
11

Thesis Approved



OXIDATIVE ENZYME ACTIVITY IN THE KIDNEY 
OP RATS AND HIBERNATING AND NON-HIBERNATING HAMSTERS

BY

KATHRYN A. SLOMINSKI

A THESIS

Submitted to the Faculty of the Graduate School of the 
Creighton University in Partial Fulfillment of 

the Requirements for the Degree of Master 
of Science in the Department of Biology.

Omaha, 197^



ACKNOWLEDGEMENTS

I wish to especially thank my major advisor,
Dr. Jane Roberts for her excellent direction in 
the preparation of this thesis. My thanks to 
other members of my committee, Dr. R. Belknap 
and Dr. H. Nickla for their helpful criticisms 
of this study, and to the Department of Biology 
for the use of their laboratory facilities, I 
am also grateful to Dr. C. Curtin for his editorial 
criticisms of this manuscript. Special thanks 
go to my parents for their encouragement, to my 
fellow graduate students for their help and support, 
and to Mr. Richard Green for his help in typing 
the final manuscript.



TABLE OF CONTENTS

I. INTRODUCTION 1
Effects of temperature on tissue and 
mitochondrial respiration. 2
Effects of hibernation on oxidative
enzyme activity. 5

II. MATERIALS and METHODS 14
Animals 14
Tissue preparation. 15
Enzyme assays. 15

III. RESULTS
Effects of cold acclimation and 
hibernation on oxidative phosphory
lation of hamster kidney mitochondria 
compared with the control rat. 18
Effects of temperature on succin- 
oxidase activity of kidney mito
chondria from control, cold-accli
mated, and hibernating hamsters and 
control rats. 26

IV. DISCUSSION 33
Effects of cold acclimation and 
hibernation on oxidative phosphory
lation of hamster kidney mitochondria. 33
In vitro effects of temperature on 
mitochondrial respiration. 39

V. SUMMARY and CONCLUSIONS 44
VI. LITERATURE CITED 46

page



LIST OF TABLES

Table 1

Table 2

Table 3

Table 4

Effect of temperature on succin- 
oxidase activity of kidney mito
chondria from control, cold-accli
mated, and hibernating hamsters and 
control rats.
ADP/O ratios of kidney mitochondria 
from control, cold-acclimated, and 
hibernating hamsters, and control 
rats. Substrate = succinate.
Arrhenius constants for succinate 
oxidation by kidney mitochondria 
from control, cold-acclimated, and 
hibernating hamsters, and control rats.
QlO values for succinate oxidation 
by kidney mitochondria from control, 
cold-acclimated, and hibernating 
hamsters, and control rats.

page

19

23

30

31



LIST OF FIGURES

Figure 1

Figure 2

Figure 3

Succinoxidase activity of kidney 
mitochondria from control, cold- 
acclimated, and hibernating ham
sters , and control rats assayed 
at different temperatures.
ADP/O ratios of kidney mitochon
dria from control, cold-acclimated, 
and hibernating hamsters, and 
control rats.
Arrhenius plots of succinoxidase 
activity of kidney mitochondria 
from control, cold-accliraated, 
and hibernating hamsters, and 
control rats.

page

21

25

28



I. INTRODUCTION

Mammalian hibernation is characterized by dis
tinctive changes in body temperature and metabolism 
during the course of entry into and arousal from 
hibernation. Tissues of hibernating animals retain 
their functional integrity at temperatures well 
below those at which the same tissues of non
hibernating species cease to function. For example, 
the heart of the hibernator beats at temperatures near 
0°C, while „those of non-hibernating species usually 
cease at about 10°C (Dawe and Landau, I960; Lyman 
and Blinks, 1959). Nerves of hibernators conduct 
at much lower temperatures than do nerves of non- 
hibernators (Chatfield et al., 1948). Potassium 
uptake by kidney cortex slices is greater in hiber
nating rodents than in non-hibernating species such 
as rats and guinea pigs (Willis, 1964). Moreover, 
true hibernators possess the ability to spontaneously 
arouse from the deeply hibernating state without the 
aid of an external heat source. Thus successful 
hibernation is characterized by a) the transformation 
of energy of food stuffs into a usable form (e.g.
ATP), b) the coupling of this energy to reactions 
which are required for maintenance of tissue functional



integrity and c) the rapid production of heat from 
stored energy sources during spontaneous arousal 
(South, i960). Numerous biochemical studies have 
been made in an attempt to determine the mechanism(s) 
v/hereby one species of mammal can hibernate, while 
closely related species can not. Levels of oxidative 
enzymes, oxidative phosphorylation efficiency, and 
in vitro responses of various tissues or enzymes to 
temperature are among the possible potential mechanisms 
which have been investigated.
Effects of Temperature on Tissue and Mitochondrial
T™> a  M  m  a  M  —- «Xa * « . » aA c  O L l O n  ♦

In general, studies on the effects of temperature 
on respiration of tissue slices have not proved effective 
in elucidating the mechanism(s) of hibernation.
Kayser (i960) concluded that "there appeared to be 
no systematic difference as to the effect of temp
erature on tissue respiration between homeotherms and 
hibernators". Roberts and Smith (1967) have concluded 
that the in vitro response of liver slice to temp
erature is not affected by cold acclimation or hiber
nation. However, some differences in the in vitro 
responses to temperature of tissues from hiberna
ting and non-hibernating species have been reported.
For example, Kayser (i960) found higher activation
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energies (E&) for respiration in kidney slices of 
winter active hamsters, rats, mice and guinea pigs 
than in hibernating hamsters and ground squirrels.

