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Abstract
In continuing our studies off the effects of preinduced hypothermia an the
endurance capacities, thermorggulatory responses, and clinical chemical indices

of heat injury, 10 mg of 5-thio-P-glucose (5-TG) were administered intravenously

to restrained rats kept a When rectal temperatures (Tr e) fell to 29£30°C ocC

the rats were removed to a hot environment ere they exercised on a

level treadmill (9.14 m/min) 0 hyperthermic exhaustion (T re = hl."Pre—
induced hypothermia was effective m significantly (p<.001) prolonging the time
to hyperthermic exhaustion. _In these hypothermic :rats increments in Tre
(°C/min) while on the treacmill were signifiéantly (p<.001) increased while rates
of skin temperature (Tsk) heating were significantly (p<.001) reduced when
compared to normothermic controls. Administration of 5-TG effected signifi-
cant (p<.001) hyperglvcemiz thich returned to control lavels following the
exhaustive run in the heat. ' Prolénged endurance times among the hypothermic
rats caused slight increases in the levels of circulating plasma indices of
heat/exercise injury. We concluded from these studies tha: hvpothermia induced
by 5-TG administration and cold e.\-posu‘re- is effective in increasing the endur-

ance capacity of rats exercising in the heat. However, homeostatic mechanisms

supercede to increase the heating rate, and thus return Tre to equilibrium levels.

Key words: hyperthermic exhaustion, physical performance, hyperglycemia
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INTRODUCTION

Reports in the literature have described a variety of experimental tech-

niques designed to maximize physical performance. Investigators have utilized

pharmacological agents (7), nutritional regimens (1,24), as well as vitamin
supplements (9) to either increase physical performance or reduce the physiologi-
cal cost of exercise. While Strydom et al. (22) have demonstrated the efficacy
of vitamin C supplemerts in reducing the time required for heat acclimatization,
very few investigations have addressed the possibility of reducing the adverse
effects of exercise during acute exposure to high ambien: temperatures. Tal and
Sulman (23) demonstrated the benefits of exogenously administered dehydro-
epiandrosterone in increasing the survivability of rats when passively exposed to
an environmental temperature of 37°C, while Hubbard e: zl. (11) have shown the
critical importance of ambient temperature on the endurance capacity of
exercising rats.

Since it had been previously demonstrated that when rats exercise on a
treadmill under a moderate (26°C) (11) or hot (35°C) (3) envircnmental tempera-
ture, hyperthermic exhaustion usually occurs at a recizl temperature (Tre) of
42.5-63°C. The consistent rate of body heating as well as the reprocucibility of
final T o suggested that experimental manipulation of Tre might delay the onset
of hyperthermic exhaustion. Thus, we examined the e:ifects of preinduced
hypothermia (T re:33°C) on the endurance capacity of rats exercising in the heat
(4,12). The results of these earlier experiments demonstrated that the hypo-
thermic animals had an endurance capacity which was increased €2% over that
of controls.

More recently, we completed a series of experiments in mice which
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demonstrated marked hypothermic effects of 5-thio-D-glucose (5-TG) when this

agent was administered while the animals were exposed to cold (4°C) (5,13).

Since the experimental animals demonstrated extreme sensitivity to relatively

low doses of 5-TG, we hypothesized that the hypothermia induced by this ‘agén.'c"
and cold exposure would be even more efficacious in increasing the endurance
capacity of rats exercising in the heat.

MATERIALS AND METHODS

The techniques utilized in the current experiments were essentially identi-
cal to those of our earlier report (4). Adult, male rats (Charles River Breeding
Laboratories, Wilmington, MA) were used in all experiments. An indwelling
jugular catheter was implanted on the day prior to experimentation for rapid
withdrawal of | ml blood immedizately prior to initiation of the exercise in the
heat (Tre=29.4°C) and immediately subsequent to attaining hyperthermic ex-
haustion (Tre=l¢1.7°C). To induce hypothermia in the experimental rats, 10 mg
5-TG/0.1 ml sterile, non-pyrogenic saline was administered intravenously fol-
lowed immediately by exposure under restraint to 4°C ambient temperature.
Control rats were treated identically, but injected only with physiological saline.
The animals weighed from 280-340 g at the time of the experiment. Runs were
made on a level treadmill at a speed of 9.14 m/min at an ambient temperature of
35°C and a relative humidity of 20-25%,

