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Regulation of Hypothalamic Signaling by Tuberoinfundibular
Peptide of 39 Residues Is Critical for the Response to Cold:
A Novel Peptidergic Mechanism of Thermoregulation

Eugene L. Dimitrov, Yoon Yi Kim, and Ted B. Usdin
Section On Fundamental Neuroscience, National Institute Of Mental Health, National Institutes Of Health, Bethesda, Maryland 20892

Euthermia is critical for mammalian homeostasis. Circuits within the preoptic hypothalamus regulate temperature, with fine control
exerted via descending GABAergic inhibition of presympathetic motor neurons that control brown adipose tissue (BAT) thermogenesis
and cutaneous vascular tone. The thermoregulatory role of hypothalamic excitatory neurons is less clear. Here we report peptidergic
regulation of preoptic glutamatergic neurons that contributes to temperature regulation. Tuberoinfundibular peptide of 39 residues
(TIP39) is a ligand for the parathyroid hormone 2 receptor (PTH2R). Both peptide and receptor are abundant in the preoptic hypothal-
amus. Based on PTH2R and vesicular glutamate transporter 2 (VGlut2) immunolabeling in animals with retrograde tracer injection,
PTH2R-containing glutamatergic fibers are presynaptic to neurons projecting from the median preoptic nucleus (MnPO) to the dorso-
medial hypothalamus. Transneuronal retrograde pathway tracing with pseudorabies virus revealed connectivity between MnPO VGlut2
and PTH2R neurons and BAT. MnPO injection of TIP39 increased body temperature by 2°C for several hours. Mice lacking TIP39
signaling, either because of PTH2R-null mutation or brain delivery of a PTH2R antagonist had impaired heat production upon cold
exposure, but no change in basal temperature and no impairment in response to a hot environment. Thus, TIP39 appears to act on
PTH2Rs present on MnPO glutamatergic terminals to regulate their activation of projection neurons and subsequent sympathetic BAT
activation. This excitatory mechanism of heat production appears to be activated on demand, during cold exposure, and parallels the
tonic inhibitory GABAergic control of body temperature.

Introduction
Mammals achieve euthermia by hypothalamic control of heat
production and dissipation. Warm-sensitive preoptic area neu-
rons tonically inhibit neighboring cold-sensitive cells and send an
inhibitory signal to the dorsomedial hypothalamus (DMH) or
directly to the medullary rostral raphe pallidus (Boulant and
Silva, 1988; Osaka, 2004; Nakamura et al., 2009; Tanaka et al.,
2009; Yoshida et al., 2009). These GABAergic neurons control
heat production and dissipation by regulating premotor sympa-
thetic neurons connected to brown adipose tissue (BAT) (Naka-
mura and Morrison, 2008) or cutaneous blood vessels (Tanaka et
al., 2009). The projections and transmitter content of cold-
sensitive neurons that stimulate heat production and conserva-
tion are still not well defined. Cold exposure activates numerous
preoptic neurons (Baffi and Palkovits, 2000; Bratincsák and

Palkovits, 2004), including BAT projecting cells (Cano et al.,
2003). Glutamatergic transmission clearly plays a part in hypo-
thalamic thermoregulation since anterior hypothalamic gluta-
mate injection activates BAT sympathetic input, stimulating
thermogenesis (Yoshimatsu et al., 1993; Nakamura and Morrison,
2008). Parabrachial nucleus projections to the hypothalamus are
glutamatergic and preoptic thermoregulatory glutamatergic in-
terneurons are proposed (Morrison and Nakamura, 2011) but little
is known about their connectivity or function. Stimulation of heat
production via histamine-sensitive glutamatergic hypothalamic ef-
ferents has also been recently proposed (Lundius et al., 2010).

