
A thermosensory pathway that controls body
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Defending body temperature against environmental thermal challenges is one of the most fundamental homeostatic functions

that are governed by the nervous system. Here we describe a somatosensory pathway that essentially constitutes the afferent arm

of the thermoregulatory reflex that is triggered by cutaneous sensation of environmental temperature changes. Using in vivo

electrophysiological and anatomical approaches in the rat, we found that lateral parabrachial neurons are pivotal in this pathway

by glutamatergically transmitting cutaneous thermosensory signals received from spinal somatosensory neurons directly to the

thermoregulatory command center, the preoptic area. This feedforward pathway mediates not only sympathetic and shivering

thermogenic responses but also metabolic and cardiac responses to skin cooling challenges. Notably, this ‘thermoregulatory

afferent’ pathway exists in parallel with the spinothalamocortical somatosensory pathway that mediates temperature perception.

These findings make an important contribution to our understanding of both the somatosensory system and thermal

homeostasis—two mechanisms that are fundamental to the nervous system and to our survival.

Even during rapid changes in environmental temperature, the body
temperature of homeothermic animals, including humans, is main-
tained within the narrow range necessary for optimal cellular and
molecular function. How the nervous system defends body tempera-
ture against environmental thermal challenges remains a fundamental
question in physiology1,2. The preoptic area (POA) is the thermo-
regulatory center from which command signals descend to peripheral
effectors1,3–6. To evoke behavioral, autonomic, somatic and hormonal
responses that counteract changes in environmental temperature
before they affect body core temperature, thermoregulatory command
neurons in the POA need to receive feedforward signaling of environ-
mental temperature information from skin thermoreceptors
through the spinal and trigeminal dorsal horns3,5–8. However, the
neural substrate for this ascending thermoregulatory feedforward
pathway, especially the essential central mechanism that links the
second-order somatosensory neurons in the dorsal horn to the POA,
has yet to be identified.

The best-known central pathway for somatosensory signaling
of cutaneous thermal sensation is the spinothalamocortical pathway,
in which signals from skin thermoreceptors are transmitted through a
direct projection from the dorsal horn to the thalamus and then
relayed to the primary somatosensory cortex9,10. Although the
spinothalamocortical pathway is responsible for perception and
discrimination of cutaneous temperature9,10, it is unknown whether
this pathway contributes to homeostatic responses against changes
in environmental temperature, for instance, by providing thermo-
sensory signals to the POA through collaterals from the thalamic
relay neurons.

The main aim of the present study is to identify the somatosensory
pathways that are responsible for the defense of homeostasis against
environmental thermal challenges. Using in vivo electrophysiological
and anatomical approaches, we first sought to identify neuronal
populations that provide cutaneous thermal signals directly to the
POA and then to investigate the functional roles of these candidate
neuronal populations in thermoregulatory, metabolic and cardio-
vascular responses to changes in skin temperature. Furthermore, we
investigated the involvement of the spinothalamocortical somato-
sensory pathway in thermoregulatory autonomic responses.

RESULTS

Neurons that provide thermosensory signals to the POA

Candidate populations of neurons that provide thermosensory signals
directly to the POA were identified as those both retrogradely labeled
from the POA and expressing Fos protein, a marker of activated
neurons11, following exposure to a cold environment. The retrograde
tracer, cholera toxin b-subunit (CTb), was injected into a subregion of
the rat POA covering the median preoptic nucleus (MnPO) and
periventricular POA (Fig. 1a,b and Supplementary Fig. 1 online).
Subsequent exposure of the animals to a 4 1C environment for 4 h
induced a prominent expression of Fos in many CTb-labeled neurons
in the lateral parabrachial nucleus (LPB) that was markedly enhanced
in comparison to that in animals exposed to 24 1C (Fig. 1c–f). CTb-
labeled neurons were distributed in the external lateral (LPBel), central
(LPBc) and dorsal (LPBd) subnuclei of the LPB and cooling-evoked
Fos induction in these CTb-labeled neurons was significant in the
LPBel and LPBc, but not in the LPBd (Supplementary Fig. 1). No
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other brain regions, including the thalamus, contained a substantial
number of CTb-labeled neurons that also expressed Fos after
cold exposure.

As LPB neurons project broadly to the whole POA, the bed nucleus
of the stria terminalis (BST), the paraventricular hypothalamic nucleus
(PVH) and the dorsomedial hypothalamus (DMH)12–15, we investi-
gated the extent to which thermosensory inputs from the LPB
terminate in POA subregions lateral to the MnPO or in other
hypothalamic regions. Although many retrogradely labeled cells were
found in the LPB following CTb injections into the medial or lateral
POA, BST, PVH or DMH, the percentages of Fos-positive cells in the
CTb-labeled populations in the LPBel and LPBc after cold exposure
(4–38%, counted in the LPBel) were markedly lower than those when
CTb injections were centered in the MnPO and periventricular POA
(62–81%; Supplementary Fig. 2 online) and neither the LPBd nor any
other brain region had a substantial number of CTb-labeled neurons
that expressed Fos after cold exposure. These results indicate that
neurons in the LPBel and LPBc are the sole source of inputs to the POA
that are activated by skin cooling, and that these LPB subregions
provide thermosensory inputs more densely to the median subregion
of the POA than to the medial and lateral POA subregions, BST, PVH
or DMH. Furthermore, these anatomical observations prompted us to
carry out the following physiological and anatomical investigations to
test the hypothesis that cooling-activated POA-projecting LPB neurons
represent the link between dorsal horn neurons and the POA in the
thermosensory pathway that defends body temperature during reduced
environmental temperature.