In several of these experiments the rats were food-deprived for 18h prior
to the start of experimentation since we had earlier demonstrated the aug-
mented thermoregulatory sensitivity of food-deprived animals to the 5-TG (5,13).
Two groups of control animals, fed and 18h food-deprived, were used for proper
comparisons. Ordinarily, sufficient hypothermia was achieved between 35-50

min after administration of the drug. Blood samples were rapidly centrifuged
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(4000 x g, 4°C) and stored at -30°C for subsequent analysis. Plasma creatine

phosphokinase (CPK) was determined by methods based on the technique of

Oliver (17) as modified by Rosalki (18). Lactic acid was quantitated by the
method described by Henry (8) while plasma potassium (K*) levels were assayed'

on an IL flame photometer (Model 143, Instrumentation Laboratory, Lexington,

MA) by methods described in their technical bulletin. Plasma glucose was

measured after the procedures described by Slein (21). Statistical analyses were
performed by the paired and non-paired t-test, and the null hypothesis was
rejected at p <.05.
RESULTS

Fig. 1 illustrates the effects of hypothermia inducec tv 5-TG administra-

tion and cold exposure on the endurance capacity of animals exercising in the

heat. The arrows denote the mean endurance time of the iniziallv normothermic
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control animals as well as the originally hypothermic 5-TG irea:ad rats. Since
thermoregulatory characteristics between a group of normothermic, fed controls

(n=7) anc normothermic, food-ceprived controls (n=6) were not statistically

cifferent, the results were combined for statistical purposes. The data tabulated _3 il
in Fig. 1 show clearly the intensity of the preinduced nypothermia in the 5-TG

treated animals, and also the significant increment in run-time for the same

group of animals. Fig. 2 demonstrates the mean skin temperztue (T5 responses

2
for the same groups of animals. It is important to observe the civergence in skin

temperatures for the two groups of animals particularly after 20 min of exercise

in the hot environment (e.g. at 25 min, p<.0l; at 30 min, p<.0%1) despite the
fact that both groups had similar starting Tsk due to the exposure to the 4°C
environment,

Thermoregulatory data are summarized and quantitatec in Table 1. Cf the



five parameters compared between control and experimental animals, four
" demonstrated highly significant differences. Of particular interest is the
difference noted in increments in T ak which is indicative of reduced vasodilation
and heat loss in the 5-TG treated rats. This is commensurate with the incgeaée;i"
rate of heating (A‘l'r e/min, p<.001) among these animals. 2

Fig. 3 illustrates the plasma glucose levels in the three grofxps of animals.
Initially, it can be observed that treatment with 5-TG effects a highly significant
(p<.001) hypergly'cemia when compared with either fed or food-deprived control
animals. Further, the often reported significant (p<.001) difference in plasma
glucose levels between fed and fasted control rats can be noted. Following the
exercise in the heat to hyperthermic exhaustion, circulating glucose levels are
significantly reduced (p <.01) in the 5-TG-treated rats; in the fed, saline-treated
animals as well as the fasted, saline-treated group trends toward reduction are
not significantly different.

