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Thermoregulation Is Impaired in an Environment

Without Circadian Time Cues

Abstract. Squirrel monkeys synchronized to a 24-hour light-dark cycle show a
prominent circadian rhythm in body temperature which is regulated against mild
environmental cold exposures throughout the 24-hour day. However, cold exposures
produce significant decreases in core body temperature when the circadian rhythms
of the animal are free-running in the absence of environmental time cues. Effective
thermoregulation appears to require the precise internal synchronization of the cir-

cadian timekeeping system.

Body temperature in homeotherms is
not regulated at a constant level over the
day, but rather oscillates with a promi-
nent circadian (about 24 hours) rhythm
(7). Circadian rhythms, which have been
observed in many physiological varia-
bles, are generated by an endogenous
system of oscillators within the organism
which is normally synchronized by 24-
hour cues in nature (2). When animals
are placed in an environment free of time
cues, circadian rhythms persist with a
period usually significantly different
from 24 hours. We report here that in
such constant conditions the capability
of squirrel monkeys to maintain body
temperature during mild cold exposures
is significantly impaired. Regulation
against cold is more effective when ani-
mals are synchronized by periodic inputs
from the environment.

Thirteen adult male squirrel monkeys
(Saimiri sciureus), weighing 800 to 1200
g were conditioned to sit in a special me-
tabolism chair (3) for two or more weeks.
Studies were conducted on the chair-re-
strained animals within an isolation
chamber in which the environmental
lighting and ambient temperature (T'5)
were controlled. The animals were al-

lowed free access to food and water. Co-
lonic temperature (T.,) was measured
with a thermistor probe (YSI, model 401)
inserted 6 cm beyond the anus. The
probe was connected to a bridge circuit
(YSI Telethermometer, model 43TD)
and the bridge output was continuously
amplified and recorded (Grass poly-
graph, model 7).

The monkeys were subjected to mild
6-hour cold exposures at all circadian
phases of the 24-hour day. Each animal
was studied for at least three consecutive
days at 28°C before being exposed to
20°C for 6 hours ). Eight experiments
were conducted with animals entrained
to a 24-hour light-dark cycle with 12
hours of light (600 lux) and 12 hours of
dark (<1 1lux) (LD 12 : 12). The results of
these experiments were compared with
those of nine other experiments in which
the animals were maintained in constant
light- (LL) of 600 lux.

In animals entrained to the LD cycle,
the T.,, had a 24-hour mean of
37.5° = 0.1°C (mean = S.E.M.) and an
average daily range of 1.9° = 0.1°C. The
T., was maintained above the mean
when lights were on, and then fell pro-
gressively throughout the night until it
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began to rise again about 2 hours before
the lights were scheduled to come on (5).
In LL where there were no environmen-
tal time cues to synchronize the circa-
dian system, the rhythm in T, persisted
with an average free-running period of
25.2 hours (6). The mean T., in these
conditions (37.7° = 0.2°C) was not sig-
nificantly different from that observed in
LD. However, the circadian range of the
rhythm was reduced to 1.0° = 0.2°C, and
the waveform was also altered so that a
greater fraction of the cycle was elevated
above the mean than in LD.

Cold exposure had little effect on T, in
an animal entrained to an LD cycle when
T., was compared to the mean = the
standard deviation (S.D.) of the three
control days (Fig. la). The T, was de-
fended when the animals were exposed
to cold at any time of day or night with a
mean maximum decline in T, of
—0.1° = 0.2°C (Fig. 2). However, most
animals in LL showed an impaired abili-
ty to maintain a stable T, during similar
cold exposures. Figure 1b shows an ex-
ample in which a major fall in T, oc-
curred. The maximum fall in T, in the
LL experiments averaged —1.0° = 0.2°C
below the control mean (Fig. 2). The de-
crease in T, of animals free-running in
constant light was significantly greater
(P < .01) than that of animals entrained
to the LD cycle.

These results are the first demonstra-
tion of a failure of homeostasis caused by
the removal of LD cues from the envi-
ronment. There are three reasonable
ways in which this impaired defense of
T., in constant light might be explained.

1) The stress of chair restraint or the
isolation conditions (or both) could re-
sult in impaired thermoregulation in the
animals. However, when animals were
studied for similar lengths of time in the
chair in LD and LL, only the monkeys in
LD could consistently defend T,. There-
fore, it appears unlikely that these re-
sults are anomalies of restraint or isola-
tion (or both) per se.

