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Thermoregulatory mechanisms are remarkably efficient, ensuring 
minimal temperature variation within the core of the human body 
under physiological conditions. Diverse afferent and efferent neu- 
ral pathways contribute to the monitoring of core and skin tem- 
perature, generation of heat, and control of thermal exchange 
with the external environment. We have investigated the cortical, 
thalamic, and hypothalamic responses to cooling and warming by 
using positron-emission tomography activation imaging of sub- 
jects clad in a water-perfused suit, which enabled rapid change of 
their skin-surface temperature. Human brain regions that respond 
to changes in skin temperature have been identified in the so- 
matosensory cortex, insula, anterior cingulate, thalamus, and hy- 
pothalamus, with evidence that the hypothalamic response codes 
for the direction of temperature change. We conclude that signals 
from thermosensors in the skin providing crucial afferent infor- 
mation to the brain are integrated with signals from central 
thermosensors, resulting in thermoregulatory responses that 
maintain core temperature within a remarkably narrow range. 

functional neuroimaging I hypothalamus I thermoregulation 

The integrity of the human body depends on the maintenance 
of the internal environment at a relatively constant temper- 

ature. Thermoregulatory mechanisms are remarkably efficient, 
ensuring small temperature tolerances within the core of the 
body under physiological conditions. Diverse afferent and ef- 
ferent neural pathways contribute to the monitoring of core and 
skin temperature, generation of heat, and control of thermal 
exchange with the external environment. The integration of 
these processes is a function of the central nervous system within 
a network that has only been partially described in humans. 

The reflex regulation of body temperature is usually consid- 
ered in the context of a traditional feedback system, with the 
detection of small changes in internal temperature leading to 
appropriate effector responses. In humans, the maintenance of 
a constant internal temperature depends on vasomotor control 
of the cutaneous circulation and sudomotor control of sweating 
and shivering, with nonshivering thermogenesis also contribut- 
ing in neonates. Heart rate is also considered to be a thermo- 
regulatory effector. Results from experiments in animals and 
inferences from pathological lesions of the human brain suggest 
that the preoptic region and hypothalamus play an important 
role in the control of thermoregulatory mechanisms (see ref. 1 
for review). Electrophysiological recordings from the preoptic 
area have identified cells that respond directly to changes in 
temperature. Almost all the cells described in these studies 
increase their level of activity in concert with increases in 
temperature. Cells responsive to cooling of the hypothalamus 
have been described only infrequently (2). 

The capacity of the hypothalamus to integrate cutaneous 
thermal afferent information in thermoregulatory processes is a 

matter of debate. Concurrent measurement of the electroen- 
cephalography and unit recordings of hypothalamic cells during 
manipulation of skin temperature in anesthetized animals have 
raised doubts about the association of hypothalamic activity and 
cutaneous afferent output in the absence of covarying states of 
arousal (3), which is a necessary but major drawback of animal 
studies. Animal experiments have indicated that the central 
sensors for thermoregulatory responses are located in the hy- 
pothalamus, although within this region, the different effector 
responses may be driven by distinct thermosensitive neurons and 
mediated by distinct efferent pathways (4). This classical feed- 
back organization has additional sensory input arising from the 
spinal cord and skin. 

In humans, the contribution from skin temperature is impor- 
tant for several reasons. First, it serves in a feed-forward capacity 
such that regulatory responses can be initiated without the 
necessity of an error signal from internal (hypothalamic) tem- 
perature. Second, and related, the level of skin temperature 
affects the response pattern with respect to the threshold tem- 
perature at which changes in internal (presumably hypothalamic) 
temperature begin to evoke effector responses. These studies do 
not indicate the region or regions of the central nervous system 
in which these thermosensory elements interact in humans. 
Direct evidence is needed of the organization of these systems 
in the human brain. Although limited information has been 
obtained about the cerebral representation of cutaneous thermal 
sensation in humans (5-9), very few studies have been published 
on the brain activations associated with the basic processes of 
thermoregulation. Although the shifts in threshold mentioned 
above might be taken as suggestive evidence of an action for 
afferent information from skin temperature at the level of the 
hypothalamus, such is not necessarily the case. Indeed, this 
possibility has been doubted based on single-unit records from 
hypothalamic neurons in anesthetized rats (10). 

In addition to physiological mechanisms of thermoregulation, 
homeotherms have developed a repertoire of behavioral re- 
sponses that influence body temperature. The impetus for 
thermoregulatory behavior is the interoceptive experience of 
thermosensation. Thermal sensations are bimodal (senses of 
cool and warm) and include a thermoneutral domain that is 
characterized by the absence of any appreciation of temperature 
(6). In addition to sensory-discriminative attributes, thermal 
sensations in humans are invested with a hedonic dimension that 
motivates actions compatible with maintenance of core temper- 
ature (11). Affective responses associated with the experience of 

Abbreviations: PET, positron-emission tomography; rCBF, regional cerebral blood flow. 
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temperature are also bivalent. Cooling and warming the skin give 
rise to pleasant or unpleasant sensory experiences depending on 
prevailing thermoregulatory requirements. Recent observations 
(12-14) indicate that the threshold levels of internal temperature 
at which sweating, cutaneous vasodilation, or shivering are 
initiated are functions of the skin temperature such that the 
threshold internal temperature is lowered by elevated skin 
temperature and raised by cool skin temperature. The impact of 
the hedonic dimension of thermal sensation suggests that the 
experience integrates afferent input from the skin and inter- 
nal thermoreceptors, the latter most probably within the 
hypothalamus. 