Fuhrman and Field (19^5) have pointed out a 
number of drawbacks of using tissue slice for such 
studies. Problems encountered include variations 
in slice thickness, damage to the slice surface, 
substrate penetration, and oxygen diffusion which 
may cause experimental results to vary when tissue 
slice is used.

A number of investigators have examined the 
effects of temperature on mitochondrial enzyme systems. 
South (i960) found that the energies of activation 
for the oxidation of a mixture of malate and pyruvate 
by heart mitochondria from hibernating and control 
hamsters were similar. However, these values were 
lower than those for rat heart mitochondria. Simi
larly, Woodard and Zimny (1973) observed no differences 
in Ep values of succinic dehydrogenase (SDH) of 
either heart or brain mitochondria from hibernating 
and control 13-lined ground squirrels, Citellus 
trldecemlineatus. However, they did note a decrease 
in the Ea of kidney mitochondrial SDH of hibernating 
compared with active ground squirrel. Dryer et 
al. (1970) demonstrated that at temperatures



below 30®C, activation energies for the oxidation 
of fatty acids and succinate to C02 were lower 
in brown fat homogenates from bats than from rats. 
South (1958) postulated that the lower activation 
energies seen in some tissues of hibernating animals 
may be a possible mechanism for the maintenance of 
functional integrity at the low temperatures observed 
in the deeply hibernating state. On the other hand, 
Chaffee et al. (1961) reported higher Q1Q values 
for liver mitochondrial succinoxidase activity from 
hibernating hamsters, Mesocricetus auratus. than 
from non-hibernating hamsters or rats. Horwitz 
and Nelson (1968) likewise reported higher Q1Q values 
for succinoxidase activity of liver mitochondria 
from hibernating compared to non-hibernating bats. 
Meyer and Morrison (I960) have postulated the higher 
Q10 values of tissues from hibernating animals would 
be of great value during the arousal process where 
large amounts of energy are necessary for rapid 
rewarming.

Roberts and Chaffee (1972) have demonstrated 
with liver mitochondria that some of these descrep- 
ancies could be due, in part, to the assay method 
employed. In addition, Roberts (1971) has suggested 
that a low energy of activation (Q^q ) for oxidative
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enzyme activity in one tissue need not exclude the 
possibility of a high energy of activation (Q1Q) 
for the same enzyme in other tissues. Rather, the 
hibernator may take advantage of both situations, 
but in different tissues, depending on the role of 
the specific tissue during hibernation and in the 
early stages of arousal. Thus, the tissues which 
must maintain functional integrity during hibernation 
and those which rewarm rapidly upon initiation of 
arousal demonstrate a lower or activation energy 
during hibernation as seen in heart (South, i960), 
brown fat (Dryer et al., 19?0), and kidney (Woodard 
and Zimny, 1973). Liver however, does not warm 
during the initial stage of arousal and receives 
heat from the warmer anterior portion of the body 
when the posterior circulation opens up later in the 
arousal process (Lyman and Chatfield, 1950). In this 
case the high Q1Q of liver oxidative processes would 
enhance rewarming of the cooler posterior portion 
of the body.
Effects of Hibernation on Oxidative Enzyme Activity 

Numerous investigators have studied oxidative 
enzyme activities in a variety of tissues of hiber
nate rs and compared them to activities of the same 
enzymes in tissues from active animals of the same
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species or of non-hibernating species. Chaffee et al. 
(1961), using the Warburg method, demonstrated a 
significant decrease in succinoxidase activity of 
liver mitochondria from hibernating compared with 
cold-acclimated hamsters, Mesocricetus auratus.
They reported that, when assayed at 7°C, succinoxidase 
activity of liver mitochondria from hibernating 
hamsters was only 53%> of that from cold-acclimated 
hamsters. However, at 37° C, the enzyme activity in 
hibernators was about %2% that of the cold-acclimated 
animals. Chaffee (I96I), thus postulated that some 
inhibitory substance is present at 7°C, but is lost 
when the mitochondria are warmed to 37°C, as they 
are during the equilibration period in the Warburg. 
Munro and Anthony (1966) reported a decrease in the 
rate of succinate oxidation by liver homogenates of 
hibernating compared with active hamsters. It has 
since been demonstrated, using polarographic methods, 
that inhibition of succinoxidase activity, as well 
as that of other oxidative enzymes, actually persists 
over a wide range of temperatures. Roberts (1971) 
demonstrated that liver mitochondria from hibernating 
hamsters oxidize succinate, glutamate, and ooketo- 
glutarate at lower rates than do mitochondria from 
cold-acclimated active hamsters at assay temperatures



ranging from 6° to 37°C. Moreover, there was no 
evidence of uncoupling of oxidative phosphorylation 
with any of the substrates used. The inhibition 
exhibited by these enzymes during hibernation is 
rapidly reversed during arousal of the animal from 
hibernation.

The depression of oxidative enzyme activity 
seen in liver of hibernating hamsters is not exhibited 
by all tissues of hibernating animals. For example, 
Frehn et al. (1962) and Frehn (1966) reported that the 
rates at which liver mitochondria from hibernating chip 
munks, Tamias striatus. oxidize succinate and $ -hydroxy 
butyrate, in the presence of ADP, are actually higher 
than those for liver mitochondria from active, cold- 
acclimated animals. However, Horwitz and Nelson (1968) 
found essentially no change in the rate at which liver 
mitochondria from active and hibernating bats oxidize 
succinate.

