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I. INTRODUCTION

Mammals regulate their internal environment 
within narrow temperature limits, even in the face 
of environmental temperature extremes. When a small 
mammal, such as a rodent, is exposed to cold winter 
temperatures or simulation of these conditions in 
the laboratory, there are two mechanisms which can 
be employed to regulate the internal temperature: 1) 
a decrease in heat loss from the body surface to the 
environment, or 2) an increase in the internal heat 
production. Both of these mechanisms are operative 
in the chronically cold-exposed animal.

On the other hand, animals exposed to high am
bient temperatures (TA) also have several means of 
regulating the body temperature: 1) by increasing 
conduction, radiation and convection of heat from the 
body surface to the environment, or 2) by decreasing 
the internal heat production, thereby reducing the in 
ternal heat load which must be dissipated. Responses 
of small mammals to high environmental temperature en 
compass both of the above mechanisms.
Cold Acclimation

Chronically cold — exposed rodents exhibit an in —
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crease in pelage insulation (Heroux et al.,1959; Hues- 
tis, 1931) and a pronounced peripheral vasoconstriction 
(Heroux,1961; Jansky & Hart, 19 68) . These adjustments 
increase the outer insulation by decreasing the temper
ature gradient between the skin and environment, thus 
effectively decreasing heat loss from the body surface 
while maintaining the core normothermic.

Typically, both acute and chronically cold-exposed 
rodents show an increased metabolic rate (MR) over a 
wide range of ambient temperatures (Sellers et al. , 
1951; Mason, 1974). There are many mechanisms opera
ting in both acute and chronically cold—exposed rodents 
that serve to increase MR and consequently, internal 
heat production. Heat production through shivering 
predominates in the early stages of exposure to cold 
(Hart et al. , 1956 ; Heroux, 1961; Heroux et al., 1956 ; 
Sellers et al., 1954) and accounts for a large portion 
of the increased MR. During acclimation to prolonged 
cold, shivering heat production decreases and is re
placed by nonshivering thermogenesis (NST) , thus the 
internal heat production and MR remain elevated through 
biochemical mechanisms. NST can be defined as that 
portion of chemical thermogenes is which appears when 
an animal is placed in an environment below thermo—
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neutrality (Jansky, 1968).
Elucidation of the mechanisms which form the ba

sis of NST and partitioning of nonshivering heat pro
duction among the viscera are problems as yet not com
pletely solved. Skeletal muscle has been implicated 
as a major source of nonshivering heat production by 
several methods: cytochrome oxidase activity (Jansky, 
19 63) , arterio-venous differences in blood oxygenation 
(Jansky & Hart, 19 6 3) , functional evisceration 
(Depocas,1960), and noradrenalin sensitivity (Jansky & 
Hart, 1963). Skeletal muscle of mice and hamsters 
shows an increased myoglobin content upon cold expo
sure (Chaffee et al., 1965). But other organs must be 
involved since muscles or carcass cannot account for 
the entire increase in MR (Jansky, 1963). Internal 
organs with large oxidative capacities, such as liver 
and kidney, may account for a portion of NST. Jansky 
and Hart (1963) concluded from their experiments that 
the kidney played only a minor role in NST. The total 
cytochrome oxidase activity of kidney of cold-accli- 
mated rats was estimated to be not more than 5% of the 
whole body activity (Jansky, 1963). Evidence for the 
participation of liver in nonshivering heat production 
is much stronger. Jansky (1963) has estimated that
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liver accounts for 22.5% of the oxidative capacity of 
cold-acclimated rats. The liver of cold-acclimated 
animals has an increased oxygen consumption (You & 
Sellers, 1951; Zeisberger,1966) and blood flow (Jansky 
& Hart, 1968) .

Since Smith (1961) first pointed out the thermo
genic potential of brown adipose tissue, there has 
been increasing interest in this tissue as a source of 
nonshivering heat production. While brown fat pro
duces only a small amount of heat when compared to 
skeletal muscle and liver(Imai et al. , 19 6 8) , the vas
cularization of this tissue allows heat to flow inward 
to the thorax and spinal column (Smith & Roberts, 1964; 
Didow & Hayward, 1969), offering additional protection 
to the vital organs in these regions.

Many possible thermogenic mechanisms have been 
proposed, including uncoupling of oxidative phosphory
lation and increased oxidative enzymatic capacity.
Many investigators have found a decrease in the ADP/O 
ratio in chronically cold-exposed rodents (Hannon,
1959; Guillory & Racker,1968; Lianides & Beyer, 1960; 
Panagos et al., 1958). A decrease in the ADP/O ratio 
implies a loosening of the ADP control over the elec
tron transport chain, leading to an increased substrate



5

utilization and a concomitant increase in heat pro
duction. This theory now appears to be untenable 
since it has been shown that very clean mitochondrial 
preparations from cold-acclimated animals do not show 
reduced ADP/O ratios (Smith, 1960; McBurney & Radomski, 
1973) .

