flux. In Sepiu axons, however, Hodg-
kin and Keynes (16) were not able to
influence sodium efflux by passage of
hyperpolarizing curreats.

The molecular mechanism by which
the sodium extrusion system could
be influenced by transmembrane voltage
is not readily apparent. Conway (6)
has proposed an oxidation-reduction re-
action, as in the cytochrome system,
and Kernan {/7) has found evidence
that the cytochrome chain is indeed
active during pumping. This suggestion
has been criticized on the basis of its
cnergetic inefficiency. It is not difficult
to imagine that charged elements in
the membrane might be sensitive to
clectrical potential or that the electrical
field in the membrane might influence
binding sites for sodium. but our un-
derstanding of the sodium pump is in-
adequate at this time to warrant specu-
lation about its mechanism.

An interesting part of this inter-
pretation that the cell acts to maintain
constant ity electrochemical gradient
for sodium is its voltage dependence.
As a result, depolarization alone will
activate the pump. An action potential,
while produced by a current of sodium
ions into the cell, might itself activate
the pump. The prolonged action po-
tential of cardiac muscle (250 to 500
msec) should be a good stimulus, and
as suggested by Page (/8) an electro-
genic pump might even contribute to
the repolarization of the action po-
tential. Little information is available
to indicate how rapidly the pump may
be stimufated or depressed. Adrian
and Slayman (/9) have found that pump
activity appeared to follow tempera-
ture changes with a lag of less than
2 seconds, but further discrimination
was not possible in their experiments
because of the slowness with which the
cells were warmed,

Harry A, Fozzarp
Departiment of Medicine, University of
Chicago, Chicago, Illinois 60637
Davip M. KipNis
Department of Medicine,
Washington University Medical School,
St. Louis. Missouri
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Regulation of Body Temperature in
the Blue-Tongued Lizard

Abstract. Lizards (Tiliqua scincoides)
regulated their internal body temperd-
ture by moving back and forth between
15° and 45°C environments to main-
tain colonic and brain temperatures
between 30° and 37°C. A pair of
thermodes were implanted across the
preoptic region of the brain stem, and
a reentrant tube for a thermocouple
was implanted in the brain stem. Heat-
ing the brain stem to 41°C activated the
exit response from the hot environment
at a colonic temperature [° 1o 2°C
lower than normal, whereas cooling the
brain stem to 25°C delayed the exit
from the hot environment until the
colonic temperature was 1° ro 2°C
higher than normal. The behavioral
thermoregulatory responses of this ecto-
therm appear to be activated by a com-
bination of hypothalamic and other
body temperatures.

Vertebrates regulate internal body
temperature by activation of two classes
of responses in varying proportions.
One class, termed physiological. com-
prises the secondary functions of or-
gan systems that can modify rates of
heat transfer from the core to body
surface or from surface to environment,
or modify the level of heat generation:
shivering, panting, and vasomotor re-
sponses are obvious examples. An old-
er class of thermoregulatory responses
has been termed behavioral; they are
the coordinated activity of the whole
animal, selecting or creating a micro-
environment in which the optimal ia-
ternal temperature may be achieved

passively. The animal may also modify
by behavior one or more of the physi-
cal factors effecting heat exchange, such
as body shape or orientation, when
choice of environment is not possible.

Ectotherms such as lizards (I) and
fish (2) regulate their body tempera-
tures when not constrained from do-
ing so. When a range of thermal en-
vironments is available to the animal,
it apparently selects one in which a pre-
ferred  body temperature can Dbe
achieved. Although the major thermo-
regulatory responses in ectotherms are
behavioral, certain physiological re-
sponses also have been described (3).
The way in which these responses are
activated has not been explored.

We now report that the blue-tongued
lizard, Tiliqua scincoides (Shaw), also
can regulate its body temperature pri-
marily by behavioral responses. Our
results suggest that the regulatory re-
sponses are activated by a combina-
tion of brain and other body tempera-
tures.

