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secretory responses to gastrin, increasing 
amounts of gastrin were added to the nutrient 
solution. After the maximal response to' each 
dose had been recorded, the nutrient solution 
was exchanged. The results of a typical ex- 
periment are shown in Fig. 2. In no case 
did a dose of 2.5 X M elicit a response. 
In  the experiment illustrated, the threshold 
dose was 2.5 X M and the peak re- 
s p n s e  occurred at  2.5 >( 1WS M. 

The secretory responses to 71  doses of 
gastrin in 310 bullfrog mucosae are shown in 
Fig. 3. The response to each dose is ex- 
pressed as the ratio of the stimulated rate 
of secretion to the basal rate just prior to 
addition of gastrin. The threshold dose in 
all cases was 2.5 X 1 OV9 M and the maximal 
response occurred at 2.5 )( lovs M or 2.5 
X M. By comparison, the response of 
1 2  mucosae to 31 doses of histamine indi- 
cated that the threshold dose of histamine 
was 2.5 X M and the maximal secre- 
tory dose was 2.5 )( Therefore, the 
threshold dose of gastrin is 1/1W the thresh- 
old dose of histamine, and the dose of gastrin 
required to achieve a maximal secretory re- 
sponse is lJl000 or 1JlOalOO the correspnd- 
ing dose of histamine. 

Addition of supramaximal doses of gastrin, 
i .e . ,  2.5 X M, stimulated acid secretion 
and did not inhibit basal or previously estab- 
lished gastrin- or histamine-stimulated secre- 

Tempera ture  Gradients  Between 

tion. Secretory inhibition following supra- 
maximal doses of gastrin has been observed 
in the intact dog( 1). 

The mucosal content of histamine declined 
gradually during the course of 6 experiments 
(Fig. 4).  No significant differences in hista- 
mine content were observed between the 
gastrin-stimulated and the non-stimulated 
mucojsae . 

Simmary. Gastrin stimulates the secretion 
of acid by the isolated gastric mucosa of the 
bullfrog. The threshold dose is 2.5 X lW9 
M and the maximal secretory response oc- 
curs at 2.5 y\ or 2.5 x low7 M. Supra- 
maximal doses of gastrin failed to inhibit 
gastric secretion. Gastrin has no effect on 
the levels of endogenous mucosal histamine. 
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Blood serves as a common carrier of heat 
from one area of the body to another. In 
the homeotherm it Provides the thermal stim- 
UlUS for specialized thermosensi tive receptors 

in the preoptic-anterior hypothalamic region 
and additionally removes the heat produced 
by neuronal and glial metabolism( 1,2). While 
such generalizations are well established, a 

*Supported in part by Grants from NIH (NB- number of Specific aspects of the thermal 
relationships between the brain and blood are 05638 and NB-05199). 
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still uncertain. Several groups have observed 
fluctuations in brain temperature associated 
with behavioral changes related to sleep and 
arousal (3-8). These temperature shifts occur 
simultaneously throughout the hypothalamus 
and in the cerebral cortex without a change 
in deep body (rectal) temperature(4-7). The 
physiological basis for these temperature fluc- 
tuations is not known. Another unexplained 
observation is the presence of temperature 
gradients in different brain areas. For ex- 
ample, the anterior hypothalamus is cooler 
than the posterior hypothalamus and warmer 
than the cerebral cortex( 2-4). To explore 
further the relationship between blood and 
brain temperatures we measured arterial 
blood temperature simultaneous to the tem- 
perature of a variety of cerebral sites in the 
unanesthetized monkey. The level of alert- 
ness was also noted. Changes in arterial blood 
temperature were found to follow within 2 
to 10 seconds changes in the level of alert- 
ness as indicated by overt behavior, EEG and 
EMG recordings. The arterial blood tem- 
perature shifts were followed somewhat later 
(within 10 to 90 seconds) by changes of 
similar direction and magnitude in brain tem- 
perature. Temperature gradients of 0.2 to 
0.6"C were found between the arterial blood 
and the selected cerebral sites. While these 
gradients were different for each site they 
were nonetheless usually constant over sev- 
eral hours recording and could be repeatedly 
demonstrated on the various days of testing.+ 