Increased activities of many enzymes in the gly
colytic pathway (Hannon, 1960a,b; Hannon & Vaughan, 
1960,1961; Morrison & Brock, 1971), along with in
creases in the levels of coenzyme A (Campbell et al. , 
1960a,b), have been found in cold-acclimated rats, 
suggesting that chronically cold-exposed animals have 
an increased capacity to catabolize glucose to at least 
the acetyl CoA level. Studies on oxidative metabolism 
have shown an increase in oxidative enzyme capacity 
(Lagerspetz et al., 1962; Hannon, 1960b; Hamilton &

U
Ferguson, 1972; Roberts & Smith, 1967) and an increase 
in the levels of components of the electron transport 
chain (Hannon, 1960c; Aithal et al., 1968; Klain, 1963; 
Beyer et al., 1962; Depocas, 1966). Thus chronic 
cold exposure leads to an increased capacity of the 
major metabolic oxidative pathways.
Heat Acclimation

Chronically heat-exposed rodents show a decreased
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pelage Insulation (Huestis,1931; Heroux et al., 1959) 
and only a very limited response to infused or injected 
noradrenalin (Depocas,1960; Heroux, 1961). Blood 
pressure measurements, taken after an injection of 
noradrenalin, show that 30®C acclimated rats do not 
show the peripheral vasoconstriction evident in cold- 
acclimated rats (Heroux,1961), while evidence of a 
greater blood flow to the muscles in heat-acclimated 
rats (Jansky & Hart, 1968) suggests a peripheral vaso
dilation. These adjustments improve the ability of the 
heat-acclimated animal to lose heat to the environment 
from the body surface.

Animals native to a warm environment or chronically 
exposed to a hot environment in the laboratory show 
lower metabolic rates than would be predicted on the 
basis of body weight alone(Mason, 1974; Roberts &
Chaffee, 1976 ; Cassuto, 1968) . It is therefore apparent 
that rodents acclimate to high by reducing metabolic 
heat production (Cassuto, 1968) , a process termed 
chemical thermo suppres ion (Cassuto & Chaffee, 1966).
This chemical thermosuppresion is accounted for, at 
least in part, by decreased enzyme activities in both 
the glycolytic and oxidative pathways. In hamsters 
exposed to 35°C for 3-4 weeks, there is a dramatic de
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crease in activity of glucose-6-phosphatase (G-6-Pase) 
in the liver and a concomitant accumulation of glyco
gen (Chayoth & Cassuto, 1971). The decrease in acti
vity of G-6-Pase seems to be a direct effect of heat 
acclimation on the synthesis of the enzyme (Chayoth & 
Cassuto, 1972). G-6Pase also undergoes a striking 
decrease in activity (47% reduction) in kidney of heat- 
acclimated hamsters (Inbar et al., 1975) and is the 
only glycolytic enzyme to show such a dramatic change 
in activity. Gluconeogenesis, the production of 
glucose from non-carbohydrate sources, also shows a 
decrease in kidney from heat-acclimated hamsters.
(Inbar et al., 19 7 5) .

Changes in oxidative metabolism are also evident 
in heat-acclimated rodents. Liver mitochondrial res
piration of heat-acclimated hamsters decreases at least 
3 5% when a-ketoglutarate (a-KG) , isocitrate, 8-hydroxy- 
butarate (BOH) , glutamate, or succinate are used as 
substrate (Cassuto et al., 1966; Cassuto, 1968). Liver 
mitochondrial P/0 ratios of these hamsters did not 
differ significantly from control values with either 
glutamate or succinate as substrate. In heat-accli
mated Peromys eus there were significant decreases in
kidney BOH oxidase activity and liver serine and
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threonine dehydrase activities (Roberts & Chaffee, 
1976). There were no significant changes in liver or 
kidney succinoxidase activity of these deer mice, but 
the liver mitochondrial P/0 ratios were significantly 
elevated from control values when BOH was used as a 
substrate. It is evident from the preceeding data 
that heat-acclimated rodents attempt to minimize the 
metabolic heat load which must be lost to the environ
ment .
The Gerbil

The Mongolian gerbil, Meriones unguiculatus , is 
a small rodent native to the desert and semiarid re
gions of Mongolia and northern China (Walker,1968). 
Other members of the genus Mer iones are found in south
west and central Asia(including Siberia), Afghanistan, 
northern Africa and the Middle East (Ellerman, 1937).
M. unguiculatus has fur which is less soft, and shorter 
than many other members of the genus. The Mongolian 
gerbil also has enlarged foreclaws which enable it to 
dig elaborate underground tunnels (Ellerman, 1937; 
Robison, 19 5 9) . This undoubtedly aids the gerbil in 
avoiding a part of the heat it would normally face in 
the desert environment.

The Mongolian gerbil possesses several d is t inc-
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tive characteristics which differentiate it from many 
of the rodents commonly used in temperature acclimation 
studies: 1) a high heat tolerance (Robinson, 1959; 
McManus & Mele, 1969); 2)a very low water requirement
(Arrington & Ammerman, 1969); 3)an erythrocyte half 
life considerably shorter than that reported for 
guinea pigs, rats and mice (Womack, 1972); and 4) 
lower total lactic and malic dehydrogenase activities 
than rats and mice (Karlsson & Larson, 1971).

In an early study concerned with the metabolism 
of the gerbil at various ambient temperatures, Robin
son (1959) reported that the lower critical tempera
ture was approximately 30°C and the zone of thermo
neutrality extends upward to 39°C . This zone of ther
moneutrality is relatively wide compared to the narrow 
thermoneutral zones of the rat, mouse and guinea pig 
(Herrington, 1940) . Robinson (1959) also reported 
that the gerbil readily tolerated a of 40 C for up 
to 5 hours. If the gerbil can tolerate such high 
temperatures for long periods of time, it may be able 
to make forays out of its protective burrow even 
during the hottest parts of the desert day.