In general, heart preparations from hibernating 
hamsters show no depression of oxidation of succinate 
(Bidet, 1962; Roberts et al., 1973) or pyruvate 
plus malate (South, i960) when compared with rates 
from active, cold-acclimated animals. South (i960) 
found that heart sarcosomes from hibernating hamsters 
oxidize pyruvate plus malate at a somewhat higher

7



rate than those from control hamsters. Bidet (1962) 
found no decrease in succinoxidase activity of heart 
homogenates from hibernating European hamsters,
Cricetus cricetus, when compared with enzyme activity 
from a control group. In addition, Roberts (1971) 
confirmed earlier results of no depression- of 
succinoxidase activity in heart homogenates of hiber
nating compared to cold-acclimated golden hamsters. 
Although Zimny and Moreland (1968) found a 40$ de
crease in succinic dehydrogenase activity in heart 
homogenate from 13-lined ground squirrels, Woodard 
and Zimny (1973) failed to confirm this and have 
reported no decrease in succinic dehydrogenase activity 
of heart mitochondria from hibernating and active 
animals of the same species.

Brown fat and brain are two other tissues which 
show little or no depression of oxidative enzyme 
activity during hibernation. The rates of oxidation 
of a variety of substrates by brown fat mitochondria 
of marmots (Roberts, pers. comm.).ground squirrels 
(Chaffee et al., 1966) and hamsters (Liu et al., 1969) 
are equal to or greater than rates observed in tissue 
from active animals. These observations are in agree
ment with the thermogenic role of brown fat during 
arousal of animals from hibernation (Hayward and

8



Lyman, 1967). In comparing hibernating and active 
13-lined ground squirrels, no differences have been 
demonstrated in the rates at which brain slices 
oxidize a mixture of substrates (Meyer and Morrison, 
i960) or brain mitochondria oxidize succinate (Woodard 
and Zimny, 1973).

Results obtained from studies on the kidney 
demonstrate an apparent dichotomy in this organ during 
hibernation. Low systolic blood pressure in the aorta, 
decreased renal blood flow, and bradycardia suggest 
diminished or no glomerular filtration in torpid 
hibernators (Hong, 1957; Bullard, 196^), Moy (1971) 
demonstrated that in the ground squirrel, Spermophilus 
columbianus. urine forms only during periods of 
arousal from hibernation, and thus supported the 
assumption that glomerular filtration and urine 
flow are markedly diminished or absent during deep 
hibernation. However, some investigators maintain 
that the kidney does retain its functional integrity 
during hibernation although in some species the levels 
of activity are reduced. For example, Zatzman and 
South (1972) indicated that renal function is maintained 
at about 10% of its euthermic level in.the hiber
nating marmot, Marmota flaviventris. They demonstrated

9

that in the hibernating marmot active transport of



creatinine is maintained, while artificially induced 
hypothermia to a rectal temperature of 20°C is asso
ciated with a decrease in renal tubular transport. 
Willis (1964) demonstrated that the potassium con
centration actually increases in kidney cortex slices 
from golden hamsters, Kesocricetus auratus, and 
ground squirrels, Citellus tridecerolineatiis, during 
hibernation. In addition, potassium uptake by the 
kidney cortex of hibernating rodents is significantly 
greater than that in certain non-hibernating species 
such as rats and guinea pigs. The increase in po
tassium concentration of kidney cortex slice led 
Willis et al. (1971) to propose that this "overadaptata 
tion" of the kidney cortex compensates for the loss of 
potassium from less well adapted tissues and that 
this may be the chief function of the kidney during 
hibernation.

Transport of potassium by kidney slices has been 
demonstrated to be a specific cellular process which 
exerts a feedback stimulation to oxygen consumption, 
probably by means of the ADP produced (Blond and 
Y/hittam , 1964; Whittam and Willis, 1963). From 
comparison of results between non-hibernating and 
hibernating rodents, Willis (1968) suggested that 
the maintenance of transport in the hamster and

10
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ground squirrel does not require any extraordinary 
adaptation of respiratory mechanisms and that the 
site of cold resistance of hibemators (and cold 
sensitivity in non-hibernators) may "be sought closer 
to the mechanism of cation transport". Willis and Li 
(1969) questioned whether loss of cation transport 
occurs in non-hibernating species because metabolism 
of their cells provides an insufficient amount of 
energy at low temperatures, or whether the transport 
mechanism fails to utilize the energy. Evidence 
indicates that sodium-potassium stimulated, ouabain 
sensitive, Aq?P-ase (Na-K-ATPase) activity of tissues 
is the component of the sodium and potassium trans
port system which is involved in the transformation 
of energy (Skou, 1964). Willis and Li (1969) concluded 
from their studies on the effects of temperature 
on Na-K-ATPase activity of isolated kidney cells 
that ion transport in the hamster, a hibernating 
species, is resistant to low temperatures while 
that of the rat is especially sensitive to low temp
eratures; more so than would be predicted from 
consideration of the effects of temperature on 
metabolism.

In vitro evidence exists, however, demonstrating 
altered oxidative metabolism in the kidney of hiber-



nators. Kayser (1954) reported a 16% decrease in 
respiration of kidney slice of a hibernating hamster, 
Cricetus cricetus, when compared to the animal
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in summer and a 25$ decrease relative to the rat and 
the active hamster in winter. Similarly, Denyes 
and Hassett (i960) reported a decrease in respiration 
in kidney slice from the hibernating hamster, 
Mesocricetus auratus. In addition, Horwitz (1964) 
reported a decrease in glucose oxidation of kidney 
slice in the bat, Myotis austroriparius. In kidney 
slice from hibernating ground squirrels, Citellus 
tridecemlineatus, Hook and Barron (1941) found a 
12$ decrease in pyruvate oxidation and an 18$ decrease 
in succinate oxidation when compared to active animals 
of the same species. However, Meyer and Morrison 
(i960) reported no significant change in the rate of 
oxidation of a mixture of glutamate, pyruvate, glucose, 
and fumarate in kidney slices from hibernating and 
non-hibernating 13-lined ground squirrels. Similarly, 
Zimny et al. (1971) analyzed kidney homogenates histo- 
chemically for succinic dehydrogenase and found no 
difference between the levels of this enzyme in the 
control and hibernating 13-lined ground squirrel. 
However, the enzyme level decreased 23$ during the 
first 7 .5 minutes of arousal. On the other hand,