The aversive nature of unpleasant thermosensations can be 
attenuated by behaviors that facilitate thermoregulatory pro- 
cesses, such as seeking shelter from extreme ambient conditions. 
Conversely, pleasant thermal experiences encourage the persis- 
tence of actions that are likely to maintain body temperature, 
such as remaining close to a radiant source of heat in a cold 
environment. The mechanisms emergent in poikilotherms (i.e., 
reptiles may seek and lie in the sun, and body temperature rises) 
and elaborated in homeotherms parallel those of thirst, hunger 
for air, hunger, and pain as vegetative regulatory systems with a 
long evolutionary history. It might be predicted, as has been 
shown experimentally with some of the systems cited (15-18), 
that the subjective sensations giving rise to intention to act will 
be organized in the phylogenetically ancient areas of the brain: 
the midbrain, hypothalamus, thalamus, allocortex, and transi- 
tional cortex. Evidence from functional brain-imaging studies 
also provides support for the contribution of the ventral poste- 
rior thalamic nuclei, insula, and primary somatosensory and 
associative parietal cortices in cutaneous thermal sensation 
(5-7). In contradistinction to the linear relationship of thermo- 
regulatory hypothalamic activity and temperature, thermosen- 
sory processing in the brain is likely to be focused around the 
central thermoneutral point. Despite the unique modal qualities 
and implications of cooling and warming, it is likely that many 
elements of the thermosensory network will be common to both 
valences of temperature sensation. 

We adopted the working hypothesis that skin temperature acts 
on the hypothalamic thermoregulatory areas during both heating 
and cooling. We took advantage of the ability to monitor activity 
in discrete brain areas by positron-emission tomography (PET) 
imaging and coupled that with techniques to directly change 
surface temperature quickly by means of a water-perfused suit. 
In particular, these changes in skin temperature were non- 
nociceptive and global, aiming to isolate thermoregulatory re- 
sponses while avoiding those associated with more discrete but 
more intense thermal stimuli. Use of the water-perfused suit 
allowed relatively rapid changes in skin temperature and per- 
mitted manipulation of skin-temperature changes separately 
from changes in internal temperature. Thus, the goals of the 
present study were to identify the midbrain, hypothalamic, 
limbic, and cortical network associated with skin-temperature 
variations. We hypothesized that body heating would cause (i) 

cortical activation associated with cutaneous thermal sensation 
and (ii) thalamic and hypothalamic activation associated with 
thermoregulatory responses. The present article deals with the 
regional cerebral blood flow (rCBF) activations resulting from 
decreases and increases in skin temperature without concomi- 
tant changes in core temperature. 

Methods 
The study included 12 healthy volunteers (10 male and 2 female; 
age range, 20-44 years; mean age, 28 + 7 years) who gave 
consent after verbal and written descriptions of the study, its 
discomforts, and its risks. The study was approved by the 
University of Texas Health Science Center Institutional Review 
Board. 

Temperature-Control Procedures. Heating was induced by means of 
a liquid-conditioned garment (19) similar to those worn by 
astronauts. The liquid-conditioned garment device was selected 
because it allowed precise control of body temperature while the 
subject remained at rest. Temperature-controlled water was 
circulated through a network of small-diameter tubes sewn into 
mesh underwear, which covered the torso, upper arms, and legs. 
The forearms and head were not included. Outer layers were 
added to prevent heat loss to the environment. The right forearm 
was instrumented with a laser Doppler blood-flow probe (Moor 
Instruments, Axminster, U.K.) for the measurement of skin 
blood flow (20). The probe holder included a capsule covering 
0.4 cm2 that was ventilated continuously with dry air. The relative 
humidity of the effluent air was measured for the calculation of 
sweat rate (21). Blood pressure was measured from the right 
middle finger by the Penaz method (Finapres 3600, Ohmeda, 
Madison, WI). Skin temperature was measured as the weighted 
average from six thermocouples placed at representative sites. 
Oral temperature was registered continuously from a sublingual 
thermocouple. Subjects were reminded to maintain their mouths 
closed for several minutes before and during each imaging period 
to prevent artifactual cooling of the probe. 

Experimental Protocol. Skin temperature was brought to 34?C for 
the control periods. This period included two scans, one after at 
least 10 min of quiet rest and the other 15 min (average, 14.0 ? 
0.4 min) later. Cooling then was instituted by perfusing the suit 
with cold water at a temperature of -4?C. Ten minutes after the 
onset of cooling (average, 9.6 ? 0.6 min) a third scan was taken. 
After the thermal-perception interview (see below), the skin 
temperature was restored to control levels, and 11.0 ? 0.1 min 
later, the fourth scan was taken. Skin temperature was then 
raised to 38?C 15.0 ? 0.4 min after the onset of skin warming, 
and the first of three scans for body heating was taken. The final 
four scans, which included two additional warm scans and two 
cool scans, were associated with core temperature changes and 
will be reported separately. After each scan, the subject was 
quizzed on the perception of skin temperature on a scale from 
-4 to +4, for which a reply of -4 indicated feeling very cold, a 

Table 1. Group mean physiological and temperature measures for each of the experimental conditions 

Cutaneous Oral Skin Skin 
Scan vascular Heart rate, Mean arterial temperature, temperature, temperature Thermal comfort 
code* conductance Sweat rate min- pressure ?C 'C perception perception 