Dorsal horn neurons innervate POA-projecting LPB neurons

Environmental temperature is sensed by the action of transient
receptor potential channels in the cutaneous terminals of primary

somatosensory neurons that convey these thermal signals to second-
order somatosensory neurons in the dorsal horn16, which provide
numerous projections to the LPB17–19. We injected the retrograde
tracer Fluoro-Gold into the POA, and the anterograde tracer Phaseolus
vulgaris leucoagglutinin (PHA-L) into the spinal dorsal horn
(Fig. 1g,h). Many PHA-L-labeled axon fibers that were derived from
dorsal horn neurons were distributed among Fluoro-Gold-labeled
POA-projecting neurons that clustered in the LPBel and LPBc (Sup-
plementary Fig. 3 online). Confocal laser-scanning microscopy
revealed that the axon swellings of dorsal horn neurons were closely
apposed to PSD-95-positive postsynaptic structures of POA-projecting
LPB neurons (Fig. 1i and Supplementary Fig. 3). No such appositions
were found in the thalamus or the nucleus of he solitary tract, both of
which receive numerous projections from the dorsal horn.

Unit recording of LPB neurons projecting to the POA

Using an in vivo unit recording technique, we investigated the responses
to thermosensory input from the skin in single POA-projecting LPB
neurons (Fig. 2). We used collision tests to determine whether LPB
neurons were antidromically activated by electrical stimulation in the
MnPO (Fig. 2b,c,g). Of 14 antidromically identified LPB neurons that
projected to the POA, 11 neurons increased their firing rates in
response to trunk skin cooling (resting, 2.2 ± 0.9 spikes 10 s–1; peak
value during cooling, 27.8 ± 6.0 spikes 10 s–1; expressed as mean ±
s.e.m. throughout paper, P o 0.005, two-tailed paired t-test; cool-
responsive neuron). These marked increases in firing rate were seen
as the skin was cooled in the range between 36.6 ± 0.3 1C and
34.4 ± 0.3 1C. The skin cooling-evoked increases in LPB neuronal
discharge were rapidly reversed following the onset of skin rewarming.
The changes in LPB neuronal firing rate paralleled skin cooling-evoked
increases in sympathetic nerve activity (SNA) to the thermogenic organ
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Figure 1 POA-projecting LPB neurons are activated in a cold environment and innervated by dorsal horn (DH) neurons. (a–f) Fos expression in LPB neurons
retrogradely labeled with CTb injected into the POA in animals exposed to 24 1C (a,c,e) and 4 1C (b,d,f). (a,b) Injection sites of CTb (red). (c–f) CTb (brown)

and Fos (blue-black) immunoreactivities in the LPB of the animals shown in a and b. (e,f) Arrowheads indicate Fos-negative, CTb-labeled neurons and arrows

indicate Fos-positive, CTb-labeled neurons. 3V, third ventricle; AC, anterior commissure; ICol, inferior colliculus; MPO, medial preoptic area; OX, optic chiasm;

SCP, superior cerebellar peduncle. (g–i) Dual tracing experiment using Fluoro-Gold (blue) injected into the POA (g) and PHA-L (red) injected into the spinal

cervical DH (h). Confocal image from the LPBel (i) shows axon swellings, anterogradely labeled with PHA-L from the DH, closely associated (arrowheads) with

PSD-95-positive (green) postsynaptic structures within LPB neurons retrogradely labeled with Fluoro-Gold from the POA. The signals for these three labels are

displayed using pseudo-colors. Asterisk, cell nucleus of a Fluoro-Gold-labeled LPB neuron. VH, ventral horn. Scale bars, 0.5 mm (a–d), 30 mm (e,f), 0.5 mm

(g,h), 5 mm (i).
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brown adipose tissue (BAT) (Fig. 2a). The average antidromic latency
and estimated conduction velocity of these cool-responsive neurons
were 20.9 ± 0.9 ms and 0.45 ± 0.02 m s–1, respectively. The remaining
three antidromically activated neurons showed no clear thermorespon-
sive changes in their firing rate (pre-cooling: 23.8 ± 10.8 spikes 10 s–1;
highest value during cooling: 28.8 ± 6.8 spikes 10 s–1; P 4 0.05; non-
thermoresponsive neuron).

To test whether the firing rates of these cool-responsive LPB neurons
were correlated with skin temperature during cooling, we performed
linear regression analysis for each cool-responsive neuron (Supplemen-
tary Fig. 4 online). The firing rate of each cool-responsive LPB neuron
showed a significant, negative correlation with skin temperature and the

average responsiveness (slope) of the relation-
ship between the discharge frequency of cool-
responsive neurons and skin temperature was
–8.9 ± 1.9 spikes 10 s–1 per 1C. By contrast,
none of the non-thermoresponsive LPB neu-
rons showed a significant correlation between
firing rate and skin temperature.

As the LPB might also mediate pain-related
signals20, we tested the responsiveness of these
LPB neurons to a noxious tail pinch. We
found no response to noxious tail pinch in 7
of 8 cool-responsive LPB neurons and 1 of 2
non-thermoresponsive neurons, although a

rapid pressor response was observed in all trials (Fig. 2e). The two
neurons that responded to tail pinch showed a high-frequency burst
discharge in response to pinching (Fig. 2f). Each recorded LPB neuron
was localized with juxtacellular labeling: cool-responsive neurons were
located in the LPBel (Fig. 2d,h). These results indicate that neurons
distributed in the LPBel are activated by cool signals from the skin, but
not by noxious mechanical stimuli, and that they transmit these
thermal signals to the POA.