More recently, McManus and Mele (1969) reported 
that the lethal body temperature of the Mongolian
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gerbil is between 43°C and 44°C . Contrary to Robin
son's (1959) report of an upper critical temperature 
of 39°C, McManus and Mele (1969) found that the gerbil 
could readily tolerate 35°C, but could only tolerate 
40°C for 1 hour. This leaves some doubt as to the 
exact upper limit of the thermoneutral zone.

Mele (1972), in a study of the gerbil's response 
to environmental temperature stress, reports that at a 
T^ of 0°C the gerbil could only maintain body temper
ature for a period of three days, while at of 10°C 
the gerbil showed no sign of distress. At ambient 
temperatures between 15°C and 20°C there is a sharp 
increase in the daily food intake, while at ambient 
temperatures between 20°C and 35°C daily food consump
tion is significantly lowered. Observations of a 
similar type have been reported for other species of 
rodents (Fregly, 1954; Barnett & Mount, 1967).
Objectives

It can be seen from the preceeding discussion 
that the Mongolian gerbil can tolerate wide fluctua
tions in ambient temperature. It is the purpose of 
this study to examine oxidative enzyme activities of 
both heat- and cold-acclimated gerbils. The objectives 
of this study are: 1) to calculate organ weight/body
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weight ratios for liver, kidneys, adrenals, heart, 
spleen, lungs, brain, brown fat and ovaries & uterus, 
and to determine whether these ratios change during 
heat or cold acclimation; 2) to determine the specific 
and total enzyme activities of brown adipose tissue 
homogenate using succinate and a-glycerophosphate as 
substrates; 3) to determine the specific and total 
enzymatic activities of liver mitochondria using succi
nate, ascorbic acid and a-KG as substrates, and to de
termine the ADP/O ratio with succinate as substrate;
4) to determine the specific and total enzymatic acti
vities o f kidney homogenate with succinate as substrate; 
and 5) to estimate the heat production of these vari
ous enzyme systems in both heat- and cold-acclimated 
gerb ils.
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II. METHODS and MATERIALS
Animals

Male and female gerbils weighing from 50 grams 
to 75 grams were obtained from a colony maintained at 
Creighton University or purchased from Tumblebrook 
Farms (West Brookfield, Mass.). Only male gerbils 
were used in the enzyme studies, while both males and 
females were used in the organ weight studies.

Animals were acclimated to 5 ± 1°C, 24 ± 1°C , 
or 34 ± 1°C for six to eight weeks. The animals were 
housed singly and given Purina Lab Chow and water ad 
1ibiturn. All animals used were kept on a 12 hour 
1ight/dark cycle.
Tissue Preparation

Animals were sacrificed by decapitation and liver, 
kidneys and inter scapular brown fat were removed and 
quickly placed in ice cold 0.25M sucrose. Kidney 
homogenates were made in 9 volumes (w/v) and brown 
fat homogenates were made in 6 volumes (w/v) of 0.25M 
sucrose, in a Teflon-glass homogenizer. Brown fat 
homogenates were strained through a single layer of 
cheesecloth before use to remove any unhomogenized 
connective tissue. Liver mitochondria were prepared 
in cold 0.25M sucrose according to the method of
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Schneider (1948).
Tissues used for organ weights were placed in 

covered petri dishes lined with filter paper, and the 
filter paper moistened with 0.9% NaCl to prevent 
excessive drying before weighing.
Enzyme Ac t ivity

Enzyme activity was measured polarographically 
at 37°C using a Clark oxygen electrode (Yellow Springs 
Instrument Company, Yellow Springs, Ohio). Specific 
activity is expressed as yl02/mg Protein/hour. Total 
activity is expressed as mlO2/organ/hour. Protein 
was determined by the method of Lowry et al. (1951),
using bovine serum albumin as a standard. Tests of 
significance were performed with the Student-t test.

Succinoxidase activity of kidney homogenate, 
brown fat homogenate and liver mitochondria was assay
ed in a reaction mixture containing: 0.25M sucrose, 
lOmM potassium phosphate, 5mM MgC12, 2OmM KC1, and
2OmM triethanolamine buffer at a pH of 7.2. To 3.0 ml 
of this reaction mixture were added, in the following 
order: 0.1 ml homogenate or mitochondria, 100 ymoles 
succinate, 0.9 ymoles adenosine diphosphate (ADP).
When used, 2,4-dinitrophenol was added at a final 
concentration of 3 x 10~^M.



a-Glycerophosphate oxidase activity was assayed 
in the same reaction mixture as succinoxidase, except 
that 250 ymoles of a-glycerophosphate was substituted 
for succinate.

a-Ketoglutarate oxidation was assayed by the 
method of Hilton and Dallam (19 6 9) . The reaction mix
ture contained: 0.04M KC1, 0.02M potassium phosphate, 
0.05M sucrose, 0.02M MgC12, and 0.04M potassium malo- 
nate. 0.1 ml liver mitochondria, 10 ymoles of a-keto- 
glutarate, and 0.45 ymoles of ADP were added in this 
sequence to 3.0 ml of the above reaction mixture.

Ascorbic acid oxidase activity was assayed by the 
method of Packer and Jacobs (1962). The reaction mix
ture contained: 0.05M sucrose, 0.02M KC1, 0.02M 
potassium phosphate. 0.1 ml liver mitochondria,
10 ymoles of ascorbic acid, 0.9 ymoles of ADP and 
20 ymoles of teframethyl-p-phenylene-dfamine (TMPD) 
were added in sequence to 2.9 ml of the reaction mix
ture.