C1 1.66 (0.16) 0.05 (0.01) 63.5 (2.2) 98.8 (4.6) 36.7 (0.1) 33.9 (0.1) -0.5 (0.23) -0.17 (0.11) 
C2 1.50 (0.16) 0.05 (0.01) 60.9 (2.2) 100.9 (4.8) 36.6 (0.1) 33.9 (0.1) -0.42 (0.23) -0.33 (0.19) 
SCi 1.17 (0.10) 0.05 (0.01) 62.0 (2.6) 114.6 (5.5) 36.6 (0.1) 30.5 (0.2) -2.83 (0.27) -2.42 (0.34) 
C3 1.35 (0.12) 0.05 (0.01) 59.1 (2.5) 102.1 (5.5) 36.5 (0.1) 33.8 (0.1) 0.09 (0.21) 0.18(0.12) 
Hi 2.23 (0.23) 0.07 (0.01) 69.9 (3.7) 95.2 (4.6) 36.6 (0.1) 38.2 (0.1) 2.42 (0.26) 1.58 (0.34) 

*See the Fig. 1 legend for definitions of the scan codes. 
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response of 0 indicated feeling neither warm nor cold, and +4 
indicated the skin to be very hot. Thermal comfort was assessed 
in the same way by asking the subject whether, in terms of 
thermal comfort, they felt very hot, hot, warm, slightly warm, 
neutral, slightly cool, cool, cold, or very cold. 

Imaging Procedures. Nine PET scans were acquired for each subject. 
Each subject was supine in a quiet room, with his or her head 
supported in an hemicylindrical head holder and his or her eyes 
closed. The scanning methods used at the University of Texas 
Health Science Center Research Imaging Center have been de- 
scribed (22-25). Briefly, cerebral blood flow was measured by 
means of H215O (half-life 123 s) injected as 8- to 10-ml 60-mCi (1 
Ci = 37 GBq) boluses of saline via an i.v. cannula in the left arm. 
PET scans were performed on a General Electric (Milwaukee, WI) 
4096 camera with a 2.0-mm pixel spacing, an interplane center-to- 
center distance of 6.5 mm, and a z-axis field of view of 10 cm. A 
68Ge/68Ga pin source was used for a transmission scan before the 
first scan to correct for radiation attenuation. The minimum 
interscan interval was 10 min, which allowed five half-lives for 
isotope decay. Image reconstruction was performed by using a 
Hann filter, yielding images with a spatial resolution of -7 mm. 
Each volunteer also had an anatomical magnetic resonance scan 
taken for comparison with the PET images. These scans were made 
with an Elscint (Haifa, Israel) 1.9-T Prestige system and used 3D 
gradient-recalled acquisitions steady-state acquisition protocol, 
with a repetition time of 33 ms, an echo time of 12 ms, and a flip 
angle of 600 to yield a 256 x 192 x 192 volume of data with a spatial 
resolution of 1 mm3. 

Each PET brain volume was defined by intensity thresholding at 
30% of the maximum voxel value of the image volume, globally 
normalized by scaling to a mean of 1,000, and corrected for 
intrasubject movement by using the automated image-registration 
algorithm (26, 27). Both the magnetic resonance and PET images 
were spatially normalized to the Talairach atlas (28) with an 
algorithm developed to use an affine nine-parameter fit and 
interactive denotation of the anterior commissure-posterior com- 
missure line. Images were transformed into 60 slices by using 
trilinear interpolation (matrix, 60 x 128 x 128) with isotropic voxels 
of 2 x 2 x 2 mm3. Significant changes in rCBF were detected by 
using image subtraction by means of a validated algorithm (29) in 
which statistical parametric images are averaged across subjects and 
the resultant grand averages from chosen pairs of images are 
contrasted. Local extrema were identified with a 3D search algo- 
rithm, and kurtosis and skewness of the histogram of the difference 
image were used to assess overall significance (24). Anatomical 
labels were applied automatically by using a 3D electronic brain 
atlas (30). Regional tests were used to identify the brain areas 
showing significant differences. Cluster size was based on contig- 
uous voxels within search cubes of 125 mm3 and Z scores computed 
from the ratio of the image voxel and the average standard 
deviation of the null distribution. We accepted regional effects only 
if the Z scores were >3.11 (P < 0.001) and had at least 25 voxels. 
Planned comparisons were made between (i) the skin-cooling and 
control conditions (two initial scans) and (ii) the skin-warming and 
control conditions. 

Results 
Body Temperature and Hemodynamic Responses. Group mean tem- 
perature and other physiological data for the control, cooling, 
and heating phases of the study were obtained (see Table 1 and 
Fig. 1). By design, oral temperature did not change appreciably 
through the first two control (36.7 and 36.6?C, respectively), 
cooling (36.6?C), and early warming (36.6?C) phases. However, 
a small decrease in core temperature was apparent at the time 
of the third control scan (36.5?C), compared with the initial 
control scans [t(11) = 3.1; P < 0.01]. Consequently, this scan was 
not averaged with the first two control scans in subsequent 
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Fig. 1. Physiological and temperature measurements acquired during the 
bodysuit water-temperature manipulation. (a) Cutaneous vascular conduc- 
tance. (b) Sweat rate. (c) Heart rate. (d) Mean arterial blood pressure. (e) Skin 
and oral temperature. Scan codes: Cl, control scan 1; C2, control scan 2; SC1, 
skin-cooling scan 1; C3, control scan 3; Hi, skin-heating scan 1. 

comparisons. Cutaneous vascular conductance fluctuated dur- 
ing the protocol [F(1,10) = 13.7; P < 0.004], decreasing from the 
mean control scan value of 1.58 mV to the skin-cooling (1.17 
mV) and third control (1.35 mV) scans and then increasing 
during the warming scan (2.23 mV). A significant effect was also 
apparent for heart rate due to an increase at the warming scan 
of 69.9 beats per minute, compared with the control scans (62.2 
beats per minute) [F(1,1O) = 7.5; P < 0.02]. The mean arterial 
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Table 2. Brain activations observed when comparing normal skin and core temperatures 