Materials and methods. All measurements 
were made during 30 experiments on 5 adult 
female monkeys (Macaca mulatta) of 4 to 
6 kg body weight. Two to four weeks prior 
to study the animals were adapted to a 
primate restraining chair in a thermoregu- 
lated chamber with 12 hours of artificial light 
and 12 hours of darkness. Under pentobar- 
bital anesthesia and with sterile operative 
technique, glass-enclosed thermocouples (OD, 
0.84 mm) were stereotaxically implanted in 
deep brain areas. Other thermocouples sealed 
in polyethylene tubing (OD, 0.61 mm) were 
implanted 0.5 to 1 mm into the cerebral 
cortex through the subarachnoid space. Still 

t Some of these results ha.ve been described in 
abstract form(9). 

other thermocouples in polyethylene tubing 
were passed through a branch of the external 
carotid artery or the common carotid artery 
to the arch of the aorta without occluding the 
internal carotid artery. Epidural silver ball 
electrodes were implanted over the biparietal 
cortex. Insulated stainless steel wires with 
bared tips were fixed in the orbicularis oculi 
muscles. Lead wires were threaded under 
the skin of the neck and attached to brass 
connector pins (EEG, EMG) and to copper- 
constantan plugs (temperature) which were 
cemented to a lucite platform on the skull. 
This lucite platform either replaced the scalp 
(10) or was elevated 2 cm on 4 posts to 
allow an intact hair bearing scalp over the 
skull and brain. Post-operatively the mon- 
keys were treated with penicillin and s t rep  
tomycin for 3 days and allowed 1-2 weeks 
of trauma free recovery time. 

Recordings were made on healthy, afebrile 
monkeys eating at  a preoperative level. Ani- 
mals were studied at  rest behind a one-way 
glass mirror window in a primate restraining 
chair in a lighted, sound-attenuated chamber 
with a controlled environmental temperature 
between 23-30°C t OSOC and at  approxi- 
mately 50% relative humidity. Recordings 
were made with an Offner Type-R ink-writ- 
ing oscillograph which provided continuous 
and simultaneous EEG, EMG and tempera- 
ture records. Thermocouples were made from 
enameled arc-welded 100 micron copper-con- 
stantan wires (Sigmund Cohn Corp.). Ther- 
mopotentials were amplified with a DC ampli- 
fier (Offner 481 B preamplifier and 9806 A 
coupler). A distilled water, crushed ice ref- 
erence junction was used. This recording sys- 
tem had a response time of 1 second and a 
maximum sensitivity of 0.25"C/cm. The ac- 
curacy of the thermocouples after calibration 
was t 0.05"C. At the end of the study the 
monkeys were sacrificed with an overdose of 
pentobarbital and the brains perfused and 
fixed in 10% formalin. Brains were frozen, 
serial sections cut a t  80 p, and the sections 
stained with thionin. Thermocouple positions 
were determined by gross and microscopic 
examination. 

Results. Arterial blood temperature and 
arousal. Temperature measurements at the 
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FIG. 1. Blood and Brain Temperatures and Arous- 
al. Fluctuations in bl'ood and brain temperatures 
are shown in relation to changes in the EEG and 
EMG in the chamber isolated (24°C) resting monkey. 
Loud tap on the chamber at  the arrow. Abbrev.: 
EEG, biparietal electroencephalogram ; EMG, orbicu- 
laris oculi electromyogram ; RF, midbrain reticular 
formation; OC occipital cortex; AH, anterior hypo- 
thalamus; FC, frontal cortex; A, arterial blood at 
the arch of the aorta. 

FIG. 2.  Bl'otod and Cranial Temperatures during 
Drowsiness in the Monkey. Continuous and simul- 
taneous recordings of temperatures of the brain, 
subcutaneous tissue of the scalp and arterial blood 
as compared with electrical activity in the cerebral 
cortex and in the periorbital muscles. Chamber 
temperature 24°C. Buzzer sounded at  the arrow. 
Abbrev.: WM, subcortical white matter ; SC, sub- 
cutaneous tissue of the scalp. Other abbreviations as 
in Fig. 1. 

arch of the aorta have been used as an index 
of core temperature in the calf ( 11). In  our 
monkeys, the mean temperature of the circu- 
lating blood measured at this site proved to 
be a rapidly changing and sensitive param- 
eter. Changes ranged from small dips od 0.013 
to 0.018"C and of 101 to 20 seconds duration 
to larger 0.1 to 01.2"C shifts that occurred 
over a period of 30 to 90 seconds. These lat- 
ter shifts were closely related to changes in 
overt motor activity and the patterns of EEG 
and EMG recordings. During periods of sus- 
tained and "spontanmus" wakefulness, oscil- 
lations at a frequency of 6 cycles/minute in 
baseline temperature were frequently ob- 

served. These oscillations had an amplitude 
of 10.04"C and were not associated with any 
net rise or fall in blood temperature. 