Crucial role of LPB-POA pathway in thermal homeostasis

To test the hypothesis that the LPB neurons that are activated by cool
signals from the skin mediate physiological thermoregulatory
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Figure 2 Skin cooling-evoked response of single

LPB neurons antidromically activated from the

POA. (a) In vivo extracellular unit recording of the

action potentials of an LPB neuron (unit) and

changes in BAT SNA, rectal temperature (Trec) and
brain temperature (Tbrain) in response to trunk

skin cooling (Tskin). The vertical scale bars for the

unit and BAT SNA traces represent 300 mV and

100 mV, respectively. Trec and Tbrain do not change

substantially during skin cooling and rewarming.

(b) Collision test for the LPB neuron shown in a.

Single pulse stimulation in the POA (triangle)

evoked a constant-onset latency (20 ms) response

in this neuron (filled circle, top trace). POA

stimulation 19 ms after a spontaneous action

potential (open circle) failed to evoke a response

in this neuron (middle trace). POA stimulation

21 ms after a spontaneous action potential evoked

a constant-onset latency response in this neuron

(bottom trace). All traces are superpositions of

three stimulation trials. (c) The site of electrical

stimulation for the collision tests in b is identified

by a small scar at the site of electrical stimulation

(arrow). (d) Juxtacellular labeling allows
visualization of the LPB neuron (arrow) from a.

Inset, magnified picture of this neuron. Scale

bars, 0.5 mm (c,d), 30 mm (inset in d).

(e,f) Effect of tail pinch on firing activities of a

cool-responsive neuron (e; same neuron as in a)

and a non-thermoresponsive neuron (f). Double

horizontal lines indicate the period of tail pinch.

Tail pinch evoked a pressor response in both

cases. Vertical scale bars for the unit traces in

e and f represent 200 mV. (g) Sites of electrical

stimulation in the POA. (h) Locations of LPB

neurons that were juxtacellularly labeled after unit

recording. Neurons antidromically activated with

electrical stimulation in the POA are categorized

in terms of responsiveness to skin cooling. Me5,

mesencephalic trigeminal nucleus.
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Figure 3 Inhibition of neuronal activity or blockade of ionotropic glutamate receptors in the LPB reverses skin cooling-evoked thermogenic, metabolic and

cardiac responses. (a) Skin cooling-evoked changes in BAT SNA, BAT temperature (TBAT), expired (Exp.) CO2, heart rate (HR), arterial pressure (AP), Trec and

Tbrain before and after bilateral nanoinjections of muscimol into the LPB (pink dashed lines). The gray area is expanded in d. Vertical scale bar for BAT SNA

represents 100 mV. (b) Composite drawing of sites of saline, muscimol (2 mM) or AP5/CNQX (5 mM each) nanoinjections (60 nl) in and around the LPB with

their inhibitory effects on the skin cooling-evoked increase in BAT SNA or EMG. The right side of the symmetric bilateral injections is shown. (c–e) Effect of

bilateral nanoinjections of saline (c), muscimol (d) and AP5/CNQX (e) into the LPB on skin cooling-evoked changes in physiological variables. Vertical scale bar

for BAT SNA represents 200 mV (c), 100 mV (d) and 50 mV (e). (f) Skin cooling-evoked changes in EMG before and after bilateral nanoinjections of AP5/CNQX

into the LPB (orange dashed lines). Vertical scale bar for EMG represents 400 mV. g, Representative view of a nanoinjection site in the LPBel as identified by
fluorescent beads (arrow). Scale bar, 0.5 mm. (h,i) Group data (mean ± s.e.m.) showing the effect of saline (n ¼ 5), muscimol (n ¼ 7) or AP5/CNQX (n ¼ 8)

nanoinjections into the LPBel on skin cooling-evoked changes in BAT SNA, TBAT, Exp. CO2, HR and MAP (h) and the effect of saline (n ¼ 4) and AP5/CNQX

(n ¼ 5) nanoinjections into the LPBel on skin cooling-evoked changes in EMG (i) (see c–f). *P o 0.05; **P o 0.01; ***P o 0.001, compared with the

saline-injected group (Bonferroni post hoc test following a one-way factorial ANOVA).
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responses, we investigated in vivo the effect of inhibition of neurons or
blockade of glutamatergic synapses in the LPBel on skin cooling-
evoked changes in sympathetic thermogenic activity by monitoring
BAT SNA and BAT temperature, in metabolic rate by monitoring
expired CO2 and in cardiovascular tone by monitoring heart rate
and arterial pressure (Fig. 3). As reported5, cooling the trunk skin
for 200–300 s consistently evoked rapid increases in BAT SNA, BAT
temperature, expired CO2 and heart rate with small changes in
body core (rectal) and brain temperatures (Fig. 3a). During the rising
phase of the skin cooling-evoked increase in these physiological
parameters, muscimol, a widely used neuronal inhibitor21, or a mixture
of the ionotropic glutamate receptor antagonists AP5 and CNQX (AP5/
CNQX), was nanoinjected bilaterally into the LPBel (Fig. 3b,g) and
skin cooling was continued for at least 100 s after the nanoinjections.