ADP/0 ratios were determined according to the 
method of Estabrook (1967). Acceptor effects were 
calculated as the ratio of oxygen utilization in the 
presence of substrate and ADP / oxygen utilization in 
the presence of substrate alone.



Chemicals
L-Ascorb ic acid, 2,4-dinitrophenol, a-ketoglutar- 

ate, D,L-a-glycerophosphate (disodium salt), adenosine- 
5-diphosphate (sodium salt), and succinic acid (diso
dium salt) were obtained from Sigma Chemical Company, 
St. Louis, Missouri. Sucrose was purchased from J.T. 
Baker Chemical Company, Phillipsburg, N.J. N ,N1, N ', N ' - 
tetramethyl-p-phenylene-diamine dihydrochloride was 
obtained from Eastman Kodak Company, Rochester,N.Y .
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III. RESULTS
Organ Weights

Body weights before and after acclimation along 
with absolute organ weights are given in Table 1.
Organ weights expressed as a per cent of body weight 
are given in Table 2. The body weights of heat- and 
cold-acclimated gerbils were not significantly differ
ent from control values either before or after accli- 
ma t ion.

Only three absolute organ weights were signifi
cantly different from control values: heart and kidney 
weights in heat-acclimated animals and kidney weight 
in coId-acclimated animals. With organ weights ex
pressed as a per cent of body weight, however, relative 
liver, heart, kidney and adrenal weights were signifi
cantly increased in cold-acclimated animals compared 
to control values, while in heat-acclimated animals 
relative liver, heart and kidney weights decreased. 
There were no sexual differences in either absolute or 
relative weights.
Enzyme Activity

Specific activities of the enzymes studied are 
given in Table 3 and Fig. 1. Total activities are gi
ven in Table 4 and Fig. 2. Heat production of the



TABLE I
BODY WEIGHTS BEFORE AND AFTER ACCLIMATION

COLD CONTROL HEAT
BEFORE 56.33 ± 3.44 (6) 59.44 ± 2.52 (10) 57.11 ± 2.76 (14)
AFTER 57.78 ± 2.71 (6) 58.77 ± 2.37 (10) 59.22 ± 2.77 (14)

ABSOLUTE ORGAN WEIGHTS
Liver 2.458 + 0.219 (6) 2.108 + 0.119 (10) 1.892 + 0.160 (14)
Heart 0.312 + 0.021 (6) 0.250 + 0.016 (10) 0.187 + 0.011 (14)
Kidneys 0.668 + 0.036 (6)* 0.520 + 0.025 (10) 0.432 + 0.023 (14)
Adrenals 0.041 + 0.003 (6) 0.033 + 0.002 (10) 0.031 + 0.002 (14)
Spleen 0.034 + 0.002 (6) 0.038 + 0.003 (10) 0.038 + 0.001 (14)
Lungs 0.288 ± 0.017 (6) 0.269 + 0.010 (10) 0.298 + 0.021 (14)
Brain 0.856 + 0.027 (6) 0.901 + 0.013 (10) 0.864 + 0.019 (14)
Brown Fat 0.201 + 0.012 (6) 0.175 + 0.018 (10) 0.149 + 0.015 (14)
Ovaries 0.065 + 0.010 (6) 0.094 + 0.011 (9) 0.133 + 0.047 (8)

Weights expressed in grams mean ± S .E.M. (N) = number of animals used.
* Values = significantly different from control, P < 0.02.



Figure 1 Organ weight as a % of body weight. Plotted 
values are mean + S.E. * indicates signi
ficantly different from control values.
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TABLE II
ORGAN WEIGHTS AS A % OF BODY WEIGHT

COLD CONTROL HEAT
Liver 4.240 + 0.260 (6)* 3.580 + 0.117 (10) 3.150 ± 0.144 (14)*
Heart 0.537 + 0.022 (6)* 0.425 + 0.023 (10) 0.316 ± 0.013 (14)*
Kidneys 1.153 + 0.018 (6)* 0.883 + 0.017 (10) 0.727 + 0.019 (14)*
Adrenals 0.072 + 0.004 (6)* 0.056 + 0.001 (10) 0.053 + 0.003 (14)
Spleen 0.055 + 0.001 (6) 0.064 + 0.004 (10) 0.066 ± 0.001 (14)
Lungs 0.500 + 0.031 (6) 0.461 + 0.019 (10) 0.515 + 0.047 (14)
Brain 1.493 ± 0.069 (6) 1.549 + 0.047 (10) 1.491 + 0.643 (14)
Brown Fat 0.327 + 0.044 (6) 0.294 + 0.023 (10) 0.253 + 0.024 (14)
Testes 1.708 + 0.072 ( 6)
Epid. Fat 2.517 + 0.257 ( 6)
Ovaries & 0.112 + 0.012 (6) 0.159 + 0.018 (9) 0.262 + 0.099 ( 8)
Uterus

Weights expressed as per cent mean ± S.E.M. (N) = number of animals used. 
* = significantly different from controls, P < 0.02.
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enzymes studied is listed in Table 5 and Fig. 3. Heat 
production was determined by multiplying the total 
activity (ml C^/organ/hour) by the caloric equivalent 
of oxygen, which was taken to be 5.047 cal/ml O2•

The specific activity of brown fat a-glycerophos- 
phate oxidase in cold-acclimated gerbils was increased 
by 81% (P<0.001) , while no significant change from
control values could be found in heat-acclimated gerbils. 
Secific activity of succinoxidase in brown fat homo
genates showed no change in response to heat or cold 
acclimation. Total brown fat a-glycerophosphate oxi
dase activity increased by more than twofold in cold 
acclimation and was reduced by more than 50% in heat- 
acclimated animals. Total brown fat succinoxidase 
activity decreased 63% (P< 0.0 2) in heat-acclimated ani
mals, while there was no significant difference be
tween control and cold-acclimated animals.