Skin cooling (SC1) Skin warming (Hi) 

Region Brodman area Hemisphere x y z Size Z score x y z Size Z score 

Pre/post central gyrus 4/5 Left 0 -32 58 39 3.11 -4 -32 58 45 4.25 
4/5 Right 6 -34 58 45 3.39 
4/3 Left -16 -34 54 96 3.78 

4 Right 16 -22 56 77 3.43 16 -26 60 25 3.27 
3 Right 24 -28 48 87 3.92 22 -30 46 79 3.55 

Left -30 -30 32 83 3.41 
Right 34 -24 34 76 3.34 

3/4 Left -42 -11 32 82 3.34 
Supplementary motor area 6 Left -2 -26 60 33 3.14 -4 -32 58 45 4.25 

6 Left -14 -18 50 51 3.27 
Anterior cingulate cortex 24 0* -14* 34* 55* 2.96* 

31 Right 6 -14 42 77 3.43 16 -16 40 51 3.27 
24 Right 3 -8 25 62 3.43 
24 Right 2 -6 36 60 3.48 
32 Left -3 8 44 41 3.09 
24 Right 7* 12* 28* 53* 2.80* 6 10 26 56 3.18 
24 Left -6 -10 36 63 3.07 
24 Right 2 -6 36 60 3.48 
24 Right 8 0 36 77 3.87 

Posterior cingulate cortex 31 Left -14 48 26 46 3.09 
31 Right 12 -48 28 54 3.58 10 -32 30 67 3.30 
23 Right 4 -24 24 62 3.25 6 -24 28 67 3.27 
23 Right 2 -36 22 76 3.54 

Prefrontal cortex: inferior 47 Left -32* 28* -13* 41* 2.89* -31 26 -13 43 3.23 
frontal gyrus 

Posterior parietal cortex: 40 Right 38* -48* 30* 25* 2.56* 32 -42 48 46 3.39 
inferior parietal lobule 

Insula 13 Left -38* -26* 2* 65* 2.93* -41* -23* -41* 42* 2.75* 
13 Right 30 3 -2 34 3.16 29 2 0 27 3.00 

Parahippocampal gyrus 36 Left -26 -26 -30 65 5.39 -28 -22 -28 61 4.87 
Midbrain: hypothalamus Right 8 -20 -4 30 3.00 

Right 4 -10 -16 46 3.07 

Shown are brain activations observed when comparing normal skin and core temperatures (conditions Cl and C2) with skin cooling to 30.5?C while 
maintaining a constant core temperature (condition SC1)i and skin heating to 38.2?C with a constant core temperature (condition H1). Significant activations 
are reported with cluster sizes >25 voxels and a Z score > 3.11 (P < 0.001) except for those regions shown with an asterisk, which are trends to significance 
(P < 0.005). 

pressure rose during cooling [114.6 mmHg (1 mmHg = 133 Pa)] 
and decreased during warming (95.2 mmHg) [F(1,10) = 13.1; 
P < 0.006]. Ratings of thermal sensations also changed during 
the course of the protocol in keeping with the manipulation of 
skin temperature [F(1,10) = 44.5; P < 0.0001]. 

PET Imaging. Contrasts between the control images and the image 
taken during the period of skin cooling revealed (Table 2, 
left-hand columns, and Fig. 2) bilateral activation of the somato- 
sensory cortex [Talairach coordinates (x, y, z)/Z scores: (-42, 
-11, 32)/3.3 and (24, -28, 48)/3.9], the anterior cingulate 
cortex [(-3, 8, 44)/3.1 and (6, -14, 42)/3.4], and the insula 
[(-38, -26, 2)/2.9 and (30, 3, -2)/3.2]. There was a trend 
toward significant deactivation by skin cooling in the hypothal- 
amus, and activation in the left parahippocampus [(-26, -26, 
-30)/5.4] and thalamus [(14, -16, 5)/2.9]. 

The skin-heating image when contrasted with the two initial 
control images produced a similar pattern of cortical activation 
responses (Table 2, right-hand columns, and Fig. 2). The so- 
matosensory cortices demonstrated bilateral activation very 
similar to that seen with cooling [(-30, -30, 32)/3.4 and (22, 
-30, 46)/3.6)]. Similarly, the insula showed bilateral signal 
increase relative to the initial control images [(-41, -23, 
-4)/2.8 and (29, 2, 0)/3.0], whereas the anterior cingulate 
showed activation in the right hemisphere [(16, -16, 40)/3.3]. 

Activation was observed also in the right side of the hypothal- 
amus [(4, -10, -16)/3.1] and in the left parahippocampus 
[(-28, -22, -28)/4.9]. 

Individual time-series plots for normalized rCBF responses in 
the somatosensory cortices, the insula, the anterior cingulate, 
and the thalamus show increases for both the skin-cooling and 
skin-heating conditions (Fig. 3). Conversely, the hypothalamus 
shows a reduction during the skin-cooling condition and an 
increase in the skin-heating condition. The skin-temperature 
change and hypothalamic rCBF change were highly correlated 
(R = 0.79; P < 0.001). 

Discussion 
The present study has identified regions in the cortex, thalamus, 
and hypothalamus that may be influenced by skin-temperature 
changes independently of changes in core temperature. We 
monitored oral temperature during both external cooling and 
warming sequences without detecting significant changes in core 
temperature. It is important to note that the cutaneous thermal 
stimuli administered in the present study covered a large pro- 
portion of the skin surface rather than localized regions as used 
in some earlier studies (5-7). This stimulus therefore approxi- 
mates normal environmental changes. 