The muscimol or AP5/CNQX nanoinjections into the LPBel com-
pletely reversed the skin cooling-evoked increases in BAT SNA, BAT
temperature, expired CO2 and heart rate to their resting levels by the
end of the skin cooling episode (Fig. 3d,e,h). After the muscimol
nanoinjections, repeated skin cooling no longer evoked increases in
these physiological parameters (Fig. 3a): the skin cooling-evoked
increase in BAT SNA was 1 ± 0.3% (n¼ 6) of that before the injections.
Bilateral AP5/CNQX nanoinjections into the LPBel also completely
blocked skin cooling-evoked shivering thermogenesis as monitored
with electromyography (EMG) in skeletal muscle (Fig. 3f,i): the skin
cooling-evoked EMG increase after the AP5/CNQX nanoinjections
into the LPB was 0.2 ± 1% (n¼ 4) of that before the injections. Bilateral
muscimol nanoinjections centered 0.3–0.5 mm from the LPBel pro-
duced partial inhibition (range: 10–70% inhibition) of the skin cool-
ing-evoked increase in BAT SNA and muscimol nanoinjections further
away from the LPBel than these partially effective sites produced
no inhibition (Fig. 3b), indicating that the LPBel is the most effective
LPB site for blockade of skin cooling-evoked increases in BAT SNA

and that the effective diffusion sphere of muscimol was about 0.5 mm.
When saline was nanoinjected bilaterally into the LPBel, all the
physiological variables increased throughout the skin cooling
episode (Fig. 3c,h,i).

In contrast to the blockade of the skin cooling-evoked responses,
none of the physiological responses evoked by a stimulation of
thermogenic efferent pathways from the POA by prostaglandin E2

(PGE2) were inhibited by bilateral muscimol nanoinjections into the
LPBel. However, the PGE2-evoked responses were blocked by neuronal
inhibition of either the DMH or the rostral medullary raphe (Supple-
mentary Fig. 5 online), brain sites within thermogenic efferent path-
ways from the POA22–28. These results indicate that neuronal activation
in the LPBel by cutaneous thermosensory signals, which is probably
mediated by glutamatergic input from the dorsal horn, is required for
the afferent but not the efferent side of the skin cooling-triggered
thermoregulatory reflex.

Supporting the concept that the LPB-POA pathway that is activated
by cool signals from the skin mediates thermoregulatory responses,
stimulation of LPBel neurons with a local nanoinjection of NMDA
consistently evoked short but intense increases in BAT SNA, BAT
temperature, expired CO2, heart rate and arterial pressure (Fig. 4).
These responses were markedly reduced by pretreatment in the MnPO
with AP5/CNQX: the inhibitory effect of AP5/CNQX was significantly
different from that of saline (Fig. 4). This result also indicates that the
LPB-mediated thermosensory pathway that leads to thermogenic,
metabolic and cardiovascular responses requires glutamatergic neuro-
transmission in the MnPO.

Autonomic cold defense does not require thalamic relay

The spinothalamocortical pathway is responsible for the perception and
discrimination of cutaneous temperature9,10. To test the possibility that
the spinothalamocortical pathway contributes to skin cooling-evoked
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(e) Representative view of a nanoinjection site into the MnPO as identified by fluorescent beads (arrow). Scale bar, 0.5 mm.
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homeostatic responses, we produced bilateral lesions in the ventral
posteromedial and ventral posterolateral thalamic nuclei (VPM/VPL),
which receive most of the thermal somatosensory spinothalamic
projections in rats29,30. The area lesioned with ibotenate injections,
which covered most of the VPM/VPL, showed no immunoreactivity for
NeuN, a neuronal marker, and was filled with small, glia-like cells as
visualized with cresyl violet staining (Fig. 5a–c). The amplitude of the
skin cooling-evoked increase in BAT SNA in lesioned animals was not
different from that in saline-injected control animals (Fig. 5d–f),
indicating that the thermal afferent mechanism for skin cooling-evoked
thermogenesis is independent of the spinothalamocortical pathway. To
monitor the skin cooling-derived somatosensory input to the cerebral
cortex, we simultaneously recorded electroencephalogram (EEG) from
the primary somatosensory cortex. In the control animals, EEG activity
was consistently increased by skin cooling and reversed to the basal level
during rewarming; however, this skin temperature-dependent change in
EEG activity was eliminated in the lesioned animals, confirming that the
thalamic lesion ablated the spinothalamocortical pathway (Fig. 5d–f).

DISCUSSION

How body temperature is defended against environmental thermal
challenges is a fundamental question in physiology1,2. In the present
study, we describe the thermal somatosensory mechanism that is
required for maintaining body temperature against environmental
thermal challenges.

Exposure of animals to cold activated (induced Fos expression in)
many POA-projecting neurons distributed in the LPBel and LPBc. This

observation indicates that such LPB neurons constitute a strong
candidate population to provide thermosensory signals directly to
the POA. Although this anatomical result itself does not exclude the
possibility that the Fos expression was induced by factors secondary to
thermal sensation, such as increased energy demand, this possibility
seems unlikely based on our in vivo electrophysiological recording, in
which most of the LPBel neurons projecting to the POA increased their
firing rates promptly in response to skin cooling in a way that paralleled
simultaneously evoked increases in BAT SNA.