Specific activity of liver mitochondrial succin
oxidase was significantly increased (P<0.001) on cold- 
acclimated animals and decreased almost 50% in heat- 
acclimated animals. ADP/0 ratios of liver mitochondria 
utilizing succinate as substrate decreased from 
a control value of 2.10 ± 0.08 to 1.89 ± 0.05 in cold- 
acclimated animals and increased to 2.65 ± 0.12 in

I



Figure 2 Enzyme activity as a % of control. Plotted 
values are mean + S.E. * indicates signi
ficantly different from control values.
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TABLE III
SPECIFIC ACTIVITY .

TISSUE SUBSTRATE COLD P CONTROL P HEAT

Brown Fat ci-GP * 374.30 ± 4 3 . 2 1 (12) P < 0 . 0 0 1 207.03 ± 36.11 (13) n.s. 167.94 + 30.55 (13)
Homog. Succinate 130.13 ± 17.82 (14) n.s. 140.33 ± 19.22 (14) n.s. 123.56 + 21.82 (13)
Liver Mw Succinate 146.85 ± 8.94 (14) P < 0 . 0 0 1 104.15 ± 15.31 (14) P < 0 . 0 0 1 55.85 ± 6.51 (14)

Ascorbic Acid 208.54 ± 18.02 (13) P < 0 . 0 2 142.41 ± 15.59 (14) n.s. 117.43 ± 11.06 (11)
a-Ketoglutarate 44.56 ± 3.34 (14) n.s. 37.13 ± 3.29 (12) n.s. 31.27 ± 2.85 (12)
ADP/O + 1.89 ± 0.05 (13) P < 0.05 2.10 ± 0.08 (10) P < 0 . 0 1 2.65 ± 0.12 ( 9)

Kidney Succinate 104.07 ± 6.80 (14) n.s. 92.29 ± 6.66 (14) P < 0 . 0 0 1 56.65 ± 5.15 (13)
Homog.

Values given as yl 0 2 /mg.P/hr., mean ± S.E.M. (N) = number of animals used. 

* ot-GP = «-Glycerophosphate. + = succinate as substrate.



Figure 3 QO2 of tissues from control, cold- and heat- 
acclimated gerbils; ADP/O ratios of liver 
mitochondria, succinate as substrate.
Plotted values are mean + S.E. * indicates 
significantly different from control val-
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TABLE IV
TOTAL ACTIVITY

TISSUE SUBSTRATE_____  COLD_______________ P____________CONTROL___________ P______________ HEAT

Brown Fat ct-GP * 8.349 ± 1.10 (12) P < 0 . 0 1 3.035 ± 0.63 (13) P < 0.02 1.157 + 0.25 (13)
Homog. Succinate 2.927 ± 0.46 (14) n . s , 2.093 ± 0.42 (14) P < 0.02 0.776 ± 0.15 (13)

Liver Mw Succinate 7.858 + 0.69 (14) P < 0 . 0 1 4.647 ± 0.61 (14) P < 0.001 1.666 ± 0.17 (14)
Ascorbic acid 11.122 + 1.04 (13) P < 0 . 0 1 6.698 ± 0.87 (14) P < 0.02 3.862 ± 0.4 3 (ID
a-Ketoglutarate 2.321 ± 0.16 (14) n. s . ] .680 ± 0.25 (12) P < 0.05 1.038 f 0.13 (12)

Kidney Homog. Succinate 9.393 ± 0.54 (14) P < 0 . 0 0 1 6.525 ± 0.28 (14) P < 0.001 3.103 ± 0.33 (13)

Values given as ml 02/organ/hr., mean ± S.E.M. (N) = number of animals used.

= «--glycerophosphate.



Figure 4 Total enzyme activity. Plotted values 
mean + S.E. * indicates significantly 
different from control values.
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TABLE V
ESTIMATED HEAT PRODUCTION

TISSUE SUBSTRATE COLD P CONTROL P IIEAT
Brown fat ct-Glycerophosphate 42.14 (12) P < 0.01 15.32 (13) P < 0.02 5.83 (13)
Homog. Succinate 12.25 (14) n. s, 10.56 (14) P < 0.02 3.92 (13)

Liver Mw Succinate 39.66 (14) P < 0.01 23.45 (14) P < 0.001 8.41 (14)
Ascorbic Acid 56.13 (13) P < 0.01 33.80 (14) P < 0.02 19.49 (11)
a-Ketoglutarate 11.71 (14) n . s. 8.49 (12) P < 0.05 5.24 (12)

Kidney Homog. Succinate 47.41 (14) P < 0.001 32.92 (14) P < 0.001 15.66 (13)

Values given as cal,/organ/hr. (N) = number of animals used.
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heat-acclimated animals. The acceptor effect of liver 
mitochondria utilizing succinate was also determined. 
Acceptor effects, or respiratory control ratios, of 
cold—, control and heat—acclimated gerbils were, re
spectively, 3.20, 2.95, and 2.23. Ascorbic acid oxi
dase spcific activity increased almost 50% in liver 
mitochondria from cold-acclimated animals, but showed 
no significant change in heat acclimation. Specific 
activity of a-ketoglutarate oxidase was not changed by 
acclimation to either high or low temperatures. Cold 
acclimation led to significant increases in total acti
vity of both hepatic succinoxidase and ascorbic acid 
oxidase. Conversely, suecinoxidase, ascorbic acid 
oxidase and a-ketoglutarate oxidase from heat-acclima
ted animals were decreased to 68%, 49%, and 48%, re
spectively, of control values.