Furthermore, for each subject a number of key physiological 
variables were measured to ascertain the nature and magnitude 
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Fig. 2. Activations and deactivations for the skin-cooling (Left) and skin- 
heating (Right) scans, compared with the control scans displayed on the 
average magnetic resonance brain image of the 12 subjects. (a) Sagittal 
sections (x = 6) showing extensive activation in the right anterior cingulate 
during cooling and warming (arrows) and in the hypothalamus. (b) Axial 
sections (z = 54 and 48) showing extensive bilateral somatosensory activation 
for both conditions. (c) Coronal sections (y = -28) showing left parahippocam- 
pal activation. (d) Axial sections (z = O and -6) showing left posterior and right 
anterior insula and right thalamus activation. The positive and negative 
Z-score color coding is shown. 

of any homeostatic responses caused by thermal stimuli. Ex- 
pected but small changes in skin vascular conductance, arterial 
pressure, and heart rate indicated that appropriate homeostatic 
responses to cooling and warming (?40C) were engaged in the 
subjects. An increase in sweat rate was observed with warming, 
consistent with the increase in skin temperature. 
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Fig. 3. Plots of percent rCBF change in the cortical and subcortical 'regions 
highl ighted in Fig. 2: bilateral responses in somatosensory cortex (a), insula (b), 
anterior cingulate (c), and right thalamus (d) as a function of scan condition 
showing increased signal change during both the skin-cooling and skin- 
heating conditions, compared with the average control rCBF signal. (d) The 
percent rCBF signal change in the right hypothalamus showing reduced 
response for the skin-cooling condition [skin-cooling scan 1 (SC1)], compared 
with the average control rCBF signal, and increased response when the skin 
temperature is raised and a disequilibrium exists between the skin and oral 
temperatures [control scan 3 (C3) and skin-heating scan 1 (H1)]. 

tified similar activated regions for both cooling and warming, 
suggesting that rather than coding for temperature, this region 
of the brain provides anatomical specificity in regard to the 
surface area on which temperature is changing. In the recent 
study by Craig et al. (6), it was suggested that thermal sensation 
is represented in the insula cortex rather than parietal somato- 
sensory cortex. Although Craig et al. observed activation of the 
left and right parietal cortices with hand cooling, they attributed 
this response to attention that was directed to the hand being 
cooled. The widespread area of activation we observed in the 
parietal primary somatosensory cortex region may reflect the 
larger bodily surface distribution of the stimuli that were applied 
in the current study. 

We also observed that cooling activated discrete regions in the 
left posterior and right anterior parts of the insula cortex, and 
similar sites were also activated by warming. The insula has been 
shown to respond to painful stimuli as well as to a range of other 
somatosensory stimuli. If both cooling and warming were acti- 
vating the same neurons, it would cast doubt on specific tem- 
perature coding by such neurons in the insula. It is possible, 
however, that thermally coding neurons lie close together in this 
region and the spatial resolution of PET imaging is unable to 
resolve the separate responses from these adjacent populations 
of neurons. Major activations were also observed in mid- and 
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posterior cingulate regions. The anterior cingulate has been 
implicated in tasks requiring an executive role, whereas regions 
of the midcingulate have been activated in tasks having an 
affective component such as thirst, pain, and fear. It has been 
suggested that neural input to the cingulate from ascending 
spinothalamic pathways that signal afferent information from 
pain and thermal sensors may provide an affective component of 
the thermal sensation (31). These ascending pathways may also 
provide information related to skin temperature to the insula 
(32). Activations were observed in the right thalamus, consistent 
with activation of such spinothalamic pathways. However, the 
spatial resolution of PET imaging is also insufficient to differ- 
entiate whether the specific thalamic nucleus activated was the 
posterior part of the ventromedial nucleus, which has been 
shown to relay spinothalamic signals to the insula and cingulate 
cortices. 

Hypothalamus. The hypothalamus and preoptic regions play a 
crucial role in integrating and initiating autonomic thermoreg- 
ulatory mechanisms such as skin vasomotor responses, sweating, 
salivation, and shivering (4). Neurophysiological studies in ex- 
perimental animals show that various sites such as the medial 
preoptic area, dorsomedial hypothalamus, paraventricular nu- 
cleus, and posterior hypothalamus may play roles in mediating 
these responses (33-36). Both activation and deactivations were 
observed within this region with thermal stimuli, but unlike the 
other brain regions discussed, warming and cooling stimuli did 
not both cause activation of the same region of the hypothala- 
mus. Rather, significant activation was seen in the right ventral 
hypothalamus with warming and deactivation of the region with 
cooling. It was surprising that we did not observe significant 
activation and deactivation in the left ventral hypothalamus, 
probably because of the limited spatial resolution of PET and the 
spatial normalization method, which resulted in a better image 
registration for the right ventral hypothalamus. Although the 
particular hypothalamic nuclei activated by cooling and warming 
the skin could not be localized, it is feasible that the above- 
mentioned diencephalic nuclei drive different thermoregulatory 
pathways. 

In the study by Kanosue et al. (8), body exposure to cold air 
caused activation of the amygdala. We did not observe such 
activation with skin cooling in the present study. However, the 
stimulus we used was of shorter duration and strength, resulting 
in less thermal stress, which could explain the difference between 
the two findings. 