Fig. 4 depicts the effects of 5-TG administration and initial hypothermia
on the response of plasma lactate levels to exercise in the heat. In the blood
samples taken immediately prior to exercise in the heat to hyperthermic
exhaustion, resting plasma lactate levels in the 5-TG, hypothermic animals are
significantly (p<.02) elevated when compared to both groups of control animals.
Final lactates (post-run) displayed rather large variability, but in each case were
significantly (p<.05, minimal) higher at the conclusion of the exercise to
hyperthermic exhaustion. Analogous results for circulating levels of K* are
presented in Fig. 5. Parallel significant (p <.05, minimal) increments in plasma
concentrations of K* occurred in both groups of initially normothermic animals,
while 5-TG-treated, hypothermic animals displayed sharper increments. The

steeper rise in circulating lactate and K* in the hypothermic rats may be
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associated with their increased run times. The results depicted in Fig. 6 for CPK
are consistent with some of our earlier findings (3). Because the high ambient

temperature used in these experiments greatly reduces the expected run times to

hyperthermic exhaustion, plasma CPK levels are quite variable and range.'from'

large increases in some rats to actual decreases in others when the pré- and
post- blood samples are compared. What appears to be a significant increase in
mean CPK levels of the initially hypothermic rats is actually mostly accounted
for by a single value of 17,750 IU/L in the plasma of one experimental animal.
Ordinarily, exercise bouts of longer duration are required before consistent
responses of plasma CPK are observed.
DISCUSSION

The results of the present experiments are generally consistent with those
which we had reported earlier for rats in which hypothermia was induced by
either L-t}yptophan or chlorpromozine administration in combination with cold
exposure (4,12). Thus, we have shown clearly that hypothermia induced by 5-TG
administration and cold exposure elicits markedly increasec endurance time to
hyperthermic exhaustion. While the animals were exercising on the treadmill,
the non-equilibrium temperatures of the 5-TG-treated, hypothermic animals
(< 36°C) resulted in greater increments during exercise in the heat. The current
results demonstrate, however, that this apparent drive to achieve homeostasis
occurred concomitantly with decreased peripheral heat loss as evidenced by
reduced rates of tail-skin heating among 5-TG-treated, hypothermic rats
(Table 1). It is important to add that it is unlikely that 5-TG, of itself, affects
peripheral heat loss since during cold exposure while the 5-TG-treated animals
were achieving marked hypothermia, T, of 5-TG-treated and saline-treated

control animals were not different.
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Wilson et al. (25) have recently demonstrated that rats exercising at high

treadmill speeds (42.6 m/min) can achieve thermal balance when the exercise is

carried out under mild temperature conditions (22°C); however, they were unable

to demonstrate a proportional increase in Tr e 3t four treadmill speeds. Even‘ at -
a room temperature of 42.5°C Ohara et al. (16) demonstrated that, for \/arying
intervals, equilibrium Tre could be achieved in passively heated rats. However,
results of the present experiments indicate that the combination of exercise and
environmental temperature precluded the achievement of steady-state tempera-
tures. It should be noted in Fig. 1 that for saline-treatec animals increments in
Tre were consistently observed through 25 min, the earliest time at which
hyperthermic exhaustion was reached.

The intense hyperglycemic response to 5-TG administration (Fig. 3) which
we have observed in even food-deprived animals is anaiogous to the response
elicited by both central and peripheral administration cf ancther analogue of D-
glucose, 2-deoxy-d-glucose (6,14,15). It has been hypothesized that the intense
circulatory hyperglycemia occurs simultaneously with ceniral and peripherz!
tissue glucopeniz resulting in decrements in heat producticn. This glucose efflux
occuring in the first 30-45 min after 5-TG administration may be the result of
glycogenolysis pursuant to sympathicoadrenomedullary cischarge. The sharp
reduction in plasma glucose levels in 5-TG-treated animals following exercise cn
the treadmill and the marked increases in heat production in these animals
during this interval would be compatible with a rapid re-uptake and hyper-
metabolism of glucose in central and peripheral tissues. This increased re-
uptake and hypermetabolism are commensurate with the increased thermogenic
demands as well as the oxidative requirements of the initially hypothermic,