Although the parabrachial area has been implicated in various
homeostatic functions including thermogenesis15,31, little is known
about how neurons in this area are functionally incorporated into the
central neural circuits that maintain homeostasis. In our physiological
study, inhibition of LPBel neurons or blockade of glutamate receptors
in the LPBel completely suppressed sympathetic and shivering thermo-
genesis as well as metabolic and cardiac responses evoked by skin
cooling. Furthermore, stimulation of LPBel neurons evoked physio-
logical responses similar to those evoked by skin cooling and the
responses to LPBel stimulation depended on glutamatergic neuro-
transmission in the POA. On the basis of these findings, we propose
that cool signals originating from cutaneous thermoreceptors activate
glutamate receptors on a population of neurons in the LPBel and LPBc,
which, in turn, transmit these thermal signals to the POA, the
thermoregulatory command center, through a direct glutamatergic
projection (Supplementary Fig. 6 online).

Our anatomical observation of close appositions between the axon
swellings of dorsal horn neurons and postsynaptic structures in LPB
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d e fFigure 5 Skin cooling-evoked thermogenic

response does not require a thalamic relay.

(a,b) NeuN immunohistochemistry and cresyl

violet staining (insets) in the thalamus of a

control (a) and of a thalamic-lesioned (b)

animal. Ibotenate injections eliminated neurons

in an area including the VPM/VPL and posterior

thalamic nuclear group (Po) (b, delineated by

arrowheads) as compared with the saline-

injected control (a). One side of the bilateral

ibotenate or saline injection sites is shown.

Large, neuron-like cells are found in the VPM/

VPL of control animals (a, inset, arrows), but

not of lesioned animals, which contained gliosis

(b, inset). Scale bars, 1 mm (a,b), 30 mm

(insets). (c) Thalamic area lesioned with

ibotenate injections. Lesioned areas from all the animals are delineated with red lines and overlaid at three rostrocaudal levels. Gray area indicates the VPM/

VPL. The right side of the bilateral symmetric lesions is shown. Hip, hippocampus; IC, internal capsule. (d,e) Skin cooling-evoked changes in BAT SNA and
EEG in the animals from a and b. Vertical scale bars for BAT SNA and EEG represent 25 mV and 200 mV (d) and 100 mV and 200 mV (e), respectively. (f) Group

data (mean ± s.e.m.) showing the effect of the thalamic lesion on skin cooling-evoked changes in BAT SNA (saline, n ¼ 5; ibotenate, n ¼ 6) and EEG (saline,

n ¼ 3; ibotenate, n ¼ 5). Skin cooling-evoked changes from the pre-cooling baseline to average value during the 1-min period immediately before the end of

skin cooling (averaged from 2 cooling episodes in each animal) are shown. **P o 0.01 (two-tailed unpaired t-test).
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neurons projecting to the POA also supports the notion that POA-
projecting LPB neurons are activated by direct glutamatergic inputs
from second-order somatosensory neurons in the dorsal horn
(Supplementary Fig. 6). The glutamatergic innervation of LPB neu-
rons by dorsal horn neurons is also consistent with anatomical findings
that a substantial population of dorsal horn neurons provide their axon
collaterals both to the LPB and to the thalamus32 and that their
terminals in the thalamus contain glutamate33,34.

We have recently described the central efferent pathways from the
POA that mediate skin cooling-evoked thermogenesis in BAT5. The
thermogenic, metabolic and cardiac responses evoked by skin cooling
are similar to those evoked by PGE2, a pyrogenic mediator, in the
POA5,23,25,28 and the brain regions that mediate the efferent drive from
the POA leading to skin cooling-evoked thermogenesis are also
activated by PGE2 in the POA5,22–28. Therefore, application of PGE2

into the POA can stimulate the thermogenic efferent mechanism
without altering the afferent signaling to the POA. In the present
study, physiological responses evoked by PGE2 in the POA were not
affected by inhibition of LPB neurons, which, by contrast, completely
blocked skin cooling-evoked homeostatic responses. These results
indicate that activation of LPB neurons is essential for the afferent
but not the efferent arm of the thermoregulatory reflex that is triggered
by skin cooling.

Although our CTb-Fos study found no candidate neuronal popula-
tions providing direct thermosensory signals to the POA in any brain
regions other than the LPB, it is possible that other neuronal popula-
tions, incompetent to express Fos, participate in thermosensory signal-
ing to the POA. In addition, our results do not exclude the possibility
that cool-responsive LPB neurons might have axonal branches that
could bypass the POA, providing thermosensory signals directly to
regions such as the DMH or the rostral medullary raphe that mediate
thermoregulatory efferent signaling from the POA5,22–28. However, the
potential roles of such pathways are minimized by the paucity of
thermosensory projections from the LPB to the PVH and DMH, as
shown in our Fos-CTb study and by very few projections from the LPB
to the rostral medullary raphe12. Furthermore, antagonizing glutamate
receptors in the MnPO resulted in a nearly complete blockade of
physiological responses to stimulation of LPB neurons in our study.
These results emphasize the importance of the LPB-POA thermosen-
sory signaling pathway in the mechanism that maintains homeostasis
against reduced environmental temperature.

In classic studies, central thermosensation, mainly by POA neurons,
was considered to be an important thermosensory mechanism for
body temperature control because the POA contains thermosensitive
neurons1,2. As seen in our present and previous5 studies, however, most
thermoregulatory responses to changes in environmental temperature
are rapidly evoked before brain temperature begins to change. In
addition, brain temperature in conscious animals is not substantially
changed during exposure to a cold (4 1C) environment35. These
observations highlight feedforward thermosensory signaling from the
skin to the POA as a key mechanism in the defense of body temperature
against environmental thermal challenges and our present data show
that the spinal-LPB-POA pathway is an essential neural substrate for
this feedforward signaling.