A pair of thermodes (1.0 mm in out-
side diameter, thin-wall, stainless-steel
tubes spaced 3 mm apart) were im-
planted astraddle the brain stem of
cach of ten lizards. A stainless-steel re-
entrant tube {0.5-mm outside diameter)
was implanted 0.5 mm from the mid-
line and 1.0 mm rostral to the ther-
modes to accommodate a thermocouple,
The temperature of the thermodes was
controlled by water from a circulator
(4) mounted on the lizard’s head; water
was pumped to and from the circulator
through small plastic tubes at 70
ml/min from a constant-temperature
bath (45° or 25°C). Three or more
weeks after the thermodes were im-
planted, the lizard was placed in a
chamber with a choice of two environ-
ments: a dimly lit courtyard at 15°C
was surrounded by six aluminum boxes
(10 by 20 by 30 cm) heated to 45°C
by electrical ribbon heaters which, with
thermal insulation, were wrapped
around them. The door closed when
the lizard entered a heated box, but
could be readily opened by the lizard
when it was ready to return to the
cold courtyard. While the lizard oscil-
lated between the two environments,
its colonic, dorsal skin surface, and
brain temperatures were continuously
recorded by 36-guage, nylon-coated
thermocouples (Fig. 1 and Table 1).

When lizard No. 8 entered a hot box,
it remained there until its colonic tem-
perature increased to 37.1° %= 1.2°C,
when it returned to the cold court-
vard until its colonic temperature fell
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to 30.0° = 2.3°C—when it reentered
the box. Thus, by activating an appro-
priate behavioral response, lizards No.
6, 8, and 21 were able to regulate their
internal body temperature between 30°
and 37°C. Without that response, their
body temperatures would have in-
creased to 45°C or decreased to 15°C.
Six of the other seven lizards bearing
implants also were able to activate this
behavioral response in order to regu-
late their internal body temperature.
The seventh made no regulatory re-
sponse whatsoever when placed in the
cold, and in the hot environment its
colonic temperature increased to 42°C
before it became active; but it never
left the hot box by itself. It reacted
normally before the implantation and
appeared to be normal in all other re-
spects after implantation (that is, it
ate well, was alert, and walked nor-
mally).

Heating the brain stem to about
41°C, while the lizard was in the hot
box, activated the response to exit at
a colonic temperature that averaged
2.5°C lower (p <.01) than normal for
lizard No. 6, 1.4°C lower (p < .01) for
No. 8, and 1.0°C lower (p < .01) for
No. 21 in spite of the fact that the
surface temperature of the skin also
was lower in each instance. On the
other hand, cooling the hypothalamus
to about 25°C, while the lizard was
in the hot box, increased the colonic
temperature at exit from the box to
1.4°C above normal (p <.01) for lizard
No. 6, 2.1°C (p<.01) for No. 8,
and 0.6°C (p<.01) for No. 21 in
spite of the fact that the surface tem-
perature of the skin was also higher
in each animal.

Thus the brain temperature plays a
part in generating the signal to acti-
vate the exit response, but the colonic
or skin temperature, or both, also

must play a part. Heating the brain,

stem above 40°C did not by itself acti-
vate the exit response, but only after
the colonic and skin surface tempera-
tures had increased to appropriate
values (Fig. 1). Nor did cooling the
brain stem indefinitely block the exit
response. Only when the colonic and
skin temperatures became high enough
was the exit response activated, the in-
dication being that these temperatures
also must be involved in generation of
the activating signal.

The effects of heating and cooling
the brain stem upon the colonic tem-
perature at exit from the cold to the
hot environment were not so clearly
demonstrated as were these effects upon
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the colonic temperature at exit from
the hot to the cold environment. Heat-
ing the brain stem did decrease the
colonic temperature at exit from the
cold environment in lizard No. 6, but
not in No. 8 or No. 21. Cooling of
the brain stem increased above normal

*C

the colonic temperature at exit from
the cold environment in lizards No. §
and 21, but not in No. 6.

The design of the experiment was
not suitable for precise determination
of the limits of the preferred tempera-
ture range—especially the lower limit.
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Fig. 1. Colonic and brain-stem temperatures of lizard No. 8 (body weight, 625 g) while
it oscillated between a hot and a cold environment. The brain temperature was normal
except where heating or cooling of the brain with thermodes is indicated.