Woodard and Zimny (1973) determined that succinic 
dehydrogenase activity in mitochondrial suspensions 
from kidneys of hibernating 13-lined ground squirrels 
was only 56% that of control animals when assayed at 
37°C, with a further depression in rate observed at 
21°C,

Since the reported results of studies on 
temperature effects and hibernation on kidney mito
chondrial succinoxidase activity are few and sometimes 
conflicting, this study was undertaken with the 
following objectives:

(1) To determine succinoxidase activity of 
kidney mitochondria from hibernating and non-hiber
nating hamsters, Mesocricetus auratus, and control rats.

(2) To determine the ADP/O ratio of succinate as 
a measure of phosphorylation efficiency in kidney 
mitochondria of the three groups of animals.

(3) To further examine the effects of temperature 
and hibernation on succinoxidase activity of hamster 
kidney mitochondria relative to the same activity in
a non-hibernating species.

13



II. MATERIALS and METHODS

Hamsters: Adult male hamsters, Mesoericetus auratus,
were obtained from Lakeview Hamster Colony in Newfield, 
New Jersey. Control animals were kept at 25 + 2°C, 
cold-acclimated and hibernating animals at 8 + 2°C.
All animals were caged separately, given Purina lab 
chow and water ad libitum, and provided with cedar 
chips for bedding. Animals began to hibernate after 6 
weeks and most of the animals had undergone several 
periods of hibernation before being sacrificed as 
either hibernating or cold-acclimated active animals. 
Deep body temperature of cold-acclimated animals, 
measured immediately after sacrifice, averaged 36 .9 + 
0.13°C. Hibernating hamsters were sacrificed in deep 
hibernation and had a core body temperature of 9*0 +
0.5°C immediately after decapitation. Temperatures 
were recorded by means of a Yellow Springs Instrument 
Company (YSI) tele thermometer with a probe placed at 
the site from which the kidney had just been removed. 
Rats: Adult male rats (Sprague-Dawley) were obtained 
from Sasco, Inc. in Omaha, Nebraska. All animals 
were maintained at 22 + 2°C in the vivarium at 
Creighton University. The rats were housed in large 
cages in groups of four and given Purina lab chow 
and water ad libitum.
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Tissue preparation} All animals were sacrificed by- 
decapitation. The kidneys were quickly removed and 
placed in ice cold isolation medium containing 0.25M 
sucrose, 2.0 mM ethylenediamine tetraacetic acid (EDTA) 
and brought to pH 7.2 by the addition of tris(hydroxy
methyl )aminomethane (TRIS) buffer. The kidneys 
were decapsulated, the medullary portion removed, 
and cortices weighed. Mitochondria were isolated 
according to the method of Johnson and Lardy (196?).
The final mitochondrial pellet was suspended in isola
tion medium (1.5 ml isolation medium/gram original 
kidney cortex wet weight). The final concentration 
of the mitochondrial suspension was approximately 
7-11 mg mitochondrial protein/ml for both hamster 
and rat kidney cortex.
Enzyme assays : Succinoxidase activities of kidney 
cortex mitochondria were assayed polarographically 
using a Clark type oxygen electrode (YSI) as described 
by Estabrook (1967). Assays were made at 12, 2 5 , 
and 37°C, in the presence of ADP and succinate. The 
reaction mixture used for these assays contained:
0.225 M sucrose, 10 mM potassium phosphate, 5 mM 
MgClg* 20 mM KC1 and 20 mM triethanolamine buffer.
The final pH of the mixture was 7.2. Mitochondria,
100yumoles succinate, and adenosine diphosphate (ADP)
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were added sequentially to 3 ml of the reaction 
mixture. The following volumes of mitochondria were 
used: 0.1 ml at 37°C, 0.2 ml at 25°C, and 0.5 ml 
at 12®C. The amount of ADP added to the reaction 
mixture was 0.9/Amoles at 25 and 37°C, and 0.450 
yUmoles at 12°C. ADP/0 ratios were calculated using 
the method described by Estabrook (1967)

Oxidative enzyme activities of succinate are 
determined in the presence of substrate and ADP 
and are expressed as /¿liters 02/mg protein/hr.
Protein content of kidney cortex mitochondria was 
determined by the method of Lowry et al. (1951) using 
bovine serum albumin as a standard.

The Student t-test was employed in all statistical 
analyses of data. Differences were considered 
significant if the probability associated with the 
t value was less than 0.01.

Qj^ values were calculated from the formula:

10 k2log Qio = T p r1 l0g ~k̂ ~
where Tg and T^ are the temperatures at which the 
oxidative enzymes activities, k^ and k^ were de
termined (Heusner, I963K
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Activation energies, Arrhenius constants, were 
calculated from the formula«

Ea =
2 .303 x RCTjTg) log

where R is the gas constant (1.98?) and and T2 
are the absolute temperatures at which the 
succinoxidase activities k2 and k^ were determined 
(Mahler and Gordes, 1966).



III. RESULTS

Effects of cold acclimation and hibernation on 
oxidative -phosphorylation of hamster kidney 
mitochondria compared with the control rat.