exercising animals.
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Circulating levels of lactate (2,3,20), potassium, (3,10), and creatine
phosphokinase (2,3,10,19) have been repeatedly used as clinical chemical indices
of exercise, exercise in the heat, and exercise/heat injury. Results of the
present investigation are similar to those which we had demonstrated earlier (3).
Thus, lactate and K~ levels are both consistently elevated following exercise to
hyperthermic exhaustion in all groups tested. It is noteworthy that the increased
endurance capacity of the initially hypothermic animals is reflected in the
sharper increments of circulating levels of both lactate and K*. Clearly, the
preinduced hypothermia did not reduce the contro! levels of these indices; in fact
pre-run lactates were significantly increased in 5-TG, hypothermic rats. In these
and some of our ezrlier experiments the results indicate tha: plasma CPK levels
are less reliable as an index cf heat/exercise induced iniury. It should be nozed
that hyperthermic exhaustion is occurring after relatively brief pericds of mild
exercise. We believe that both the curation znc intensity of the exercise zre
inadequate to elici: consistent changes i~ levels of CPK.

Thus, we have confirmed cur ezrlier hysothesis that initial hypethermia
can prolong the erdurance capacity cf rats exsrcising uncer hot environmenzal
conditions by delayving the onset of hyperthermic exhzustion. While on the
treadmill, the unit-time incremenss ir Tre for those animals made hypothermic
by 5-TG adminis:irztion and cold exposure combined with the rapid recucticas in
levels of plasme glucose indicate a hvpermetzdolic compensation among these
animals to return Tre to normal ranges. Similarly, recucec Tsk in this group
suggests decreased peripheral heat loss, azain probadly a compensatery
mechanism to achieve equilibrium Tre' Generzlly, the resul:s indicate tha: the
hypothermia induced by 5-TG anc colc exposure co not have marked effec:s on

plasma CPK, K*, anc lactate levels, but there zre indications that the increased
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Fig 1.

Fig 2.

Fig 3.

Fig 4.

Fig 5.

Figure Legend
Effect of IV 5-thio-D-glucose administration (10 mg) and prior cold
exposure (4°C)on T re Fesponse to treadmill exercise in the heat (35°C).
Mean values are depicted for n=6 in the 5-TG-treated group and n=13 in
the saline-treated group. The arrows denote the mean times at which
hyperthermic exhaustion was reached for both groups. Control animals
received 0.1 ml sterile, non-pyrogenic physiological saline.
Effect of IV 5-thio-D-glucose administrazion (19 mg) and prior cold
exposure (4°C) on the Tsk response tc treadmill exercise in the heat
(35°C). All parameters and condizions are &s notec under Fig. 1.
Effect of 5-TG administration on plasma glucose levels in blood samples
taken immediately prior to (pre-run) anc isllowing (post-run) exercise
on a treadmill 1o hyperthermic exhaustion. Rats which were scd-
deprived were so for 18h prior tc the star: of the experiment. ‘lean
values + SEM are depicted for n=6 (5-TG, fooc cerrivec), n=6 (szli-e,
food deprived), and n=7 (saline, fed). Control rass received C.1 ml
sterile, nonpyrogenic saline while 5-TG-treated animzls were acmin-
istered 1C mg 5-TG/C.1 m! salin=.
Effect of 5-TG administration ¢n dlasma lactate levels in blood sarples
taken immediately before (pre-run) and af:er (post-run) exercise an a
treadmill to hyperthermic exhaustion. All conditicns and paramsters
are as noted under Fig. 3.
Effect of 5-TG administration cn. plasma potassium levels in tleod
samples taken immediately before (pre-run) anc after (post-run)

exercise to hyperthermic exhausiion. All conditions are identicz! 0

those noted under Fig. 3.




Fig 6. Effect of 5-TG administration on plasma levels of creatine phos-

phokinase in blood samples taken just before (pre-run) and after (post-

Tt

run) exercise to hyperthermic exhaustion. All conditions are identical

to those described under Fig. 3.

e e T

TR RO

g | *e

{
\

11

) S Pt g




R T

— Yyn:mﬂ'lkﬁv?{? AR

REFERENCES

1. Bergstrom, J., L. Hermansen, E. Hultman and B. Saltin. Diet, muscle

glycogen, and physical performance. Acta Physiol. Scand. 71:140-150, 1967.