Specific activity of kidney homogenate succinoxi— 
dase was not statistically changed in cold-acclimated 
animals, but was significantly decreased (P<0.001) in 
heat—acclimated animals. Total activity of succinoxi— 
dase in kidney homogenate was increased in cold-accli
mated animals (P< 0.001) and decreased in heat-acclima- 
ted animals (P<0.001) when compared with controls.
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IV. DISCUSSION
Organ Weight/Body Weight Ratios

Absolute organ weights reported in this study 
(Table 1) are in good agreement with values given in 
an earlier study on control gerbils (Wilbur, 1965).
Similarly, Cullen et al. (1971) and Roscoe and Fahren- 
bach (1962) reported adrenal weight/body weight ratios 
of 0.047% and 0.62% respectively, compared to the 
value of 0.056% reported here. No such values are 
available for temperature-acclimated gerbils.

While absolute liver weight did not change from 
control values in either heat- or cold-acclimated 
gerbils, relative liver weight showed a significant 
increase in cold-acclimated animals and a significant 
decrease in heat-acclimated animals. This same rela
tionship holds for the significant changes in relative 
heart and kidney weights. In cold-acclimated rats, 
liver has been found to increase in both absolute 
weight (Roberts & Smith, 1967) and relative weight 
(organ weight/body weight) (You & Sellers, 1951;
Vaughan et al., 1961). Correlated with this is a 39% 
increase in blood flow to the liver of cold-acclimated 
rats (Jansky & Hart, 1968). Contrary to these obser
vations, liver weight in the muskrat (Ondatra zibethica)
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undergoes a decrease in weight during the winter 
season (Aleksuik & Frohlinger, 1971). While this de
crease in weight can be accounted for physiologically, 
it points up the discrepancies in results between 
naturally acclimated animals and those that are arti
ficially acclimated. In heat-acclimated hamsters 
(Cassuto & Chaffee, 1966) and deer mice (Roberts & 
Chaffee, 1976) liver undergoes a decrease in both ab
solute and relative weight.

Relative heart and kidney weight changes in heat- 
and coId-acclimated gerbils (Table 2) may be related 
to blood pressure changes. A peripheral vasodilation 
in heat-acclimated animals (Jansky & Hart, 1968) re
duces the resistance against which the heart must 
work. When faced with a decreased work load the heart 
might atrophy to a certain extent, leading to a lower
ed heat production from this organ. If the peripheral 
vasodilation in heat—acclimated animals is associated 
with a decrease in pressure in the vessels, it should 
reduce the work load of the kidney also, since kidney 
function to a great extent is dependent upon the 
pressure. With a peripheral vasoconstriction in cold- 
acclimated animals (Heroux, 1961) the relationship 
would be reversed. Similar changes have been reported



in the relative heart weight of cold-acclimated rats 
(Heroine & Gridgeman, 1958) and heat-acclimated Pero- 
myscus (Roberts & Chaffee, 1976) and laboratory rats 
(Ray et al. , 1968). The changes in relative kidney 
weight reported here for the gerbil have been reported 
for cold-acclimated mice (Barnett & Widdowson, 1965) , 
rats (Heroux & Gridgeman, 1958; Holeckova et al.,
1974), and voles (Chaffee et al., 1967) and heat-accli- 
mated Peromyscus (Roberts & Chaffee, 1976), hamsters 
(Arine et al., 1973) and rats (Ray et al. , 1968)

Cold acclimation has been reported to lead to 
hypertrophy of the adrenals in rats (Heroux & Gridge
man, 1958). This is undoubtedly related to the in
creased secretion of corticosteroids from the adrenal 
cortex (Heroux, 19 60) and epinepherine from the adre
nal medulla (Gale, 1973). The adrenals of the gerbil 
also hypertrophy in response to cold acclimation. On 
the other hand, the adrenals of the heat-acclimated 
gerbil show no difference in relative weight from con
trol animals (Table 2). It appears from previous work 
that both glucocorticoid (Collins & Weiner, 1968) and 
corticosterone (Kotby & Johnson, 1967) levels decrease 
in response to heat acclimation. Collins and Weiner 
(1968) report that aldosterone levels increase immedi



ately after heat exposure, but are reduced to nomal 
values in a short period of time. Adrenal cortical 
hyperfunction apparently does not characterize heat 
acclimation, and therefore adrenal hypertrophy should 
not be expected.