The effects of cold acclimation and hibernation 
on succinoxidase (SO) activity of hamster kidney 
mitochondria are shown in Table 1 and Fig. 1. 
Comparisons vie re  also made between SO activity of 
kidney mitochondria from control, cold-acclimated 
and hibernating hamsters and control rats, These 
data indicate that the SO activity of kidney 
mitochondria from control rats is significantly 
higher than that of mitochondria from control 
hamsters when assayed at 12° and 25°C. However, 
no difference is seen between the SO activity of 
these two groups at 37°C. Differences between 
means were considered statistically significant if 
P was less than 0.01. In addition, it can be 
seen that cold acclimation significantly increases 
succinoxidase activity of hamster kidney mito
chondria assayed at 25° and 37°C, but not at 12°G.
No significant difference is found when the activity 
of this enzyme from cold-acclimated hamsters is 
compared with that of control rats at any assay
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Table 1 Effect of temperature on succinoxidase activity (¿al 02/mg protein/hr) 
of kidney mitochondria from control, cold-acclimated, and hibernating 
hamsters, and control rats.

Assay temperature, °C 12 25 37

CONTROL HAMSTER 36.45 ± 1 .7 0 (8 )* 181.34 + 4.23(8) 327.94 + 10.08(8)

COLD-ACCLIMATED HAMSTER 38,76 + 1.59(7) 204.68 ± 5.19(7) 408.86 + 8.39(7)

HIBERNATING HAMSTER 35.62 + 1.15(11) 168.92 + 5 .6 0 (1 1 ) 361.18 + 7.88(11)

CONTROL RAT 41.95 ± 0.39(8) 2 1 0 .3 6  ± 3.02(8) 367.48 ± 12.01(8)

COLD ACCLIMATED vs HIBERNATING 
P

HAMSTER
ns <0.01 <0. 01

CONTROL vs COLD-ACCLIMATED 
P

HAMSTER
ns <0.01 <0. 01

CONTROL HAMSTER vs RAT 
P <0.01 <0.01 ns

COLD-ACCLIMATED HAMSTER VS 
P

RAT ns ns ns

HIBERNATING HAMSTER vs RAT 
P <0.01 <0.01 ns

4

♦mean + standard error(sample size) Hvo





Figure 1 Succinoxidase activity of kidney mito
chondria from control, cold-acclimated 
and hibernating hamsters, and control 
rats assayed at different temperatures 
Plotted values are mean + S.E.



HAMSTER and RAT
KIDNEY MITOCHONDRIA

Substrate: Succinate 

□  = Contro l Hamster-



22

temperature. Kidney mitochondria from hibernating 
hamsters have a significantly lower SO activity 
than do mitochondria from cold-acclimated hamsters 
when assayed at 25° and 37°C, but not at 12°C. In 
addition, succinoxidase activity of kidney mito
chondria from hibernating hamsters is less, than 
that of control rats at 12° and 25°C, with no 
difference observed at 37°0. Since the hamster 
cold acclimates prior to hibernating, the effects 
of hibernation on oxidative enzyme activity can 
best be determined by comparing enzyme activities 
from hibernating hamsters with those from cold- 
acclimated hamsters. When this comparison is made 
it can be seen that succinoxidase activity of kidney 
mitochondria from hibernating hamsters is depressed 
18% at 25°C and 12% at 37°C.

While hibernation significantly alters the 
rate at which kidney mitochondria oxidize succinate, 
it has little effect on the ADP/0 ratio (Table 2, 
Fig. 2). The expected in vitro ADP/0 ratio for 
tightly coupled mitochondria is 2.0 when succinate 
is used as substrate. The ADP/0 ratios obtained in 
this study are all somewhat lower than this theore
tical value. Moreover, the ADP/0 ratios for kidney



Table 2 ADP/O ratios of kidney mitochondria from control, cold-acclimated, and 
hibernating hamsters, and control rats. Substrate = succinate.

Assay temperature, ®C 12 25 37

CONTROL HAMSTER 1 .3 0  + 0.04(8)* 1 .6 1  + 0.02(8) 1.61 + 0.02(8)
COLD-ACCLIMATED HAMSTER 1.4? + 0.06(7) 1.57 ± 0.03(7) 1.56 + 0.04(7)
HIBERNATING HAMSTER 1.38 ± 0.05(H) 1.57 ± 0.02(11) 1.61 + 0.03(11)
CONTROL RAT 1 .1 0  + 0 .0 5 (8 ) 1.43 + 0.02(8) 1.49 + 0.03(8)

COLD-ACCLIMATED vs HIBERNATING HAMSTERP ns ns ns
CONTROL vs COLD-ACCLIMATED HAMSTER

P ns ns ns

CONTROL HAMSTER vs RAT
P <0.01 <0.01 < 0.101

COLD-ACCLIMATED HAMSTER vs RAT
P <0.01 <0.01 ns

HIBERNATING HAMSTER vs RAT
P <0.01 <0.01 <0.i01

*mean + standard error(sample sise)
MV)





Figure 2 ADP/O ratios of kidney mitochondria from 
control, cold-acclimated, and hibernating 
hamsters, and control rats. Plotted 
values are mean + S.E. Horizontal line 
represents theoretical ADP/O value for 
succinate.
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mitochondria of control and hibernating hamsters, 
and control rats, measured at 12°C are significantly 
lower than the ratios measured at either 25° or 37°C. 
Cold acclimation did not significantly alter the 
ADP/O ratios of kidney mitochondria at any assay 
temperature. With one exception, ADP/O ratios for 
rat kidney mitochondria are significantly lower 
than those of either control, cold-acclimated 
or hibernating hamsters. .At 37°C, however, no 
significant difference is observed in the ADP/O 
ratios from cold-acclimated hamsters and control 
rats.
Effect of temperature on succinoxidase activity 
of kidney mitochondria from control, cold-acclimated, 
and hibernating hamsters and control rats.