2. Bolter, C. P. and J. B. Critz. Changes in plasma enzyme activity elicited

by running exercise in the dog. Proc. Soc. Exp. Biol. Med. 145:1359-1362, 1974.

3.  Francesconi, R. P. and M. Mager. Heat-injured rats: pathochemical

indices and survival time. J. Appl. Phvsiol.: Respirat. Environ. Exercise Physiol.

45:1-6, 1978.
4. Francesconi, R. P. and M. Mager. Hypothermia incucec by chlorpromazine
or L-tryptophan: effects on treadmili performarce in the heat. J. Appl.

Physiol.: Respirat. Environ. Exercise Phvsiol. £7:213-817, 1979.

5.  Francesconi, R. P. and M. Magsr. 5-Trio-D-glucose: Thermoregulatory

effects in mice at various environmentz! temperztures. Amer. J. Phvsiol.

Submitted for publication, 1979.
6. Freinkel, N., B. E. Metzger, E. Harris, S. Rebinson and M. Mager. The

hypothermia of hypoglycemia. N. Enzi. J. lled. 287:341-843, 1972,

7.  Gerald, M. C. Effects of (-) - amriezamine on the trezdmill endurance

performance of rats. Neuropharmacol. 17:703-70%, 1978.

8. Henry, R. J. Clinical Chenistry - Princicles anc Technics. New York:

Harper and Row, 1968, p. 664-666.

9.  Howald, H. and B. Segesser. Ascorbic acic ancd athletic performance. Ann.
NY Acad. Sci. 258:458-464, 1975.

10. Hubbard, R. W., W. D. Bowers, Jr. and M. Mager. A study of physiological,
pathological, and biochemical changes ir rats with heat - and/or work-incuced

disorders. Israel J. Med. Sci. 12:884-885, 197¢.

12




11. Hubbard, R. W., W. T. Matthew, J. D. Linduska, F. C. Curtis, W. D. Bowers,
I. Leav and M. Mager. The laboratory rat as a model for hyperthermic

syndromes in humans. Am. J. Physiol. 231:1119-1123, 1976.

12. Mager, M. and R. P. Francesconi. Effect of hypothermia induced by
Chlorpromazine or L-tryptophan on treadmill performance in the heat. Fed.
Proc. 38:1052, 1979.

13. Mager, M. and R. P. Francesconi. 5-Thio-D-glucose: thermoregulatory
effects in mice at several environmental temperatures. Physiologist. 22:80,
1979.

14. Mager, M., S. Robinson and N. Freinkel. Drug modification of hypothermia

inducecd by CNS gluccpenia in the mouse. J. Appl. Physiol. 41:559-564, 1976.

15. Muller, E. E., A. Panerai, D. Cccchi, L. A. Frohman and P. Mantegazza.
Central glucoprivation: some physiological effects induced by the intra-
ventricular administation of 2-deoxy-D-glucose. Experientia. 29:874-876, 1973.

16. Ohara, K., F. Furuyama and Y. lsobe. Prediction of survival time of rats in

severe heat. J. Apol. Paysiol. 38:724-729, 1975.

17. Oiiver, 1. T. A spectrophotometric method for the determination of
creztine phosphokinasz myokinase. Bicchem. J. 61:116-122, 1955.
18. Rosalki, S. B. An improvec procedure for serum creztine phosphokinase

determination. J. Lad. Clin. Med. 69:636-7.5, 1967.

19. Rose, L. I, J. E. Bousser anc K. H. Cooper. Serum enzymes after

marathen running. J. Aopl. Phvsiol. 29:355-357, 1970.

20. Ruppert, R. D., A. Newman, D. G. Scarpelli and A. M. Weissler. The
mechanisms of metabolic acidosis in heztstroke. Clin. Res. 12:356, 1967.

21. Slein, M. W. MNethods of Enzymatic Analvsis, H. U. Bergmeyer, ed., New

York: Academic Press, 1963, p. 117.