Absolute and relative weights of spleen, lungs, 
brain and ovaries plus uterus showed no change in re
sponse to heat or cold acclimation. This lack of 
change is not surprising and has been reported previ
ously in the rat (Heroux & Gridgeman, 1958 ; Ray et al. , 
19 6 8) . Somewhat more surprising is the fact that abso
lute and relative weights of brown fat (interscapular) 
in the gerbil did not change with acclimation to high 
or low temperatures. Hypertrophy of the brown fat 
pads in response to cold acclimation has been reported 
consistently in rodents (Roberts et al., 1966; Didow 
& Hayward, 1969; Chaffee & Smith, 1963). Conversely, 
heat-acclimated rodents generally show atrophied brown 
fat pads (Roberts & Chaffee, 1976). Heldmaier (1974) 
found that both heat and cold acclimation led to hyper
trophy of the cervico-thoracic brown fat in hairless 
and albino mice. Heat-acclimation induced the forma
tion of unilocular cell types in this region, unilocu
lar cells being characteristic of white fat. A care-



fui histological examination of the interscapular 
brown fat pads of the gerbil may have revealed white 
fat infiltration that was not apparent on gross exami
nation.
Respiration of Brown Fat Homogenates

Brown fat is undoubtedly of thermogenic signifi
cane to cold-acclimated rodents(Roberts & Chaffee, 
1971; Smith & Hoijer, 19 62) . Even though the estima
ted contribution of brown fat to NST is small (Imai 
et al. , 1968 ; Jansky & Hart, 1968) , the unique vascu
lar izat ion of this tissue permits a flow of warmed 
blood to bathe the heart, spinal column and other 
vital internal organs (Smith & Roberts, 1964 ; Rauch & 
Hayward,1969).

Spcific and total activity of a—glycerophosphate 
oxidase showed sharp increases in cold-acclimated 
gerbils. Similar results with hamsters (Chaffee et 
al., 1964) reveal a-glycerophosphate as a good sub
strate for brown fat. a—glycerophosphate dehydrogen
ase of brown fat from the rat has been shown to in
crease in specific activity in response to cold accli
mation (Barnard et al., 1970 ; Hahn & Skala, 1972).
Histochemical studies show an intense a-glycerophos- 
phate dehydrogenase reaction in brown fat cells
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(Ohkawa et al. , 19 6 9) . Thyroid hormone has been 
shown to enhance the oxidation of a—glycerophosphate 
by liver mitochondria (Lee et al., 1959) and to in
crease the activity of a-glycerophosphate dehydrogen
ase in mitochondria from liver, kidney, heart, diaphragm, 
skeletal muscle and adipose tissue (Lee & Lardy, 1965; 
Notsu et al. , 1972) . Whether thyroid hormones are in
volved in the enhanced oxidation of a—glycerophosphate 
by homogenates of brown fat from cold—acclimated ger- 
bils is unknown.

Heat-acclimated gerbils show decreased total 
activity of a-glycerophosphate oxidase (Table 3), 
suggesting a decreased thermogenic potential in this 
tissue. Donhoffer and Szelenyi (1967) concluded that 
brown adipose tissue is thermogenically active even 
in heat-acclimated rats. Estimated heat production of 
a-glycerophosphate oxidation by brown fat from heat- 
acclimated gerbils is reduced by nearly two—thirds 
(Table 5), indicating that the thermogenic activity of 
this tissue is markedly curtailed.

While a-glycerophosphate oxidation showed changes 
in activity in response to both heat- and cold-accli- 
mation, succinoxidase shows no changes in specific 
activity and a change in total activity only in re-
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sponse to heat acclimation. In enzymehistochemical 
studies of brown fat from cold-adapted guinea pigs, 
succinic dehydrogenase showed distinctly visible re
actions (Hirvonen et a1 ., 19 7 3) , indicating an intensi
fication of the dehydrogenation reaction in cold-adap
ted animals. In this respect, succinic dehydrogenase 
has been shown to increase in activity in brown fat 
of cold-acclimated rats (Barnard et al., 1970).
Chaffee et al. (1964) found no increase in specific 
activity of brown fat succinoxidase from cold-acclima
ted hamsters; these results are similar to those repor
ted here for cold-acclimated gerbils. On the other 
hand, Chaffee et al. (1964) found an increase in total 
activity in response to cold acclimation. This was
not seen in the cold-acclimated gerbil. As with

- glycerophosphate oxidation, the oxidation of succi
nate decrease significantly in response to heat accli
mation, as does the heat production of the enzyme 
system.
Respiration of L iver Mitochondria

Specific and total activity of liver mitochondrial 
succinoxidase increased significantly in response to 
cold acclimation. Similar results have been reported 
for other acclimated rodent liver mitochondria (Liu

I 1
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et al. , 1969 ; Althal & Ramasarma, 1971; Roberts et 
al., 1966). Liver homogenates from cold-exposed mice 
show a 72% Increase in succinic dehydrogenase activity 
above control values (Lagerspetz et al., 1962). 
Succinoxidase activity of liver homogenates (Hannon, 
1958) and slices (You & Sellers, 1951) from cold- 
acclimated rats also has been shown to increase. On 
the other hand, there were significant decreases in 
both specific and total activity of liver mitochondrial 
succinoxidase from heat-acclimated gerbils (Tables 3, 
4). Similar results have been reported for Peromyscus 
(Roberts & Chaffee, 1976) and the golden hamster 
(Cassuto, 1968; Cassuto & Chaffee, 1966), indicating 
similar responses of succinoxidase in both a hiberna- 
tor and non-hibernators that are heat-acclimated.