2) Constant bright light could detri-
mentally affect the thermoregulatory
system. Yet, this does not seem to be the
case either. We have shown previously
that squirrel monkeys in LL (600 lux) are
capable of being entrained to 24-hour cy-
cles of food availability (7). When these
animals were provided with this form of
external synchronization in LL, they
were able to defend T, effectively
against similar cold exposures at various
circadian phases. Because these mon-
keys were also chair-restrained, a combi-
nation of chair restraint and bright light
together cannot account for the observed
response. A further possible test would

SCIENCE, VOL. 199, 17 FEBRUARY 1978



3s.0f ! :
| | //
| I //////
| |
S 380 ! !
w | |
3 I |
2
3 |
<
@
&
= 370
w I
w
5 |
z [77]CONTROL DAYS ! !
i I
3 /] (%25.0) | |
o 3e0F
I |
I |
I |
a | |
90 180 270 ) )
CIRCADIAN  PHASE ANGLE (DEG)
|
_ |
e |
I
w
3 I
>
2 |
x |
w
=
w I
o
I
2 1
Zz
o i
-
o !
[}
| |
| |
3400 ! !
I 1
I |
b | |
1T T
EY 86 270

CIRCADIAN  PHASE ANGLE (DEG.)

Fig. 1. Effect of 6-hour cold-exposures on T,
(—e—) in a monkey entrained to an LD
12 : 12 cycle (a) and a monkey free-running in
LL (b). At the top of each graph the ambient
temperature is indicated on the day the cold
was instituted; lighting conditions are in-
dicated at the bottom of each graph. Since the
periods of the rhythms were different in the
two lighting conditions [that is, 24 hours in (a)
and 25 hours in (b)], the data were normalized
so that each cycle was set equal to 360°. The
shading represents the mean + S.D. of the
previous three cycles (T,, 28°C).

be to examine the response to cold ex-
posures in constant darkness.

3) There is much evidence that favors
a third possibility: the failure of thermo-
regulation may be due to the internal un-
coupling of the multioscillator circadian
timing system of the squirrel monkey (8).
When the animals were kept in constant
light with free access to food, they were
deprived of circadian time cues from the
environment. The impairment of ther-
moregulation could be a result of im-
proper temporal relationships between
the different rhythmic processes in-
volved in temperature regulation. In the
constant conditions used in these experi-
ments, we have previously demonstrated
that internal desynchronization of the

17 FEBRUARY 1978

circadian timing system can occur in
squirrel monkeys (9), in a manner analo-
gous to that previously reported in man
(10). In this state, physiological func-
tions in different tissues oscillate with in-
dependent free-running rhythms which
therefore show constantly changing in-
ternal phase relationships. Furthermore,
even when internal desynchronization
does not occur, internal phase angle
shifts to new phase relationships can be
seen (I1). Thus, cold exposures applied
to animals in LL with different degrees
of internal phase angle shifts from the en-
trained state could explain the impaired
thermoregulation function. Further, be-
cause the internal phase relationships in
LL at the time of the cold exposure can
vary, the rhythmic functions will at times
be appropriately phase-related to defend
T. This would account for the variabili-
ty in the response to the cold exposures
seen in Fig. 2 with animals in LL some-
times being able to defend T,.

To test whether internal desynchroni-
zation was responsible for the impaired
thermoregulation, we induced it in three
animals and then subjected them to iden-
tical cold exposures. Internal desynchro-
nization was achieved in adrenal-
ectomized monkeys maintained in LL
but provided with injections of 10 mg of
cortisol at 24-hour intervals (12). Corti-
sol-synchronized rhythms within the ani-
mal thereby showed a 24-hour period
while other rhythms were free-running,
with periods significantly different from
24 hours. In four experiments, these in-
ternally desynchronized animals showed
a mean maximum decrement in T, of
—2.5° = 0.7°C during the cold exposure.
Four control experiments with adrenal-
ectomized animals internally synchro-
nized by providing both 24-hour LD and
cortisol cycles showed a defense of T,
during the cold exposures with an aver-
age fall of —0.1° = 0.2°C (13). Thus, the
response to cold exposure was not re-
lated to the adrenalectomy per se, but
was a result of the internal desynchroni-
zation induced in these animals.

What are the rhythmical processes
within the organism which are showing
altered temporal relationships? Studies
of the thermoregulatory system of
homeotherms indicate that both heat
production and heat loss are rhythmic
and are timed by the circadian system
(I14). Normally, these variables are syn-
chronized in such a manner that they
produce the observed rhythm in T, in
both entrained and free-running states.
However, we have shown that one of
these thermoregulatory components,
vasomotor heat loss, persists with a free-
running circadian rhythm in LL, which
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Fig. 2. Maximum fall of T, from the control
mean for all cold exposures in LD and LL ().
Plotted also are the mean (<) = S.E.M. for
responses in LD and LL. The mean fall of T,
was significantly greater (P < .01) in LL than
in LD.

can show phase and occasionally period
independence from the free-running 7',
rhythm (/5). Thus, in the absence of ex-
ternal temporal information the effec-
tiveness of temperature regulation could
be diminished as a result of improper or
continually changing phase relationships
between the oscillating components of
the thermoregulatory system.