The effects of temperature on succinoxidase 
activity of hamster and rat kidney mitochondria 
are given in Tables 1, 3, and 4, and Fig. 3.
Although renal SO activity is significantly 
increased in cold-acclimated compared to control 
hamsters when assayed at 25° and 37°C, no significant 
break was observed in the Arrhenius plot of SO 
activity from cold-acclimated hamsters. On the 
other hand, the Arrhenius constants (Ea) calculated





Figure 3 Arrhenius plots of succinoxidase activity 
of kidney mitochondria from control, 
cold-acclimated, and hibernating hamsters, 
and control rats.
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between 12°-25°C are significnatly higher than 
the Ea values between 25°-37°C for renal SO activity 
from control rats and control hamsters. The higher 
E& values between 12°-25°C result in apparent 
breaks in the Arrhenius plots of SO activity for the 
two control groups. The ratio of Ea(12°-25°C)/ 
Ea(25°-37°C) (Table 3) can also be used as an index 
of linearity in that the closer this ratio is to 
one, the less tendency there is for the Arrhenius 
plot to show a break. Thus it can be determined 
from these ratios and from direct examination 
of the Arrhenius plots (Fig. 3) that the plot for 
renal SO activity from hibernating hamsters is more 
nearly a straight line than that for either control 
or cold-acclimated hamsters, or control rats. 
Significant breaks in the Arrhenius plots occur at 
25°C for control hamsters and rats. Although a

id -slight break in the Arrhenius plot is evident at 
25°G for cold-acclimated hamsters, the Ea values 
above and below 25°C are not significantly different.

Tables 3 and 4 present Arrhenius constants and 
Q10 values, respectively, for SO activities of kidney 
mitochondria calculated between: a) 12° and 25°C 
b) 25° and 37°C and c) 12° and 37°C. The Q10 and



Table 3 Arrhenius constants, cal/mole, for succinate oxidation by kidney
mitochondria from control, cold-acclimated, and hibernating hamsters,
and control rats.

E (12°-25°C)a__________
Temperature range, °G 12-25 25-37 12-37 Ea(25°-37°C)

CONTROL HAMSTER 20,819 8,994 15,425 2.39

COLD-ACCLIMATED HAMSTER 21,603 10,530 16,515 2.09

HIBERNATING HAMSTER 20,204 11,569 16,241 1.69

CONTROL RAT 20,921 8,4?2 15,242 2.58

V)o



Table 4 Q10 values for succinate oxidation by kidney mitochondria from
control, cold-acclimated, and hibernating hamsters, and control 
rats.

Temperature range, °C * 12-25 25-37 12-37

CONTROL HAMSTER 3.43 1.64 2 .18

COLD-ACCLIMATED HAMSTER 3.59 1.77 2 .56

HIBERNATING HAMSTER 3.30 1 .88 2,52

CONTROL RAT 3 M 1.59 2.38
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E& values for kidney mitochondria from cold-acclimated 
hamsters are higher than those for control hamsters 
for both the 25°-37°C and the 12°-37°C temperature 
intervals. The Q1Q and E& values for mitochondria 
from hibernating hamsters are also higher than those 
for control hamsters at the 25°-37°C interval and 
the 12°-37°C interval, however Q1Q and E& values 
for mitochondria from hibernating hamsters are not 
different from those seen in mitochondria from 
cold-acclimated animals over any temperature range.



IV. DISCUSSION

Effects of cold acclimation and hibernation on 
oxidative phosphorylation of hamster kidney 
mitochondria.

Since the hamster cold acclimates prior to 
hibernating, the effects of cold acclimation on 
oxidative enzyme levels can be examined. The cold- 
acclimated hamster then becomes the "control" with 
which the hibernating hamster, which is also cold- 
acclimated , should be compared in evaluating the 
effects of hibernation. The effects of cold accli
mation on hamster kidney mitochondria can be seen at 
both the tissue and enzyme levels. Kidneys removed 
from cold-acclimated hamsters have a pitted surface 
while the surface of those from control and hiber
nating hamsters is uniformly smooth. This finding 
confirms an earlier report of Chaffee et al. (1963) 
regarding the pitted appearance of kidneys from 
cold-acclimated hamsters. An increase in succin- 
oxidase activity following cold acclimation of the 
hamster has been reported previously in studies with 
both kidney slice (Denyes and Hassett, i960) and 
kidney homogenate (Chaffee et al. , 1963). The data 
presented in this study (Table 1, Fig. 1) indicate
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that succinoxidase activity of hamster kidney mito
chondria is also significantly increased (13% at 
25°C and 25% at 37° C) following cold acclimation.

The 12-18% inhibition of succinoxidase activity 
seen in kidney mitochondria from hibernating 
compared with cold-acclimated hamsters (Table 1, B'ig. 
1) confirms earlier findings that the activity of 
this enzyme is significantly reduced in kidney 
preparations from hibernating European (Kayser, 1954) 
and golden hamsters (Denyes and Hassett, i960). 
Similarly, Hook and Barron (1941) found a 12% 
decrease in pyruvate oxidation and an 18% decrease 
in succinate oxidation in kidney slices from 
hibernating compared to active 13-lined ground 
squirrels. In addition, Woodard and Zimny (1973) 
demonstrated that succinic dehydrogenase activity 
of kidney mitochondria from hibernating 13-lined 
ground squirrels was depressed compared to that of 
control animals. This contradicts an earlier 
report of Zimny et al. (1971) that there was no 
difference in the levels of renal succinic de
hydrogenase from control and hibernating 13-lined 
ground squirrels.