Tuberoinfundibular peptide of 39 residues (TIP39) is synthe-
sized by posterior thalamic subparafascicular area neurons that
project to the hypothalamic paraventricular, arcuate and dorso-
medial nuclei and preoptic region (Dobolyi et al., 2003a,b) where
TIP39’s receptor, the parathyroid hormone 2 receptor (PTH2R),
has a closely matching distribution (Usdin et al., 1999a; Faber et
al., 2007; for review, see Dobolyi et al., 2010). Near the paraven-
tricular nucleus, where it has been examined most closely,
PTH2Rs are present on glutamatergic terminals (Dobolyi et al.,
2006; Dimitrov and Usdin, 2010). PTH2R activation increases
cAMP, and cytoplasmic Ca 2� in some cells, so it may facilitate
nerve terminal neurotransmitter release (Usdin et al., 2002). We
recently found that TIP39 activates neuroendocrine cells in a
glutamate-dependent manner (Dimitrov and Usdin, 2010).
Based on TIP39 and PTH2R presence throughout the preoptic
region and DMH (Dobolyi et al., 2003a,b, 2006; Faber et al.,
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2007) we have now examined their role in thermoregulation,
with the hypothesis that it might occur through modulation of
glutamatergic function.

First, to test whether median preoptic nucleus (MnPO)
PTH2R-expressing cells are part of a thermoregulatory circuit,
we used retrograde tracing from the DMH and BAT in combina-
tion with immunohistochemistry and transgenic mice with cell-
type markers to address potential connectivity between MnPO
PTH2R neurons and thermoregulatory pathways. Next, we in-
vestigated effects of PTH2R activation on body temperature, us-
ing PTH2R knock-out mice to confirm the specificity of TIP39’s
effect. Finally, to help identify functions of endogenous TIP39 we
compared responses to environmental temperature perturbation
between mice with and without TIP39 signaling. It appears that
TIP39 potently stimulates thermogenesis via PTH2Rs on MnPO
glutamatergic terminals that may activate a glutamatergic path-
way from the preoptic hypothalamus to sympathetic premotor
centers that innervate BAT.

Materials and Methods
Animals. All procedures were approved by the National Institute of Men-
tal Health Animal Care and Use Committee and were in accordance with

the Institute for Laboratory Animal Research Guide for the Care and Use
of Laboratory Animals. Mice were housed under a 12 h light/dark cycle
(lights on at 6:00 A.M.) with ad libitum access to food and water. Male
mice between 80 and 140 d of age and weighing from 28 to 32 g were used
for all experiments and were singly housed starting at least 1 week before
all temperature experiments. C57BL/6J mice used for MnPO and DMH
cannulation and TIP39 injection experiments were obtained from Jack-
son Laboratories. Wild-type and knock-out (KO) mice from the same
Het � Het breedings of a PTH2R-KO line were used in all other temper-
ature experiments. The development and genotyping of PTH2R-KO
mice were previously described (Dimitrov and Usdin, 2010). Each mouse
was used in not more than two different experiments with at least 7 d
elapsing between the experiments. Testing was initiated at 8:00 A.M. with
at least 1 h for the animal’s acclimatization to one of the two rooms used
for testing. Neuroanatomical experiments were performed using wild-
type mice or lines with gene-specific markers. A line with lacZ (encoding
�-galactosidase; �-gal) replacing exon 1 of the PTH2R (PTH2R-�-gal),
which marks PTH2R-expressing neurons, has been previously described
(Faber et al., 2007). Transgenic mice with green fluorescent protein
(GFP) sequence introduced into the VGlut2 gene of a bacterial artificial
chromosome (VGlut2-GFP BAC) were generated by embryo injection in
the NIMH intramural transgenic core facility of a BAC (RP23-84M15,
Children’s Hospital Oakland Research Institute, Oakland CA) produced

Figure 1. Expression of TIP39 and PTH2R immunoreactivity in the preoptic hypothalamus. A, B, Low-magnification images show TIP39-ir (A) and PTH2R-ir (B) concentrated in hypothalamic
preoptic areas. C, Schematic representation of the preoptic hypothalamus at the same level shows the location of �-gal-expressing cells in a PTH2R-�-gal knock-in mouse. Scale bar (in A) A, B, 500
�m. 3V, Third ventricle; ac, anterior commissure; LPO, lateral preoptic area; VP, ventral pallidus.
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by the GENSAT project (Gong et al., 2003). The pattern of GFP expres-
sion was detected by labeling brain sections with an antibody to GFP and
a line identified with an expression pattern in the anterior hypothalamus
similar to that shown for vesicular glutamate transporter 2 (VGlut2) by in
situ hybridization studies (Lin et al., 2003).