That a temporally constant environ-
ment should give rise to the failure of a
homeostatic mechanism is something of
a paradox. Homeostasis, as defined by
Cannon (/6), depends on control sys-
tems to maintain a relatively constant in-
ternal environment in the face of a highly
variable external environment. Yet, we
have shown here that when a homeo-
therm is faced with a constant environ-
ment in which all effective 24-hour time
cues are removed, the homeostasis of
body temperature is impaired so that it
cannot be precisely maintained when a
mild environmental challenge is encoun-
tered.

CHARLES A. FULLER
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Department of Physiology,
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References and Notes

1. J. Aschoff, in Physiological and Behavioral
Temperature Regulation, J. D. Hardy, A. P.
Gagge, J. A. J. Stolwijk, Eds. (Thomas,
Springfield, IIl., 1970), pp. 905-919.

2. C. S. Pittendrigh, Cold Spring Harbor Symp.
Quant. Biol. 25, 159 (1960); J. Aschoff, Annu.
Rev. Physiol. 25, 581 (1963); M. C. Moore-Ede,
W. S. Schmelzer, D. A. Kass, J. A. Herd, Fed.
Proc. Fed. Am. Soc. Exp. Biol. 35,2333 (1976).

3. M. C. Moore-Ede and J. A. Herd, Am. J.
Physiol. 232, 128 (1977).

4. Although this is a relatively mild cold exposure
for monkeys acclimated to 28°C, 20°C is outside
the thermoneutral range of the squirrel monkey;
thus, for the maintenance of T, the animal is re-

795



quired to increase heat production, in addition
to decreasing heat loss [J. T. Stitt and J. D. Har-
dy, J. Appl. Physiol. 31, 48 (1971)].

5. The entrained temperature rhythms in these
studies are comparable to the entrained rhythms
from more than 50 similar experiments we have
performed; C. A. Fuller, F. M. Sulzman, W. S.
Schmelzer, J. C. Zimmerman, M. C. Moore-
Ede, Fed. Proc. Fed. Am. Soc. Exp. Biol. 35,
724 (1976); M. C. Moore-Ede, D. A. Kass, J. A.
Herd, Am. J. Physiol. 232, R31 (1977).

6. In 21 experiments in which the animals were
free-running in constant conditions, the mean
circadian period of the temperature cycle was
25.2 + 0.1 hours (mean + S.E.M.). The period
for each animal was determined by calculating
the average interval between the maximum of
each circadian cycle (7).

7. F. M. Sulzman, C. A. Fuller, M. C. Moore-Ede,
Physiol. Behav. 18, 775 (1977).

8. M. C. Moore-Ede and F. M. Sulzman, Physiolo-
gist 20, 17 (1977).

9. F. M. Sulzman, C. A. Fuller, M. C. Moore-Ede,
Comp. Biochem. Physiol. A58, 63 (1977).

10. J. Aschoff, U. Gerecke, R. Wever, Jpn. J.
Physiol. 17, 450 (1967).

, PAlugers Archiv. 295, 173 (1967); R. We-

ver, Int. J. Chronobiol. 1, 371 (1973); C. A. Ful-
ler, F. M. Sulzman, M. C. Moore-Ede, in prepa-
ration.

12. F. M. Sulzman, C. A. Fuller, M. C. Moore-Ede,
Fed. Proc. Fed. Am. Soc. Exp. Biol. 35, 694
(1976).

13. C. A. Fuller, F. M. Sulzman, M. C. Moore-Ede,
ibid. 36, 423 (1977).

14. J. Aschoff and H. Pohl, ibid. 29, 1541 (1970); J.
Aschoff and A. Heise, in Advances in Climatic
Physiology, S. Ttoh, K. Ogata, H. Yoshimura,
Eds. (Igaku Shouin, Tokyo, 1972), pp. 334-348;
J. Aschoff, H. Biebach, A. Heise, T. Schmidt, in
Heat Loss from Animals and Man, J. L.. Mon-
teith and L. E. Mount, Eds. (Butterworths,
London, 1974), pp. 147-172.

15. C. A. Fuller, et al., in preparation.

16. W. B. Cannon, Physiol. Rev. 9, 399 (1929).

17. We thank Dr. J. C. Zimmerman and Dr. L. G.
Hiles for discussing these results and M. G.
McLaughlin and W. S. Schmelzer for their tech-
nical assistance. Supported in part by NASA
grant NSG-9045, NSF grant PCM76-19943, NIH
grant GN-22085, and career development award
NS-00247-01 from NIH to M.C.M.-E.

