
References and Notes 

1. M. J. Way, Annu. Rev. Entomol. 8, 307 (1963). 
2. A chrysopid larva has been listed as an enemy 

of Prociphilus tesselatus [T. Pergande, U.S. 
Dept. Agric. Technol. Ser. No. 24 (1912), pp. 
1-28] but no details are given about its morph- 
ology or behavior. Its given identification 
(Chrysopa quadripunctata) remains open to 
question. 

3. J. Meinwald, J. Smolanoff, A. C. Chibnall, T. 
Eisner, J. Chem. Ecol. 2, 269 (1975). 

4. F. J. Killington, A Monograph of the British 
Neuroptera (Ray Society, London, 1936-1937), 
vols. 1 and 2; R. C. Smith, Mem. Cornell Agric. 
Exp. Stat. 58, 1287 (1922). 

5. T. R. New, Trans. R. Entomol. Soc. London 
127, 115 (1975). 

6. Consumption time of individual newborn aphids 
averaged 4.72 ? 0.75 minutes for six 2nd and 
3rd instar larvae (25 aphids). 

7. Duration of the plucking procedure (from in- 
sertion of larval head into aphid's wool to appli- 
cation of plucking to rump of larva), deter- 
mined from motion picture analyses, averaged 
4.30 ? 0.51 seconds per plucking for seven 2nd 
and 3rd instar larvae (64 pluckings). 

8. Shield rebuilding time was 18.50 ? 2.63 minutes 
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9. Coordinates of each point are measured by per- 
pendicular distances to the three sides of an 
equilateral triangle as described, for example, in 
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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 
(1). 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 (Ta) 
were controlled. The animals were al- 
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lowed free access to food and water. Co- 
lonic temperature (T,o) 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 (4). 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 lux) (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,o 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,o 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 Tco persisted 
with an average free-running period of 
25.2 hours (6). The mean Tco 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 Tco in 
an animal entrained to an LD cycle when 
Teo was compared to the mean + the 
standard deviation (S.D.) of the three 
control days (Fig. la). The Tco was de- 
fended when the animals were exposed 
to cold at any time of day or night with a 
mean maximum decline in Tco of 
-0.1?+ 0.2?C (Fig. 2). However, most 
animals in LL showed an impaired abili- 
ty to maintain a stable Tco during similar 
cold exposures. Figure lb shows an ex- 
ample in which a major fall in Tco oc- 
curred. The maximum fall in Tco in the 
LL experiments averaged -1.0? + 0.2?C 
below the control mean (Fig. 2). The de- 
crease in Tco 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 
Tco 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 Tco. 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 Tco effectively 
against similar cold exposures at various 
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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 
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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. 
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Fig. 1. Effect of 6-hour cold-exposures on Tco 
(--*--) 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 (Ta, 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 
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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 (11). 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,o. 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,o 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 Tco 
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 
(14). Normally, these variables are syn- 
chronized in such a manner that they 
produce the observed rhythm in T,o 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,o from the control 
mean for all cold exposures in LD and LL (o). 
Plotted also are the mean (0) + S.E.M. for 
responses in LD and LL. The mean fall of Tco 
was significantly greater (P < .01) in LL than 
in LD. 

can show phase and occasionally period 
independence from the free-running T,o 
rhythm (15). 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 (16), 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 
FRANK M. SULZMAN 

MARTIN C. MOORE-EDE 
Department of Physiology, 
Harvard Medical School, 
Boston, Massachusetts 02115 
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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: A3-isopentenyl methyl sulfide, 
2-phenylethyl methyl sulfide, 6-methyl- 
A5-hepten-2-one, and trans-geranylace- 
tone. 2-Methylquinoline (quinaldine) 
was found in male, but not female, red 
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