Conclusions 
That a stable core body temperature is maintained in mammals 
despite relatively large variation in ambient temperature attests 
to the effectiveness of their thermoregulatory mechanisms. 
Information from thermosensors in the skin provides crucial 
afferent information to the brain that is integrated with signals 
from central thermosensors to initiate compensatory thermo- 
regulatory response that maintain core temperature within a 
remarkably narrow range. Physiological studies in animals have 
shown that the hypothalamus and adjacent preoptic region 
probably integrate the afferent information from peripheral and 
central thermosensors. Human brain regions that respond to 
change in skin temperature to regulate homeostatic responses to 
changes in environmental temperature include the somatosen- 
sory cortex, insula, anterior cingulate, thalamus, and hypothal- 
amus. Thus, the subjective thermoregulatory sensations giving 
rise to intention to act are predominantly organized in the 
phylogenetically ancient areas of the brain, including the mid- 
brain, hypothalamus, thalamus, and elements of the limbic 
system. The network of cortical and subcortical activations that 
we identified in humans shows striking similarities to those of 
pain (15), thirst (16), hunger (17), and hunger for air (18), all 
being exemplars of vegetative regulations with a long evolution- 
ary history. 

This work was supported by National Institutes of Health Grant HL 
059166, the benefactors of the Research Imaging Center, the National 
Health and Medical Research Council of Australia, the Howard Florey 
Biomedical Foundation of the United States, the Harold G. and Leila Y. 
Mathers Charitable Foundation, and the Robert J., Jr., and Helen C. 
Kleberg Foundation. 

1. Nagashima, K., Nakai, S., Tanaka, M. & Kanosue, K. (2000) Auton. Neurosci. 
85, 18-25. 

2. Nakayama, T. (1985) Jpn. J. Physiol. 35, 375-389. 
3. Berner, N. J. & Heller, H. C. (1998) Am. J. Physiol. 274, R9-R18. 
4. Zhang, Y. H., Yamada, K., Hosono, T., Chen, X. M., Shiosaka, S. & Kanosue, 

K. (1997) Ann. N.Y. Acad. Sci. 813, 117-122. 
5. Casey, K. L., Minoshima, S., Morrow, T. J. & Koeppe, R. A. (1996) J. 

Neurophysiol. 76, 571-581. 
6. Craig, A. D., Chen, K., Bandy, D. & Reiman, E. M. (2000) Nat. Neurosci. 3, 

184-190. 
7. Davis, K. D., Kwan, C. L., Crawley, A. P. & Mikulis, D. J. (1998) J. Neurophysiol. 

80, 1533-1546. 
8. Kanosue, K., Sadato, N., Okada, T., Yoda, T., Nakai, S., Yoshida, K., Hosono, 

T., Nagashima, K., Yagishita, T., Inoue, O., et al. (2002) Neurosci. Lett. 329, 
157-160. 

9. Nunneley, S. A., Martin, C. C., Slauson, J. W., Hearon, C. M., Nickerson, L. D. 
& Mason, P. A. (2002) J. Appl. Physiol. 92, 846-851. 

10. Boulant, J. A. & Hardy, J. D. (1974) J. Physiol. (London) 240, 639-660. 
11. Cabanac, M. (1992) J. Theor. Biol. 155, 173-200. 
12. Lenhardt, R., Greif, R., Sessler, D. I., Laciny, S., Rajek, A. & Bastanmehr, H. 

(1999) Anesthesiology 91, 422-429. 
13. Mekjavic, I. B. & Bligh, J. (1989) Can. J. Physiol. Pharmacol. 67, 1038-1044. 
14. Cheng, C., Matsukawa, T., Sessler, D. I., Ozaki, M., Kurz, A., Merrifield, B., 

Lin, H. & Olofsson, P. (1995) Anesthesiology 82, 1160-1168. 
15. Coghill, R. C., Sang, C. N., Maisog, J. M. & ladarola, M. J. (1999) J. 

Neurophysiol. 82, 1934-1943. 
16. Denton, D., Shade, R., Zamarippa, F., Egan, G., Blair-West, J., McKinley, M., 

Lancaster, J. & Fox, P. (1999) Proc. Natl. Acad. Sci. USA 96, 5304-5309. 
17. Tataranni, P. A., Gautier, J. F., Chen, K., Uecker, A., Bandy, D., Salbe, A. D., 

Pratley, R. E., Lawson, M., Reiman, E. M. & Ravussin, E. (1999) Proc. Natl. 
Acad. Sci. USA 96, 4569-4574. 

18. Evans, K. C., Banzett, R. B., Adams, L., McKay, L., Frackowiak, R. S. & 
Corfield, D. R. (2002) J. Neurophysiol. 88, 1500-1511. 

19. Bennett, L. A. T., Johnson, J. M., Stephens, D. P., Saad, A. R. & Kellogg, D. L. 
(2003) J. Physiol. (London) 552, 223-232. 

20. Johnson, J. M. (1990) in Laser-Doppler Blood Flowmetry, eds. Shepherd, A. P. 
& Oberg, P. A. (Kluwer, Boston), pp. 121-139. 

21. Johnson, J. M. & Proppe, D. W. (1996) in Handbook of Physiology: Environ- 
mental Physiology, eds. Fregly, M. J. & Blatteis, C. M. (Am. Physiol. Soc., 
Bethesda), Vol. 1, pp. 215-243. 

22. Fox, P. T. & Raichle, M. E. (1984) J. Neurophysiol. 51, 1109-1120. 
23. Fox, P. T., Perlmutter, J. S. & Raichle, M. E. (1985)J. Comput.Assist. Tomogr. 

9, 141-153. 
24. Fox, P. T. & Mintun, M. A. (1989) J. Nucl. Med. 30, 141-149. 
25. Mintun, M. A., Fox, P. T. & Raichle, M. E. (1989) J. Cereb. Blood Flow Metab. 