Of interest is how thermosensory afferent inputs from LPB neurons
affect the activity of thermoregulatory neurons in the POA. Projection
neurons in the POA that control caudal thermogenic brain areas,
such as the DMH and rostral medullary raphe, are thought to be
inhibitory neurons that are tonically active when thermogenesis is not
needed4,5,28. For example, transecting the output fibers from the POA
activates BAT thermogenesis36 and antagonizing GABAA receptors on

neurons in the POA suppresses skin cooling-evoked BAT thermogene-
sis5. Thus, we reasoned that, to increase thermogenesis, cutaneous
cool signals ascending from the LPB and principally targeting the
MnPO should drive GABA-mediated inhibition of the tonically active,
inhibitory POA projection neurons, the latter of which are probably
distributed in both the medial POA and the MnPO. Our finding that
the LPB neurons that are activated by cutaneous cool signals provide an
excitatory input, probably glutamatergic, to the MnPO is consistent
with the existence of a population of inhibitory interneurons within the
MnPO that, in turn, mediate GABA inhibition of the tonic activity of
the inhibitory projection neurons in the POA (Supplementary
Fig. 6). Thus, the level of activity in the cooling-activated LPB-POA
pathway regulates, through disinhibition, the activation of the path-
ways caudal to the POA that drive cold defense effectors (Supplemen-
tary Fig. 6). Consistent with the hypothetical existence of the MnPO
interneurons, we have found that glutamatergic stimulation in the
MnPO evokes thermogenic responses similar to those evoked by skin
cooling, while stimulation in the medial or lateral POA does not
(unpublished data).

The POA is also the site of pyrogenic action of PGE2. The EP3
subtype of PGE receptor, an inhibitory receptor, is somatodendritically
distributed in the MnPO and medial POA37 and ablation of most of
these receptors largely attenuated fever38. Most of the EP3-expressing
POA neurons are GABAergic and their caudal projection sites include
the DMH and rostral medullary raphe22,28. Therefore, those inhibitory
projection neurons in the POA that tonically inhibit the caudal
thermogenic regions might express EP3 receptors and an action of
PGE2 on these receptors could attenuate their tonic activity, disinhibit-
ing the caudal thermogenic regions and allowing fever to develop.

Spinothalamic and trigeminothalamic lamina I neurons, whose
collaterals probably provide somatosensory signals to the LPB32,39,
have been categorized into three classes: nociceptive-specific cells that
respond to noxious mechanical and heat stimuli; polymodal nocicep-
tive cells that respond to noxious mechanical, heat and cold stimuli;
and thermoreceptive-specific cells that respond linearly to graded,
innocuous cooling or warming stimuli and are not activated further
in the noxious temperature range40. In the present study of the
thermoregulatory afferent pathway, we investigated the responsiveness
of LPB neurons specifically to innocuous skin cooling: in the physio-
logical experiments, trunk skin temperature ranged from 27 1C to
39 1C and in the CTb-Fos study, the cold environment did not produce
skin surface temperatures in the noxious cold range (o15 1C)35. The
lack of responsiveness to noxious mechanical stimuli of the cool-
responsive LPB neurons found in our unit recording suggests that
they are primarily activated by thermoreceptive-specific dorsal horn
neurons. Although LPB neurons that can be activated by cutaneous
noxious stimuli have specific receptive fields on the body surface, the
rat tail is included in the excitatory receptive fields of a dominant
population of LPB nociceptor-responsive neurons in this species20.
Thus, our conclusion from the tail-pinch data that most cool-respon-
sive LPBel neurons are not also involved in the transmission of noxious
mechanical stimuli comes with the caveat that, owing to the presence of
the water jacket, we could not thoroughly examine nociceptive
responses that might have been elicited from the trunk skin.

Cool-responsive LPB neurons in the present study showed an
intriguing firing pattern in response to skin cooling and rewarming.
Their firing rate showed a linear increase as the skin temperature was
lowered between 36.6 and 34.4 1C (a range just below the normal core
temperature of rats), followed by a sustained elevation in discharge as
the skin cooling was maintained. These consistent responses of cool-
responsive LPB neurons to skin cooling mimic those observed in a skin
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cooling-responsive population of POA neurons41, providing further
support for the idea that LPB neurons have a primary role in conveying
cutaneous thermal information to thermoregulatory circuits in the
POA. The firing rate of the cool-responsive LPB neurons was rapidly
reduced to the basal level soon after skin rewarming was initiated, while
skin temperatures were still low. This rapid inhibition by skin rewarm-
ing was also seen at the effector level (BAT SNA and EMG in the present
study) and has been described at the level of thermoreceptive-specific
lamina I cells mediating cool signals (COOL cells)40. This behavior
might be accounted for by COOL cells that are activated by cool
primary sensory fibers but also inhibited by warm primary sensory
fibers. Under these conditions, a rapid increase in the activity of warm
fibers upon skin rewarming42 could rapidly suppress COOL
cell discharge and, in turn, reduce the excitation of cool-responsive
LPB neurons.

