci ty  of  
BAT for thermogenes is  in the obese  rat include abnormal  
thyroid metabol ism [2, 3, 34, 35], subnormal  sympatho-  
adrenal  function [18] and/or  al tered brain ca techolamine  
levels  [5, 16, 17]. Howeve r ,  the b iochemical  lesion causing 
decreased  N S T  in obese  Zucker  rats may differ from that in 
obob mice.  Al though both obese  rats and obob mice have  
impaired ca techolamine- induced  N S T  [28], thyroid func- 
tion is subnormal  in the obese  rat [2, 3, 34, 35], but  is 
normal  in the obob mouse  [22]. Fur thermore ,  act ivi ty  of  
(Na+/K+)-ATPase,  considered essent ial  for normal N S T  
[13,14], is decreased  in l iver  and kidney of  obob mice [4,33] 
but normal  in the Zucker  obese  rat [4]; (Na+/K+)-ATPase 
act ivi ty  in the thermogenic  brown fat has not  been deter- 
mined in obob mice or  Zucker  obese  rats and may differ 
considerably from l iver  and kidney activity.  Al though due to 
different metabol ic  anomalies ,  subnormal  thermogenes is  ap- 
pears  to contr ibute  to enhance  energet ic  eff iciency in both 
the obob mouse  and the obese  Zucker  rat. 

In conclusion,  results from the present  study confirm the 
deficit  in ca techolamine- induced  N S T  in the obese  Zucker  
rat. Moreover ,  it is clear  that  this deficiency cannot  be ex- 
plained simply as a decrease  in the mass o f  thermogenic  
tissue. 
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