At 12°C no significant increase in succinoxidase 
activity is seen in cold acclimation, nor is there
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evidence of a significant decrease in SO activity 
during hibernation. One possible explanation for 
these results could be the different temperature 
sensitivities of renal mitochondria isolated from 
these 3 groups of hamsters which tend to lead to 
convergence of the Arrhenius plots at an assay 
temperature of approximately 7-10°C. It should 
also be noted that with the kidney mitochondrial 
preparation used here, it-was difficult to obtain 
a measurable rate of oxygen consumption at assay 
temperatures below 12®C. Moreover, kidney mito
chondria prepared in 0.25M sucrose according to 
the method described by Schneider (19^8) for liver 
mitochondria showed not only low rates of oxygen 
consumption, but also extensive uncoupling even at 
25°C. This suggests that isolated kidney mitochon
dria may be less stable or more sensitive to exper
imental manipulation than isolated liver mitochondria, 
and that the effects of low assay temperature may 
mask evidence of other inhibitory factors if they 
exist.

The 12-18^ inhibition of succinoxidase activity 
in kidney from hibernating hamsters is much less 
than the inhibition previously reported for liver
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mitochondrial SO activity of the same species 
(Chaffee et. al. 1961, 1962? Frehn, 1966$ Liu at al. 
1969? Roberts, 1971). Moreover, the fact that the 
level of inhibition of kidney mitochondrial SO 
activity decreases as assay temperature is decreased 
suggests that a heat-labile inhibitory factor, 
such as that proposed by Chaffee (1962) for liver 
mitochondria of hibernating hamsters may not be 
operative in kidney.

V/hile cold acclimation and hibernation 
significantly alter the rate at which kidney 
mitochondria oxidize succinate, these conditions 
have no significant effect on the ADP/O ratio 
(Table 2, Fig. 2), and in most cases these ratios 
were relatively close to the predicted value. The 
constancy of the ADP/O ratio for hamster kidney 
mitochondria agrees with earlier findings of a 
constant ADP/O ratio in liver mitochondria from 
hibernating versus active hamsters (Chaffee et al. 
1961$ Chaffee, 1962; Frehn, 1966; Roberts, 1971).
At 12°C, however, the ADP/O ratios for all groups, 
except cold-acclimated hamsters, were significantly 
lower than the corresponding values at 25° and 37°C. 
This depression may again reflect the temperature
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sensitivity of kidney mitochondria. Horwitz et al. 
(1967) demonstrated differential effects of 
temperature on phosphorylation and oxidation of 
substrate by bat liver mitochondria such that 
ADP/O ratios measured at 21° and 13°C were signi
ficantly lower than those measured at 37°C for both 
active and torpid bats. However, no such temper
ature effects v/ere seen on ADP/O ratios of hamster 
liver mitochondria (Roberts and Chaffee, 1972).
This probably represents species and tissue 
differences in the in vitro response of mitochondria 
to temperature. When the data from hamster and rat 
are compared, it can be seen that in general, 
hamster kidney mitochondria show higher ADP/O 
ratios than rat kidney mitochondria at all assay 
temperatures (Table 2, Fig. 2). The reduced 
ADP/O ratio seen here for rat kidney mitochondria 
assayed at 12°C resembles earlier findings of reduced 
ADP/O ratios for liver mitochondria from various 
strains of rats when assayed at temperatures below 
20°C (Chaffee et al., 1961$ Frehn, 1966$ Roberts 
and Chaffee, 1972).

At least partial maintenance of kidney function 
during hibernation has been demonstrated in several
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hibernating species. Willis et al. (1971) demonstra
ted that slices of kidney cortex from hibernating 
hamsters actually have a greater capacity to 
accumulate potassium than slices from active animals. 
Willis and Li (1969)1 as a result of studies on 
the temperature sensitivity of isolated kidney 
cell Na-K-ATPase activity, concluded that ion 
transport in the hibernating hamster is resistant 
to low temperature while that of the rat, a non- 
hibernating animal, is sensitive to low temperatures. 
Zatzman and South (1972) maintain that kidney 
functioniin the hibernating marmot remains at about 
10% of its euthermic level. The relatively small 
inhibition of succinoxidase activity during 
hibernation, especially at 12°C, coupled with the 
maintenance of near normal ADP/O ratios in kidney 
mitochondria from hibernating hamsters at low assay 
temperature lend support to the thesis that the 
kidney maintains its functional integrity during 
hibernation. Moreover, the fact that kidney 
mitochondria from hibernating hamsters remain 
more tightly coupled than those of rat v/hen assayed 
at 12°C suggests that the metabolic machinery for 
producing ATP may remain functional at a level
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compatable with maintenance of normal tissue ATP 
levels, a condition which has been repeatedly- 
observed in the tissues of hibernating animals 
(Covino and Hannon, 1959$ Zimny, I960; South and 
House, 1967).
In vitro effects of temperature on mitochondrial 
respiration.

Previous studies on in vitro effects of tern- 
perature on kidney mitochondrial respiration are 
few and variable. Kayser (195*0 found little or 
no increase in Q1q values for succinate oxidation 
by kidney slice of hibernating versus active 
European hamsters. Similarly, the work of Denyes 
and Hassett (i960) on succinate oxidation by kidney 
slice from hibernating versus control golden hamsters 
reveals no differences in Q10 values. On the other 
hand, Horwitz (1964) found an increase in Q10 
between 16°-23°C for succinate oxidation by kidney 
slice from hibernating compared to active bats.
Also, the data of Meyer and Morrison (i960) indicate 
an increased Q1q for oxidation of a mixture of 
substrates by kidney slice from hibernating compared 
to control 13-lined ground squirrels. Liu ct al. 
(1969) report a higher Q1Q between 5° and 15° for