Within the framework of the somatosensory system, the spinotha-
lamocortical pathway is known to mediate the perception and dis-
crimination of cutaneous temperature9,10 and the signals are relayed by
thalamic neurons in the VPM/VPL in rats29,30. In the present study,
lesions of the VPM/VPL had no effect on skin cooling-evoked thermo-
genesis, but eliminated skin temperature-dependent changes in EEG
recorded from the primary somatosensory cortex. This result clearly
indicates that the skin cooling-triggered feedforward thermosensory
mechanism for controlling body temperature does not require a relay
in the thalamus. Therefore, we propose that the spinal-LPB-POA
pathway be considered as a ‘thermoregulatory afferent’ pathway that
is distinct from the spinothalamocortical pathway for conscious
thermal sensation (Supplementary Fig. 6).

In addition to somatosensory signals, the LPB receives massive
visceral afferent information through the nucleus of the solitary
tract43. This suggests that the LPB-POA pathway might have a role in
transmitting a broad array of visceral information (for example, gastric
tension, satiety, taste, thirsty, blood pressure and temperature) to the
POA, an important region for the control of many homeostatic
conditions including energy expenditure, osmolarity and cardiovascu-
lar tone as well as body temperature5,44,45. According to this idea,
LPB neurons might serve as a pivotal integrator of somatosensory
and visceral information, and such integration would be required
for the orchestrated control of a variety of effectors that
maintain homeostasis.

METHODS
Animals. Male Sprague-Dawley rats (200–500 g; Charles River) were housed

with ad libitum access to food and water in a room air-conditioned at 22–23 1C

with a standard 12-h light/dark cycle. All procedures conform to the regulations

detailed in the National Institutes of Health Guide for the Care and Use of

Laboratory Animals and were approved by the Animal Care and Use Com-

mittee of the Oregon Health & Science University.

CTb-Fos study. The detailed procedure of the CTb injection has been

described28. Rats deeply anesthetized with chloral hydrate (280 mg kg–1,

intraperitoneally (i.p.)) received a pressure injection of 1.0 mg ml–1

Alexa594-conjugated CTb (70–120 nl; Molecular Probes) through a glass

micropipette into the POA, BST, PVH or DMH. At the end of the surgery,

5 mg ml–1 penicillin G solution (200 ml) was injected into femoral muscles to

avoid infection. The animals were caged individually and 3 or 4 d after the

surgery, they were acclimatized to the chamber at 24 1C for 3 d46. On the 4th

day in the chamber, they were exposed to 4 1C or 24 1C for 4 h (from 10 a.m.

to 2 p.m.). During the exposure to 4 1C, the animals huddled, shivered

and consumed food, but displayed no signs of discomfort, anxiety or pain.

Immediately after the exposure, the animals were transcardially perfused

with 4% formaldehyde and the brains were subjected to CTb and

Fos immunohistochemistry.

Dual tracer injection. Rats received a pressure injection of 4% Fluoro-Gold

(20–30 nl; Fluorochrome) into the POA using a Picospritzer II (General Valve)

and an iontophoretic application of 2.5% PHA-L (pH 8.0 in 10 mM sodium

phosphate buffer; Vector) into two sites in the mid-cervical spinal dorsal horn

through a glass micropipette (tip inner diameter 10–15 mm) by applying

a +2.0 mA constant current with 7-s on-off cycles for 10 min per site. Seven days

after the surgery, the animals were perfused with 4% formaldehyde and the

brains were subjected to fluorescence immunohistochemistry.

Immunohistochemistry. Immunohistochemical procedures were as

described22,28,46–48 After perfusion, the brain was postfixed, cryoprotected

and cut into 30- or 40-mm-thick frontal sections. For single immunoperoxidase

staining, an anti-NeuN mouse antibody (1 mg ml–1; Chemicon) was used with a

diaminobenzidine staining method47. For triple immunofluorescence staining,

sections were incubated with a mixture of an anti-Fluorescent Gold rabbit

antibody (1:5,000; Chemicon), an anti-PHA-L goat antibody (1 mg ml–1;

Vector) and an anti-PSD-95 mouse antibody (1 mg ml–1; Chemicon) and then

with a biotinylated donkey antibody to goat IgG (1:100). After blocking with

10% normal goat serum, the sections were incubated with 10 mg ml–1

Alexa488-conjugated goat antibody to rabbit IgG, 10 mg ml–1 Alexa647-

conjugated goat antibody to mouse IgG and 5 mg ml–1 Alexa546-conjugated

streptavidin (Molecular Probes). The sections were observed under a confocal

laser-scanning microscope (LSM510; Zeiss). Double immunoperoxidase

staining for CTb and Fos and PHA-L and Fluoro-Gold followed our

previous method22,46.

Anatomy. The nomenclature of LPB subnuclei basically followed that in a

previous study13, except for inclusion of the ventral subnucleus into the LPBc.

Lesion. Rats received bilateral injections of 50 mM ibotenate or saline

(60–120 nl per site) into 6 sites per side throughout the VPM/VPL

(3.0–3.8 mm caudal to bregma). The animals survived for at least 1 week

and were then subjected to in vivo physiological experiments.

In vivo physiology. The procedures for the animal preparation and skin

cooling experiments have been described5. Rats were anesthetized with intra-

venous urethane (0.8 g kg–1) and a-chloralose (70 mg kg–1), paralyzed with

D-tubocurarine, and artificially ventilated with 100% O2. The trunk was shaved,

a thermocouple to monitor skin temperature was taped onto the abdominal

skin, and the trunk was wrapped with a plastic water jacket to cool and rewarm

the skin. Postganglionic BAT SNA was recorded from the right inter-

scapular BAT pad. Nerve activity was filtered (1–300 Hz) and amplified

(�5,000–50,000) with a CyberAmp 380 (Axon Instruments). Physiological

variables were digitized and recorded to a computer hard disk using Spike 2

software (CED).