Table 1. Mean (= S.D.) body temperatures of three lizards at time of movement from
hot (45°C) to cold (15°C) and from cold to hot environments. Numbers of observations

appear in parentheses.

Lizard Temperature ':‘tt;;n:)afl Temperature (°C) at time of passage from:
(No.) source brain stem Heat to cold Cold to heat
6 Colon Normal 36.7 =13  (21) 31025  (22)
6 Colon Heated 342 +2.0% (16) 241 = 19% (5)
6 Colon Cooled 38.1 = 1.2% (5) 313 =37 (15)
6 Skin Normal 36.0=1.0  (21) 28.0x24 (22)
6 Skin Heated 33.3 = 1.8% (16) 22.3+19% (5)
6 Skin Cooled 373 = 1.1% (5) 28329 (15)
6 Hypothalamus Normal 35515 (20) 303 =23 (22)
6 Hypothalamus Heated 40.3 = 0.5 (16) 38202 (5)
6 Hypothalamus Cooled 246 3.7 (5) 25020 (15)
8 Colon Normal 371 =12  (22) 30023 (23)
8 Colon Heated 357+ 0.7% (8) 30,008 (3)
8 Colon Cooled 39.2 = 0.7%  (3) 326 =33 (6)
8 Skin Normal 37.0 = 1.1 (22) 26219 (23)
8 Skin Heated 36.0 = 1.0+ (8) 25509 (3)
8 Skin Cooled 38.5 = 0.8% (5) 28.3 +=2.8fY (6)
8 Hypothalamus Normal 36213 (22) 282 2.0 (23)
8 Hypothalamus Heated 40.7 =10 (8) 382+14 (3)
8 Hypothalamus Cooled 26019 (5) 23.0*x32 (6)
21 Colon Normal 374 =06 (20) 29.8 +32. (20)
21 Colon Heated 36.4 = 0.7¢ (15) 32512  (10)
21 Colon Cooled 38.0 = 1.3% (6) 31.5%23 (9)
21 Skin Normal 368 = 1.1 (20) 252 +1.8 (20)
21 Skin Heated 35.7+= 1.4% (15) 27.0+=15 (10)
21 Skin Cooled 372+ 13 (6) 27.3 +£2.6% (9)
21 Hypothalamus Normal 36.5+08 (20) 28.8 = 3.1 (20)
21 Hypothalamus Heated 414 0.5 (15) 40.5 0.5 (10)
21 Hypothalamus Cooled 25533 (6) 23.5+23  (9)

* p < .01, T p<.025.



When the animal learned that the only
choice was between an environment
that was too hot and one that was too
cold, its decision to leave the cold en-
vironmeni may have been intluenced
by remembrance that the other environ-
ment would shortly become  intolera-
bly hot. Remaining in the cold court-
yard would wiy be harmful,
whereas an extended period in the hot
cnvironment could be lethal. Drowsi-
ness and sleep sometimes appeared to
depress the response to eater the hot
box. especiully when the brain stem
was heated. [If the body temperature
fell below about 25°C or if it was be-
low this level at the start. our lizards
seldom entered the hot box unassisted.
Cold-induced lethargy did not immobi-
lize them. however, as they could easi-
Iy be prodded to move at a body tem-
perature of 15°C.

In all lizards except No. 8 (still alive
4 months after implantation). the place-
ment of the thermodes was determined.
The thermodes were straddling the op-
tic chiasm and the preoptic region
above it in lizards No. 6 and 21. In
the others, the thermodes were 1.0 to
2.0 mm caudal to the optic chiasm;
the effect of heating or cooling the
brain stem was less than in lizards No.
6, 8, and 21. Thus there is a sugges-
tion that the preoptic region is the
thermally responsive region of the
brain stem. In endotherms this same
region s known to activate physiolog-
ic thermoregulatory responses when its
temperature is displaced.