Ascorbic acid oxidase showed significant changes 
from control values in cold-acclimated (specific and 
total activity) and heat-acclimated (total activity) 
gerbils. Since ascorbic acid enters the electron 
transport chain at site 3, ascorbic acid oxidase is 
also a measure of cytochrome oxidase activity. The 
total cytochrome oxidase activity of rat liver rises 
from 14.25% of the whole body value in heat-acclimated 
animals to 22.5% in cold-acclimated animals (Jansky,
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1963) . The increased total and specific activity of 
ascorbic acid oxidase in cold—acclimated animals is 
undoubtedly related to the increased levels of ascorbic 
acid in various organs of the chronically cold—exposed 
animal (Booker et al., 1955).

The oxidation of a-ketoglutarate does not follow 
the same pattern of changes shown by another tricar
boxylic acid cycle intermediate, succinate. a-keto
glutarate oxidation shows no changes in specific acti
vity and a change in total activity only in response 
to heat—acclimation. Why such closely related Krebs 
cycle intermediates show drastically different changes 
is unknown.

ADP/0 ratios of cold—acclimated gerbils were re
duced significantly below control levels (Table 3).
A decrease in the ADP/0 ratio implies a less efficient 
phosphorylation mechanism, with more energy released 
as heat and less conserved in the terminal high energy 
bonds of ATP. A greater substrate oxidation (see 
above), leading to an increased flow of electrons 
down the electron transport chain, would allow a 
greater proportion of the metabolic energy to be re
leased directely as heat rather than conserved as 
chemical energy. Many investigators have reported
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decreased ADP/O ratios similar to those seen in this 
study (Hannon, 1959; Guillory & Racker, 1968 ; Lianides 
& Beyer, 1960 ; Panagos et al., 1958). There have also 
been studies indicating no change in ADP/0 values in 
cold-acclimated rodents (Patkin & Masoro, 1960; Roberts 
et al., 1966; Aldridge & Stoner, 1963 ; Frehn, 1966). 
These discrepancies seem to be related to the purity 
of the mitochondrial pellet since Smith (1960) and 
McBurney & Radomski (1973) have found that pellet 
contaminants drastically effect the ADP/0 ratios.

Liver mitochondrial ADP/0 ratios in heat-acc1i- 
mated gerb ils showed a significant increase over con
trol values. This indicates a tighter control by ADP 
over the electron transport chain and an extremely 
efficient phosphorylâtive mechanism. This shifts the 
balance of energy release toward conservation of the 
energy into the high energy bonds of ATP rather than 
direct release of heat. Other investigators have 
reported highly efficient oxidative phosphorylation 
(Gurban & Cristea, 1965; Ramirez & Mujica, 1964; Beyer 
& Kennison, 1959). Findings on heat-acclimated ham
ster s (Cassuto , 1968; Cassuto & Chaffee, 1966; Cassuto 
et al., 1970) indicate no change in the liver mito
chondrial ADP/0 ratio. Whether contaminants in the
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mitochondrial pellets lead to this dicrepancy is not 
known. There is also the possibility that further 
oxidation of breakdown products of succinate (such as 
malate) may be occurring, adding to the phosphoryla
tions observed.
Respiration of Kidney Homogenates

Kidney homogenate succinoxidase showed changes 
in total activity in both heat — and cold —acclimated 
gerbils, while specific activity showed a significant 
change only in response to heat acclimation.

While kidney has not been considered an important 
site of nonshivering heat production (Jansky & Hart, 
1963), the estimated heat production of kidney homo
genate succinoxidase increases significantly in response 
to cold acclimation (Table 5). This fact, coupled 
with the significant increase in total succinoxidase 
activity in kidney homogenate, leads one to the con
clusion that the kidney may play more of a role in NST 
than has been believed previously.

Evidence of chemical thermosuppression can be 
seen in the significant depression of specific and 
total succinoxidase activity of kidney homogenate from 
heat-acclimated gerbils. Inbar et al. (1975) reported 
a 47% reduction in G-6-Pase activity and a 40% de-



crease in gluconeogenesis in kidney homogenate from 
heat-acclimated hamsters. Arine et al. (1973) report 
a 56% decrease in a-glycerophosphate dehydrogenase 
specific activity in heat-acclimated hamster kidney 
homogenate.
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V. SUMMARY and CONCLUSIONS 
The preceeding results and discussion indicate 

that the gerbil is well prepared to face any but the 
most severe temperature stress. This conclusion is 
supported by the fact that the genus Meriones may be 
found from Siberia to the deserts of northern Africa.

The_gerbil is typical of most rodents in that 
nonshivering thermogenesis apparently plays a major 
role in the animals response to cold stress. This is 
evidenced by the marked increase in specific and total 
activities of several of the enzymes studied. The es
timated heat production of these enzyme systems also is 
increased by chronic exposure to cold. From the extent 
of the increase in heat production, it would appear 
that the gerbil depends to a great extent upon this 
nonshivering heat production.

Chemical thermosuppression, which has been demon
strated in many rodents, is also seen in heat-acclima
ted gerbils. Decreased specific and total activities 
of cetain enzymes, along with decreased heat produc
tion of these enzyme systems, contributes to the abil
ity of the gerbil to withstand high environmental 
temperature stress.



This study also confirms the findings of McManus 
abd Mele (1972) that the thermoneutral zone of the 
Mongolian gerbil does not extend beyond 35°C. Earlier, 
Robinson (1959) reported that the thermoneutral zone 
extened upwards to 39 °C , but the finding in this study 
that biochemical mechanisms are operative in the 33°C 
to 35 C temperature range argues against this conclu
sion.
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