The monkeys commonly grew drolwsy in 
the sound-attenuated chamber. Typically 10 
to 20 minute periods of arousal were inter- 
spersed with brief 1-5 minute periods of 
drowsiness or sleep, at which time the EMG 
potentials were diminished and high voltage 
slow waves were manifest in the EEG record- 
ings. Whenever the animals fell asleep blood 
temperature dropped 0.1 to 0.2"C. During 
subsequent arousal blood temperature rose 
again to its former level (Fig. 2). As deter- 
mined a t  faster paper speed than shown in 
these records, EEG and EMG wave changes 
usually preceded blood temperature changes 
by several seconds. The magnitude and dura- 
tion of the slower changes in blood tempera- 
ture were relatively phase-locked to the 
changes in EEG and EMG recordings (Fig. 
1 & 2). When drowsiness became more pro- 
nounced and prolonged, the ratio' of "sleep 
time" to "arousal time" was increased. This 
meant that more cooling than warming of the 
blood took place with every sleeparousal 
cycle and repetition of these unequal cycles 
over several minutes led to a slow, stepwise 
downward shift in blood temperature. At this 
stage auditory stimuli were used to induce a 
more sustained arousal including an orienting 
response, and EEG desynchronization and in- 
creased EMG activity were followed within 
2 to 5 seconds by a steady warming of the 
arterial blood (Fig. 1 and 2 ) .  

Brain tenapera.ture and arousal. Brain tem- 
perature fluctuations were similar in directioa 
and degree to the changes in blood tempera- 
ture during sleep and arousal. Any alteratioln 
in the level of arousal was followed within 
seconds by a change in blood temperature and 
then seconds to minutes later by a relatively 
comparable shift in brain temperature. In- 
variably the rate of change in brain tempera- 
ture was slower than the preceding blood 
temperature change. The shifts of 0.1 to 
0.2OC and of 30 to 90 second duration in 
arterial blood temperature during drowsiness 
had their counterpart in the temperature 
changes of the hypothalamus and cerebral 
cortex. In contrast the subcortical white mat- 
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TABLE I. Teniperature Gradients Between the 
Brain and Arterial Blood in the Monkey. 

The simultaneous measurement of temperatures in 
bhe brain (TB) and of the arterial blood (TA) in 
5, resting-chair restrained, rhesus monkeys in a 

lighted thermoregulated chamber. 

Rostra1 diencephalon and septa1 area 
Diagonal band of Broca +.22 2 .06 
Preoptic area +.25 k .03 
Anterior hypothalamus +.30 _+ .03 

+.34 k .04 

Posterior hypothalamus +.39 k .08 
Midbrain RF +.52 & .05 

+.56 k .04 

Frontal cortex +.23 ? .03 
Occipital cortex +.a3 .05 

+.45 _+ .05 
Parietal white matter +.50 2 .07 

+.52 f .05 

Y Y  Y J  

Caudal diencephalon and midbrain 

9 9  Y Y  

Cerebral cortex 

99 Y Y  

9 )  9 9  9 9  

38.01 
38.74 
38.49 
38.40 

38.01 
38.58 
38.43 

38.46 
38.58 
38.42 
38.17 
38.49 

* Values for the brain are expressed as the mean 
difference between temperature of the brain and ar- 
terial blood (TB-Td) k S.D. in dgr c. Data tabu- 
lated for ten 5-minute intervals during 3 experi- 
ments for a total of 30 readings for each brain site. 

ter could not “follow” these more rapid blood 
temperature changes, and it exhibited changes 
related only to the larger and slower shifts 
in arterial blood temperature. These regional 
differences in blood-brain thermal conductiv- 
ity are illustrated in Fig. 1 and 2 to demon- 
strate the varying degrees of thermal inertia 
present in nervous tissue. Fig. 2 additionally 
shows that temperature changes of similar 
direction and degree were encountered in the 
subcutaneous tissue of the scalp an extra- 
cerebral cranial structure. 