Bartholomew es «f. {5). placing two
lizards (7. scincoides) in a 40°C en-
vironment with a starting body tempera-
ture of 20°C, obtained heating curves;
and in a 20°C environment. with a
starting body temperature of 40°C,
they obtained cooling curves. The rate
of heating, at a body temperature of
30°C, was greater than the rate of cool-
ing at the same temperature: the dif-
ference was aftributed to the greater
heat production during heating, so that
the calculated conductance of the tis-
sue and air, between the core tempera-
ture and enviconment, was the same
for both heating and cooling. Their
results probably mean that any circu-
latory adjustments thai may be asso-
ciated with body temperature were not
shown to have thermoregulatory sig-
nificance. We arrived at the same con-
clusion, since heating or cooling of the
preoptic region of lizard No. 21 had
no discernible effect upon either the
heating or the cooling curves for this

in no
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animal. Nor did we see any inflections
in the normal heating or cooling curves
(brain stem not heated or cooled) to
suggest a change in blood flow from
core to skin.

However, the heat capacity of ani-
mal tissue is great, so a method based
upon heating or cooling curves is not
sufficiently sensitive for detecting small
thermoregulatory responses. We noticed
that the vessels along the margin of
the ventral scales are engorged with
blood when the animal is hot (35°C),
but we found that heating or cooling
of the brain stem had no effect on the
amount of blood in these vessels or on
their rate of filling after they were emp-
tied by gentle pressure.

Hyperventilation and gaping have
been observed in heated lizards (6).
and these we observed in 7. scincoides,
however, the associated loss of evapo-
rative water had no discernible effect
on the heating curves, nor did heating
or cooling of the hypothalamus indirect-
ly affect the heating curves by affect-
ing the evaporative heat loss from the
mouth. The only effect observed when
the brain stem was heated while a heat-
ing curve was recorded was that the
lizard struggled more vigorously and at
a lower colonic temperature. Likewise,
cooling of the brain while body tem-
peratures were rising delayed the strug-
gling until a higher colonic tempera-
ture was achieved.

H. T. HAMMEL
FrReDp T. CALDWELL., JR.
ROBERT M. ABRAMS
John B. Pierce Foundation Laboratory,
New Haven, Connecticut, and
Upstate Medical Center, State
University of New York, Syracuse
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Ischemic Necrosis: Prevention
by Stress

Abstract. Compleie interrupiion of
the circulation, by means o} a special
clip. in a skin flap during 9 hours
results in necrosis of the ischemic
ared, Prior treatmmeni with various se-
vere stressors (spinal-cord iransection,
prolonged restraint, quadriplegia due to
transection of motor forced
exercise, or cold baths), as well as sys-
temic injection of epinephrine, nor-
epinephrine. or chlorpromazine, offers
virtually complete protection against
this form of topical tissue injury.

nerves,

One hundred twenty female Sprague-
Dawley rats with an average body
weight of 100 g (range. 90 to 110 g)
were separated into 12 equal groups
and treated as indicated in Table 1.

Table 1. Prevention of necrosis of the skin
by stress. In addition to the treatments listed,
a skin flap was isolated from the circulation
by a compressing clip as indicated in the text,
All subcutaneous injections were administered
on the abdomen. Times (minutes, hours, days)
preceded by minus signs are the lengths of
time before application of the treatment; plus
signs, after treatment.

Cutaneous
necrosis
(scale, - 10

+4+)

Treatment

None + -4
Spinal-cord transection

Thermocautery between

C7 and D1 at 0 hour 0
Restraint
24 hours on a board, be-
ginning at —15 hours =
Quadriplegia

Transection of motor
nerves of all four
extremities at — 1 hour +

Starvation

Only water allowed

from —48 hours to +9 hours -4-
Forced exercise

In drum, 30 cm in diam-
eter, 12 rev/min, from
—30 minutes to --6 hours
and from --8 hours 30
minutes to +9 hours -+

Cold

Kept at 9°C from

—30 minutes to +9 hours
Epinephrine

Subcutaneous injection

of 0.8 mg at —30 minutes
Norepinephrine

Subcutaneous injection

of 1.5 mg at —30 minutes 0
Cortiso! acetate

Daily subcutaneous
injection of 3 mg from
—5th day to +-1st day

Cortisol sodium succinate

Intravenous injection

of 20 mg at 30 minutes
Chlorpromazine

Subcutaneous injection

of 1.5 mg at —30 minutes

Tracz

Tracz

+t

+ 4+

Trace
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