9, 96-103. 
26. Woods, R. P., Grafton, S. T., Watson, J. D., Sicotte, N. L. & Mazziotta, J. C. 

(1998) J. Comput. Assist. Tomogr. 22, 153-165. 
27. Woods, R. P., Grafton, S. T., Holmes, C. J., Cherry, S. R. & Mazziotta, J. C. 

(1998) J. Comput. Assist. Tomogr. 22, 139-152. 
28. Talairach, P. & Tournoux, J. (1988) Co-Planar Stereotaxic Atlas of the Human 

Brain (Thieme, Stuttgart). 
29. Fox, P. T., Mintun, M. A., Reiman, E. M. & Raichle, M. E. (1988) J. Cereb. 

Blood Flow Metab. 8, 642-653. 
30. Lancaster, J. L., Rainey, L. H., Summerlin, J. L., Freitas, C. S., Fox, P. T., Evans, 

A. C., Toga, A. W. & Mazziotta, J. C. (1997) Hum. Brain Mapp. 5, 238-242. 
31. Craig, A. D. (2003) Trends Neurosci. 26, 303-307. 
32. Saper, C. B. (2002) Annu. Rev. Neurosci. 25, 433-469. 
33. Halvorson, I. & Thornhill, J. (1993) Brain Res. 610, 208-215. 
34. Kiyohara, T., Miyata, S., Nakamura, T., Shido, O., Nakashima, T. & Shibata, 

M. (1995) Brain Res. Bull. 38, 193-201. 
35. Cao, W. H., Fan, W. & Morrison, S. F. (2004) Neuroscience 126, 229-240. 
36. Boulant, J. A. & Silva, N. L. (1988) Brain Res. Bull. 20, 871-878. 

Egan et al. PNAS I April 5, 2005 | vol. 102 | no. 14 | 5267 

I 


	Article Contents
	p. [5262]
	p. 5263
	p. 5264
	p. 5265
	p. 5266
	p. 5267

	Issue Table of Contents
	Proceedings of the National Academy of Sciences of the United States of America, Vol. 102, No. 14 (Apr. 5, 2005), pp. i-x+4925-5300+xi-xiii
	Front Matter [pp. i-4926]
	Commentaries
	Simple Answer for a Splicing Conundrum [pp. 4927-4928]
	How Ion Channels Sense Membrane Potential [pp. 4929-4930]
	Thrips and Tospoviruses Come of Age: Mapping Determinants of Insect Transmission [pp. 4931-4932]
	Sigma Cascades in Prokaryotic Regulatory Networks [pp. 4933-4934]

	Gene Regulatory Networks Special Feature
	Gene Regulatory Networks [p. 4935]
	Gene Regulatory Networks for Development [pp. 4936-4942]
	Xenopus as a Model System to Study Transcriptional Regulatory Networks [pp. 4943-4948]
	Contingent Gene Regulatory Networks and B Cell Fate Specification [pp. 4949-4953]
	Logic Functions of the Genomic cis-Regulatory Code [pp. 4954-4959]
	The Role of Binding Site Cluster Strength in Bicoid-Dependent Patterning in Drosophila [pp. 4960-4965]
	Quantitative Analysis of Binding Motifs Mediating Diverse Spatial Readouts of the Dorsal Gradient in the Drosophila Embryo [pp. 4966-4971]
	Transcriptional Network Underlying Caenorhabditis elegans Vulval Development [pp. 4972-4977]

	Physical Sciences
	Detection of Chiral Sum Frequency Generation Vibrational Spectra of Proteins and Peptides at Interfaces in situ [pp. 4978-4983]