For recording EMG or EEG, rats were anesthetized with 2.0% isoflurane in

100% O2 through a tracheal cannula with the animal’s spontaneous ventilation.

Bipolar needle electrodes for EMG were inserted into the muscles of the dorsal

neck. Bipolar electrodes for EEG recording were placed in the primary

somatosensory cortex (0.5 or 2.5 mm posterior to bregma, 3.0 mm lateral

(right) to the midline and 1.0 mm ventral to the brain surface). During EMG or

EEG measurement, the isoflurane concentration was decreased to 0.6% and

under this anesthetic condition without paralysis, the animals never showed

any movement except for cooling-evoked shivering. EMG and EEG signals were

amplified and filtered (EMG: �5,000, 10–1,000 Hz; EEG: �10,000, 1–30 Hz).

Spike 2 software was used to obtain a continuous measure (4-s bins)

of BAT SNA, EMG and EEG amplitude by calculating the root mean

square amplitude of these variables (square root of the total power

in the 0–20-Hz band for BAT SNA, 0–500-Hz band for EMG and

0.5–2.5-Hz band for EEG) from the autospectra of sequential 4-s segments

of these variables.

Stereotaxic pressure injection of drugs into the brain in nanoliter volumes

(nanoinjections) was performed using glass micropipettes (tip inner diameter,

20–30 mm) as described5. The concentrations of injected drugs were muscimol

(2 mM), AP5/CNQX (5 mM each) and NMDA (0.2 mM) and the doses

followed our previous in vivo physiological studies5,22,23,25,28,46, in which we

obtained consistent effects from these drug doses. To mark the injection

sites, fluorescent microspheres (Molecular Probes) were injected at the same
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stereotaxic coordinates through the same micropipette as described5. After the

physiological recordings, the animals were perfused with 10% formaldehyde

and the brain tissues were sectioned. The locations of the nanoinjections were

identified by detecting the fluorescent microspheres in the sections under an

epifluorescence microscope.

In the analysis of data from skin cooling experiments (Fig. 3h,i), baseline

values of the physiological variables were the averages during the 1-min period

immediately before skin cooling (before cooling). Skin cooling-evoked response

values for BAT temperature, expired CO2 and heart rate were taken just before

the first of the bilateral intra-LPB nanoinjections, and those for BAT SNA,

mean arterial pressure and EMG were the averages during the 1-min period

immediately before the first nanoinjection (first injection). Drug treatment

effect values for BAT temperature, expired CO2 and heart rate were taken at the

end of skin cooling, and those for BAT SNA, mean arterial pressure and EMG

were the averages during the 1-min period immediately before the end of skin

cooling (end of cooling).

In the analysis of data from experiments involving nanoinjection of

NMDA into the LPB (Fig. 4b), each animal had a unilateral NMDA injection

into the LPB following saline pretreatment in the MnPO and then another

NMDA injection into the LPB following AP5/CNQX pretreatment in the

MnPO and all the repeated injections were made at the same sites. For BAT

temperature, expired CO2, heart rate and mean arterial pressure, NMDA-

evoked changes from their baseline to peak values within 4 min after the

NMDA injection were calculated. For BAT SNA, the area under the curve

(AUC) of the ‘power per 4 s’ trace above the baseline for 4 min after the NMDA

injection (subtracted AUC) was calculated. Baseline values of all these physio-

logical variables were taken as the averages during the 1-min period immedi-

ately before the NMDA injection.

Unit recording. Rats received urethane and a-chloralose anesthesia. Unit

recordings were made with glass microelectrodes filled with 0.5 M sodium

acetate (DC resistance: 20–44 OM) containing 5% biotinamide to allow

juxtacellular labeling of the recorded neurons. A monopolar tungsten stimulat-

ing microelectrode was stereotaxically positioned in the MnPO. The LPB was

explored for neurons showing a constant onset latency response to electrical

stimulation in the POA (0.3–4 mA, 1 ms, 0.25–0.33 Hz). Standard criteria49

were used to establish the antidromic nature of the responses of LPB neurons to

POA stimulation. After time-controlled collision tests (Fig. 2b), the thermo-

sensitivity of LPB neurons was tested by cooling the skin for 100–300 s and

this cooling challenge was repeated at least twice. For juxtacellular labeling50 of

the recorded neurons with biotinamide, positive current pulses (0.5–4.0 nA,

400 ms duration, 50% duty cycle) were delivered for 1–5 min to entrain the

neuron. After the recording, the animals were perfused with 4% formaldehyde

and the labeled neurons were visualized by incubating the brain sections

with 1 mg ml–1 Alexa594-conjugated streptavidin. For firing rate analysis of

each recorded neuron, the rate of spontaneous firing was measured as spikes

10 s–1 and all response values represent the average of the two skin

cooling episodes.

Statistics. Statistical significance was evaluated with a two-tailed paired or

unpaired t-test or a one-way analysis of variance (ANOVA) for between-group

significance with a Bonferroni post hoc test to detect pairwise differences.

Analysis of correlation between unit firing rate and skin temperature was

performed using Pearson’s correlation test.

Note: Supplementary information is available on the Nature Neuroscience website.
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