19 May 1977; revised 2 November 1977

Chemical Scent Constituents in the Urine of the

Red Fox (Vulpes vulpes L.) During the Winter Season

Abstract. Four volatile chemical compounds have been identified as apparently
unique constituents in urines of red foxes (both sexes) during the winter season when
mating occurs. Quinaldine was found only in male fox urine. Several other com-
pounds identified are found in other species also. Some or all of these compounds
may function in olfactory communication in the red fox.

Olfactory communication has impor-
tant socioecological significance in the
wild canid species, especially in the red
fox (Vulpes vulpes L.) (1-5). Olfactory
cues may serve for individual and group
recognition, territorial marking, as mark-
ers in food scavenging, for sexual recog-
nition and attraction, as indicators of re-
productive states, and for possible
pheromonal function.

Identified sources of odor in the red
fox are the supracaudal gland, the anal
sac, and the urine. Of these, only the
urine has thus far apparently not been in-
vestigated to determine the odor constit-
uents. By a combination of gas chroma-
tography-mass spectrometry (GC-MS)
with organic structural methods and syn-
thesis, we have identified four com-
pounds that appear to be unique odor
sources in the urines of male and female
red foxes: A’-isopentenyl methyl sulfide,
2-phenylethyl methyl sulfide, 6-methyl-
A’-hepten-2-one, and trans-geranylace-
tone. 2-Methylquinoline (quinaldine)
was found in male, but not female, red
fox urine. In addition, several com-
pounds were identified, and these have
also been found in urines of other spe-
cies: benzaldehyde, acetophenone, 4-
heptanone, and some C,,-terpenes. The
availability of these compounds by syn-
thesis or from natural sources will permit
controlled studies of their possible endo-
crine or behavioral (pheromonal) effects.
The methodology that has been devel-
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oped may provide the means for quan-
titative investigation of seasonal and in-
dividual variations in olfactory cues and
permit their correlation with biological
events.

The chemical constituents of the su-
pracaudal gland (sometimes referred to
as the ‘‘violet gland’’ because of its am-
brosia-like odor) have been investigated
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Fig. 1. Gas chromatographic analysis in glass
capillary columns of urinary volatile com-
pounds in the red fox (Vulpes vulpes L.). (a)
Male; (b) female. The constituents are identi-
fied by number in Table 1.
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by Albone (6, 7) and by Albone and
Flood (8). They reported dihydroactini-
diolide, 6-hydroxy-2,2,6-trimethylcyclo-
hexanone, and trans-4-keto-B-ionone in
addition to other (unidentified) terpenoid
and fluorescent photolabile sebum con-
stituents. They also found high levels of
hydroxysteroid dehydrogenase activity.

The histophysiology and function of
the anal sac of the red fox have been de-
scribed by Spannhof (9), who noted sea-
sonal changes in the epithelium of this
organ which coincide with variations in
locomotor and sexual behavior of the an-
imals. Albone et al. (10) reported that the
predominantly aqueous secretion of the
anal sac in the red fox contains high con-
centrations of odorous volatile fatty
acids (C, to Cg¢), ammonia, trimethyl-
amine, 1,4-diaminobutane (putrescine),
and 1,5-diaminopentane (cadaverine), all
suspected of being microbially pro-
duced. They also investigated the bacte-
rial microflora of the sac in studies that
were extended by Gosden and Ware
(11). Albone, Robins, and Patel (I2)
found that 5-aminovaleric acid is a major
free amino acid component of the fox
anal gland secretion. Although it is gen-
erally believed that the anal sac has sig-
nificance in olfactory communication of
the fox, its exact role is not understood.

The red fox uses its urine as the princi-
pal means of scent marking (/-5) and
trappers have long used this product in
the preparation of fox lures. The strong
characteristic odor is said to intensify
and change in quality during the breeding
season (/3) when the incidence of mark-
ing is said to increase (2, 5). These obser-
vations suggest that urine from one or
both sexes may have pheromonal activi-
ty transmitted through the olfactory
sense.

Joffre (14) has reported on the signifi-
cant seasonal variations in the endocrine
characteristics (spermatogenetic activi-
ty, testicular and prostatic weights, pros-
tate secretions, and plasma testosterone
levels) of both the cubs and adult red fox
males—phenomena that parallel changes
in behavior and in olfactory communica-
tion (5).

Despite the suspected importance of
the urine in scent marking, it is not sur-
prising that the nature of the volatile
odor constituents of the red fox urine has
not been previously investigated, since
collection of uncontaminated urine from
wild foxes is difficult. We now present
the results of a study of urines of both
male and female foxes collected in a nat-
ural environment within or near the
Acadia National Park (68°W, 44°N) close
to Bar Harbor, Maine. The only species
of fox in that area is Vulpes vulpes L.
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