liver mitochondrial SO from hibernating 13-lined 
ground squirrels than from controls. However, 
while Arrhenius plots of their data for succin- 
oxidase activity in hamster and ground squirrel 
liver mitochondria follow straight lines between 
5° and 25°G, these data also indicate changes in 
slope between 25° and 35°C. In the present study, 
data from both hamsters and rats (Table 4) confirm 
earlier findings that the Q10 for succinoxidase 
activity tends to increase as assay temperature 
decreases (Johnson et. al., 195^)» Also, similar 
breaks in Arrhenius plots have been reported for 
liver mitochondrial SO activity from control and 
cold-acclimated hamsters (Roberts et al., 1972) 
and control rats (Frehn, 1966$ Roberts et al., 1972). 
However, Roberts et al. (1972) found only a slight 
break in the Arrhenius plot of SO activity for 
liver mitochondria from hibernating hamsters. 
Likewise, in the present study, little or no break 
is seen in the Arrhenius plot of SO activity of 
kidney mitochondria from hibernating hamsters.
The Arrhenius plot of SO activity of kidney mito
chondria from cold-acclimated hamsters also reveals 
less increase in temperature sensitivity below 25°C

40



for this preparation than for mitochondria from 
control hamsters or rats. Thus, the adaptive 
factor(s) or change(s) which lead to elimination 
of the break in Arrhenius plots of SO activity in 
hibernating hamsters may already have been initiated 
during the period of cold acclimation which precedes 
hibernation in this species.

Breaks in Arrhenius plots for physiological 
processes have been attributed to a) shifts from 
one rate-limiting or master reaction to another or 
b) changes in molecular configuration which affect 
enzyme activity (Johnson et al., 195*0» Dryer 
et al. (1970) have pointed out that many non-hiber- 
nators do not survive hypothermia because of cardiac 
failure which occurs at body temperatures below 
20°C; a temperature which corresponds to approx
imately that at which they found breaks in Arrhenius 
plots for fatty acid oxidation. It is also near 
this temperature that breaks occur in Arrhenius plots 
for the oxidation of succinate by rat kidney mito
chondria. Lyons and Raison (1970) found that 
Arrhenius plots of rat and ground squirrel liver 
mitochondrial succinoxidase activity break between 
21-24°C while those of poïkilothermie trout and



catfish liver mitochondria are more uniformly 
straight. Raison and Lyons (1971) presented 
evidence that the breaks in Arrhenius plots for 
activities of membrane-bound enzymes could be 
caused by temperature-induced changes in the 
mitochondrial membrane lipids which lead to 
configurational changes in the membrane-bound 
enzymes. Lyons and Raison (1970) and Raison and Lyons 
(1971) suggest that the greater percentage of 
unsaturated fatty acids in the membrane lipids of 
fish mitochondria compared with rat mitochondria 
may account for the unifora energy of activation 
in these poikilotherms. Patton and Flatner (1970) 
and Plainer et al. (1971) have demonstrated that 
a number of changes occur in the fatty acid composi
tion in liver mitochondria of cold-acclimated rats. 
They also suggest that changes found in mitochondrial 
fatty acids of cold-acclimated rats may reflect 
altered mitochondrial membrane structure. Thus, the 
fact that the Arrhenius plot for kidney mitochondrial 
SO activity of hibernating hamsters is nearly a 
straight line (Fig. 3) suggests that these animals 
may be approaching poikilotherms with respect 
to temperature sensitivity of this mitochondrial
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enzyme. If a greater percentage of unsaturated 
fatty acids in the mitochondrial membrane leads 
to more uniform activation energies and if cold 
acclimation alters the fatty acid composition of 
kidney as well as liver mitochondria, the more 
uniform activation energy of renal mitochondrial 
SO activity from cold-acclimated hamsters may be 
a first step in the approach of this hibernating 
species to a condition of temperature sensitivity 
similar to that seen in poikilotherms. Raison and 
Lyons (1971) have suggested that the ability of 
hibernating animals to in some way avoid abrupt 
phase shifts in mitochondrial lipids, which lead 
to increases in Ea at low temperatures, may be a 
requisite for successful mammalian hibernation.



V. SUMMARY and CONCLUSIONS

The present studies confirm earlier reports of 
increased succinoxidase activity of kidney mito
chondria from cold-acclimated hamsters compared to 
controls. However, renal succinoxidase activity 
of mitochondria from hibernating hamsters is decreased 
relative to the same activity in cold-acclimated 
animals. The fact that the level of inhibition of 
kidney mitochondrial succinoxidase activity is 
lower at 12°C than at either 25° or 37°C suggests 
that a heat-labile inhibitory factor such as that 
proposed by Chaffee for liver may not be operative 
in the kidney of hibernating hamsters. The data 
from this study also demonstrate that neither hiber
nation nor cold acclimation have any significant 
effect on the ADP/O ratios for succinate. The 
relatively small inhibition of succinoxidase activity 
during hibernation coupled with the maintenance of 
near normal ADP/O ratios may well be contributory 
factors in the maintenance of kidney function which 
has been demonstrated during hibernation.

The Q10 values for renal succinoxidase activity 
tend to increase with decreasing assay temperature. 
Little or no break at 25®C was evident in the
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Arrhenius plot of kidney mitochondrial succinoxidase 
activity from hibernating hamsters when compared to 
the plots from control hamsters or rats. In addition, 
the plot from cold-acclimated hamsters reveals less 
temperature sensitivity below 25°C for this preparation 
than do plots for either control rats or hamsters.
Thus the adaptive factor(s) or change(s) which lead 
to elimination of the break in Arrhenius plots of 
succinoxidase activity in hibernating hamsters may 
already have been initiated during the period of cold 
acclimation which precedes hibernation.
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