	Biological Sciences
	Structural Origins of Efficient Proton Abstraction from Carbon by a Catalytic Antibody [pp. 4984-4989]
	DNA Precursor Asymmetries in Mammalian Tissue Mitochondria and Possible Contribution to Mutagenesis through Reduced Replication Fidelity [pp. 4990-4995]
	High-Resolution Functional Proteomics by Active-Site Peptide Profiling [pp. 4996-5001]
	Serine/Arginine-Rich Protein-Dependent Suppression of Exon Skipping by Exonic Splicing Enhancers [pp. 5002-5007]
	Temperature-Sensitive Protein-DNA Dimerizers [pp. 5008-5013]
	His Tag-Assisted Chemical Protein Synthesis [pp. 5014-5019]
	S3b Amino Acid Residues Do Not Shuttle across the Bilayer in Voltage-Dependent Shaker  K Channels [pp. 5020-5025]
	A Protein Folding Pathway with Multiple Folding Intermediates at Atomic Resolution [pp. 5026-5031]
	Defining the Role of Active-Site Loop Fluctuations in Dihydrofolate Reductase Catalysis [pp. 5032-5037]
	Ca-Regulated Structural Changes in Troponin [pp. 5038-5043]
	Hydrogen Peroxide Generated Extracellularly by Receptor-Ligand Interaction Facilitates Cell Signaling [pp. 5044-5049]
	A Long-Range Attraction between Aggregating 3T3 Cells Mediated by Near-Infrared Light Scattering [pp. 5050-5055]
	Phosphorylation of Hdmx Mediates Its Hdm2- and ATM-Dependent Degradation in Response to DNA Damage [pp. 5056-5061]
	Bmpr1a and Bmpr1b Have Overlapping Functions and Are Essential for Chondrogenesis in vivo [pp. 5062-5067]
	Floral Asymmetry Involves an Interplay between TCP and MYB Transcription Factors in Antirrhinum [pp. 5068-5073]
	Diverse Taxa of Cyanobacteria Produce β-N-Methylamino-L-Alanine, a Neurotoxic Amino Acid [pp. 5074-5078]
	Global Energy Gradients and Size in Colonial Organisms: Worker Mass and Worker Number in Ant Colonies [pp. 5079-5083]
	Evolution of a Large Ribosomal RNA Multigene Family in Filamentous Fungi: Birth and Death of a Concerted Evolution Paradigm [pp. 5084-5089]
	Ancient DNA from Giant Extinct Lemurs Confirms Single Origin of Malagasy Primates [pp. 5090-5095]
	A Unique Loop in T7 DNA Polymerase Mediates the Binding of Helicase-Primase, DNA Binding Protein, and Processivity Factor [pp. 5096-5101]
	Regulation of Hematopoietic Stem Cell Aging in vivo by a Distinct Genetic Element [pp. 5102-5107]
	Estimating Medium- and Long-Term Trends in Malaria Transmission by Using Serological Markers of Malaria Exposure [pp. 5108-5113]
	Commitment toward the Natural T (iNKT) Cell Lineage Occurs at the  CD48 Stage of Thymic Ontogeny [pp. 5114-5119]
	Immunological Role of Neuronal Receptor Vanilloid Receptor 1 Expressed on Dendritic Cells [pp. 5120-5125]
	Identifying Foxp3-Expressing Suppressor T Cells with a Bicistronic Reporter [pp. 5126-5131]
	LPS Induces the Interaction of a Transcription Factor, LPS-Induced TNF-α Factor, and STAT6(B) with Effects on Multiple Cytokines [pp. 5132-5137]
	Foxp3 Interacts with Nuclear Factor of Activated T Cells and NF-κB to Repress Cytokine Gene Expression and Effector Functions of T Helper Cells [pp. 5138-5143]
	Varicelloviruses Avoid T Cell Recognition by UL49.5-Mediated Inactivation of the Transporter Associated with Antigen Processing [pp. 5144-5149]
	Leptin Increase in Multiple Sclerosis Associates with Reduced Number of  CD4 CD25 Regulatory T Cells [pp. 5150-5155]
	Cyclin-Dependent Kinase 6 Associates with the Androgen Receptor and Enhances Its Transcriptional Activity in Prostate Cancer Cells [pp. 5156-5161]
	Borrelia burgdorferi σ  Is Required for Mammalian Infection and Vector Transmission but Not for Tick Colonization [pp. 5162-5167]
	Viral Genetic Determinants for Thrips Transmission of Tomato Spotted Wilt Virus [pp. 5168-5173]
	The Complete Genomes and Proteomes of 27 Staphylococcus aureus Bacteriophages [pp. 5174-5179]
	23S rRNA Base Pair 2057-2611 Determines Ketolide Susceptibility and Fitness Cost of the Macrolide Resistance Mutation 2058A→G [pp. 5180-5185]
	Intracellular Helicobacter pylori in Gastric Epithelial Progenitors [pp. 5186-5191]
	Cytolysin-Dependent Evasion of Lysosomal Killing [pp. 5192-5197]
	The Neurotrophin-3 Receptor TrkC Directly Phosphorylates and Activates the Nucleotide Exchange Factor Dbs to Enhance Schwann Cell Migration [pp. 5198-5203]
	Phosphatidylinositol Phosphate Kinase Type Iγ Regulates Dynamics of Large Dense-Core Vesicle Fusion [pp. 5204-5209]
	Three Distinct Kinetic Groupings of the Synaptotagmin Family: Candidate Sensors for Rapid and Delayed Exocytosis [pp. 5210-5214]
	Hypersensitivity of DJ-1-Deficient Mice to 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyrindine (MPTP) and Oxidative Stress [pp. 5215-5220]
	Defective N-Acetylaspartate Catabolism Reduces Brain Acetate Levels and Myelin Lipid Synthesis in Canavan's Disease [pp. 5221-5226]
	Adult Human Hematopoietic Stem Cells Produce Neurons Efficiently in the Regenerating Chicken Embryo Spinal Cord [pp. 5227-5232]
	In vivo Dynamics of Retinal Injury and Repair in the rhodopsin Mutant Dog Model of Human Retinitis Pigmentosa [pp. 5233-5238]
	Generalized Bienenstock-Cooper-Munro Rule for Spiking Neurons That Maximizes Information Transmission [pp. 5239-5244]
	Mammalian Motor Neurons Corelease Glutamate and Acetylcholine at Central Synapses [pp. 5245-5249]
	Visual Working Memory in Decision Making by Honey Bees [pp. 5250-5255]
	Discovery of the Ergothioneine Transporter [pp. 5256-5261]
	Cortical, Thalamic, and Hypothalamic Responses to Cooling and Warming the Skin in Awake Humans: A Positron-Emission Tomography Study [pp. 5262-5267]
	Relationship between Follicle Size at Insemination and Pregnancy Success [pp. 5268-5273]
	Sites of Proteolytic Processing and Noncovalent Association of the Distal C-Terminal Domain of  Ca1.1 Channels in Skeletal Muscle [pp. 5274-5279]
	An Arabidopsis Transcription Factor, AtbZIP60, Regulates the Endoplasmic Reticulum Stress Response in a Manner Unique to Plants [pp. 5280-5285]
	Perceptual Learning in Clear Displays Optimizes Perceptual Expertise: Learning the Limiting Process [pp. 5286-5290]
	Attention-Driven Discrete Sampling of Motion Perception [pp. 5291-5296]
	Plasticity of Face Processing in Infancy [pp. 5297-5300]

	Back Matter [pp. xi-xiii]