LL3 PAGE LS BEST QUALITY PRARMNGARS

ZEOM COrY PUBBISHID 10 IDG




22, Strydom, N. B., H. F. Kotze, W. H. vanderWalt and G. G. Rogers. Effects

of ascorbic acid on rate of heat acclimatization. J. Appl. Physiol.: Respirat.

Environ. Exercise Physiol. 42:711-716, 1977.

23. Tal, E. and F. G. Sulman. Dehydroepiandrosterone - induced thyrotrophin

release during heat stress in rats. J. Endocrinol. 67:99-103, 1975.

24. Ushakov, A. S., V. I. Myasnikov, B. D. Shestkov, A. N. Agureev, M. S.
Belakovsky and M. P. Rumyantseva. Effect of vitamin and amino acid
supplements on human performance during heavy mental and physical work.

Aviat. Space Environ. Med. 45:1184-1187, 1978.

25. Wilson, N. C., C. V. Gisolfi, J. Farber and D. K. Hinrichs. Colonic and tail-
skin temperature responses of the rat at selected running speeds. J. Appl.

Physiol.: Respirat. Environ. Exercise Phvsiol. 44:571-575, 1978.

IR o B e e




“ 1 1 L l 1 1T i

1 “ar .
E 38'/ ',’ “ | A
i " :

i 43 - 3
— S

f < ¥ /' T

e -

4 ; L
4 S’ | |

9 il :
| 30 eeeees 5-THIO-D-GLUCOSE TREATED- B
E oooooo SALINE TREATED B
| | E
o8t T E
| | F
i w B ®n & N » F

TIME (MIN)

R T




¢-eesse 5-THIO-D-GLUCOSE TREATED -
oooco> SALINE TREATED

1 1 1 1

20 30 40 50
TIME (MIN)




100> SN
210°S PG’
010° Ve 500" 82" 611 98 .
659° 90°L¢ £62" 2L LY gy | x
JINYIHI0dAH
3502N19
-0-0IH1-S
£v0° ey L00° 60° 69l s
$86° b Le L 19°2¥ 262 | x
IINYIHLOWHON
T0UINOD
(9) (9) (9) (9) (SILANIW)
, TIWAY3IYL NO WNANIXYN THNAYIHL NO WNAWIXYWN THNavYaulL
h NIW/"SLv | 3unive3dwaiNs | NIW/PLV | 3univeaawal vioaw | Noawil
, ¢ ONY | "S9YI4 NI d31LYHLSNOWAA
S11NS3Y dH1 40 >z<_>___>_=w
| L 318vL




«w
[~
[~

200

PLASMA GLUCOSE (MG/DL)

100

5-16, FOOD DEPRIVED,

——* HYPOTHERMIC

SALINE, FOOD DEPRIVED,
NORMOTHERMIC

O—° SALINE, FED,

\

NORMOTHERMIC

=

PRE'‘RUN

POST-RUN

e




PLASMA LACTATE (MG/DL)

100

o
(o ]

In
(5]

20

5-TG, FOOD DEPRIVED,
&—* HYPOTHERMIC

SALINE, FOOD DEPRIVED,
" NORMOTHERMIC

O—° SALINE, FED,
NORMOTHERMIC

PRE-RUN POST-RUN




8t -
7+ J
6 -
= 5} 4
~
(e |
L
=
+ 47 «
=
E | 5-TG, FOOD DEPRIVED,
3t o———o HYPOTHERMIC -
SALINE, FOOD DEPRIVED, i
" *® NORMOTHERMIC ?
2+ o——o SALINE, FED, - 4
NORMOTHERMIC .
| 1+ 4 1
@ b

PRE-RUN POST:-RUN




537 Bl ged bl e i i & : p
) o _y: Rt lat e b g s g
T
e

e IR

" 5-TG. FOOD DEPRIVED,
o HYPOTHERMIC

4l @—a SALINE, FOOD DEPRIVED,
NORMOTHERMIC

o———— SALINE, FED, =
NORMOTHERMIC ’ 1

W
T
N
i,

CPK (IU/L)x 10°

—!
PRE-RUN POST -RUN