Gradients between brain and blood temper- 
ature, In  all the monkeys brain temperature 
was higher than the mean temperature of the 
arterial blood by 0.2 to 0.6”C. As shown in 
Table I, temperature gradients between the 
arterial blood and each cerebral site we 
studied were maintained within narrow limits 
for the 1-2 hours of each experiment and on 
the different days of testing. Slow shifts in 
b l d  temperature which minimized the ther- 
mal inertia of the brain caused no change in 
these temperature gradients. During the more 
rapid changes in blood temperature, gradients 
were briefly increased or decreased between 

the blood and the hypothalamus and cerebral 
cortex. Gradients with blood temperature 
varied from one cerebral site to another. 
Temperatures at rostral sites in the hypo- 
thalamus and the frontal cortex were 0.17 
to 0.22”C closer to arterial blood tempera- 
ture than caudal regions of the brain stem 
and the occipital cortex. The only cranial 
structure we studied in which the tempera- 
ture was lower than the blood was the sub- 
cutaneous tissue of the scalp. 

Discussion. These studies have clearly 
shown that the arterial blood exerts a major 
influence on the thermal environment of the 
brain. Fluctuations in blood temperature were 
quickly followed by parallel fluctuations in 
brain temperature. While other investigators 
(3,5-8) have observed a relationship between 
brain temperature and arousal, they have usu- 
ally attributed such brain temperature shifts 
to changes in neuronal metabolism or cerebral 
blood flow rather than the presently reported 
earlier change in arterial blood temperature. 
The failure to associate these brain changes 
with shifts in deep body temperature prob- 
ably arises from the frequent use of the rec- 
tum as a reference site for core temperature. 
Ultimately the establishment of the physio- 
logical basis for brain temperature changes 
will depend upon the use of the most reliable 
index for deep body temperature, namely the 
arterial blood rather than the rectum. More- 
over, changes in arterial blood temperature 
would appear from our present results to be 
a more reliable thermal correlate of behav- 
ioral changes associated with sleep and 
arousal than would changes in brain tempera- 
ture. 

Measurement of arterial blood temperature 
also facilitates the study of temperature gra- 
dients in the brain. Temperature differences 
between diencephalic and midbrain areas in 
the monkey are similar to those gradients, de- 
scribed for the cat and dog in which rostral 
brain stem sites are cooler than caudal brain 
stem regions (2,4). Additionally, we found 
the rostral cortex (frontal) to be as warm as 
the anterior hypothalamus and the caudal 
cortex (occipital) temperature level to ape 
proach that of the midbrain reticular forma- 
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tion. Subcortical white matter was one of 
the warmest sites in the brain and also had 
the greatest thermal inertia of all the intra- 
cranial structures in which temperature meas- 
urements were made. The genesis and func- 
tional significance of intracerebral tempera- 
ture gradients are still unknown. In the past 
a major problem in evaluating these intra- 
cerebral gradients has been the continuous 
fluctuations of brain temperature. It would 
now appear that simultaneous measurements 
of arterial blood temperature and various 
brain temperatures will permit a more accu- 
rate assessment of those fluctuatioas in brain 
temperature due to altered neuronal or glial 
metabolism, local blood flow and local blood 
temperature in contrast to those changes that 
result simply from changes in the mean tem- 
perature of arterial blood coming to the brain. 

Summary. Temperature measurements were 
made simultaneously in the arterial blood and 
various brain structures in 5 chronically pre- 
pared rhesus monkeys at  rest in a lighted, 
sound-attenuated, thermoregulated chamber. 
The level of alertness of the animals was 
also noted by observing changes in overt be- 
havior together with EEG and EMG record- 
ings. Spontaneous and induced shifts in the 
level of arousal were followed in secoads by 
warming or cooling of the arterial blood and 
seconds to minutes later by parallel shifts 
in the temperature of the majority of the 
brain sites. Arterial blood temperature was 
thus found to yield a sensitive index of the 

behavioral state of the monkey in relation to 
sleep and arousal. Changes in the mean tem- 
perature of the arterial blood going to the 
brain appeared primarily responsible for tem- 
perature fluctuations in the brain. A number 
of steadily maintained but differing thermal 
gradients were found to exist between region- 
al brain sites and the arterial blood. 
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E. Burrell, Miss Cora Rucker, and Miss Arlene 
Koithan for technical assistance, to Mrs. E. Baum 
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