Implantation of thermosensitive transponders. Thermosensitive tran-
sponders (model IPTT-300, BioMedic Data Systems) were subcutane-
ously inserted into the interscapular region using the supplied trochar
injection device to pierce the skin midway between the fore- and
hindlimbs, as recommended by the supplier. Due to the small trochar tip,
no wound closure was required. Animals were used for temperature
experiments starting 5–7 d following transponder insertion.

CNS drug administration. For MnPO microinjection a 26-gauge stain-
less steel guide cannula (Plastics One) was implanted into the anterior
hypothalamus and secured to the skull with three screws and acrylic
dental cement of isoflurane anesthetized animals held in a stereotaxic
apparatus. Coordinates were: anteroposterior �0.4 mm, lateral 0.0 mm,
and dorsoventral �4.0 mm from bregma. Stylets were placed in each
cannula to maintain patency. Animals were handled daily and the stylets
manipulated to acclimate the animals to the microinjection procedure
and reduce tissue growth on the cannulae tips. The same technique was
used for DMH (anteroposterior �1.8 mm, lateral 0.2 mm, and dorso-
ventral �4.5 mm) and left lateral ventricle (anteroposterior �0.6 mm,
lateral �1.2 mm, and dorsoventral �2.0 mm from bregma) cannulation.
On the day of the experiment, after 1 h acclimation to the procedure
room, a 33-gauge internal injector with a 0.5 mm projection was inserted

into the cannula and 0.1 �l of vehicle containing 0.1% bovine serum
albumin (Equitech-Bio Inc.) in saline or 50, 100, and 200 pmol of TIP39
was delivered over 5 min. The lateral ventricle injections were performed
in the same way with a dose of 500 pmol of TIP39 or H 3Y 4W 5H 6-TIP39
(HYWH, a PTH2R antagonist; Kuo and Usdin, 2007) in 0.5 �l of vehicle.
The injectors were removed 1 min after completion of the injection and
the animal’s body temperature was monitored for 7– 8 h. All injections
were performed at room temperature (19.8 –23°C) and the animals were
held in their home cages at room temperature unless placed in a modified
environment as specifically indicated for particular experiments. In all
intracranial injection experiments cannula placement was evaluated by
fixing and sectioning the brain after the experiment, and only data from
animals with appropriate cannula placement were used. TIP39 and
HYWH were dissolved and diluted in 10 mM Tris HCl, 6% DMSO, at pH
7.0. Both peptides were synthesized by Midwest Biomedical Re-
sources. Nadolol (Sigma-Aldrich) and norepinephrine (Arterenol,
Sigma-Aldrich) were dissolved in saline and injected intraperitoneally at
20 mg/kg for nadolol and 1 mg/kg for norepinephrine.

Retrograde tracers. A stereotaxic surgical procedure similar to that de-
scribed for CNS cannulations was used to inject 0.1 �l of Fluoro-Gold
(FG; hydroxystilbamidine, Invitrogen) or rhodamine latex beads (red
Retrobeads; Lumafluor) into the DMH. The solutions of 2.0% FG or
rhodamine beads in saline were delivered via a 34 gauge blunt needle
attached to Nanofil syringe (World Precision Instruments) coupled to an
UltraMicroPump II (World Precision Instruments). The microinjec-
tions were performed over 30 s and the needle was left in place for

Figure 2. PTH2R and VGlut2 immunoreactivity overlap in the MnPO. PTH2R-ir (A, D, and G), GAD65-ir (B), MAP2-ir (E), and VGlut2-ir (H ) are shown as single channels and as merged images (C, F,
and I ). There is no apparent colocalization of PTH2R-ir with GAD65-ir or MAP2-ir, a dendritic marker. A–F, Examples of puncta labeled only with the PTH2R antibody are indicated by arrowheads and
ones labeled by the GAD65 or MAP2 antibodies are indicated by indented arrowheads. Images are confocal microscope single optical sections. G–I, The images are from a Z-series spanning �1.2
�m. The labeled structure indicated by the arrow is present in the selected X-Z (left of each panel) and Y-Z (top of each panel) planes. Arrowheads point to other puncta coexpressing the two markers
(yellow). Scale bars, 10 �m.
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another 5 min to minimize back flow. The injected mice were killed
6 –7 d after the procedure.

For viral tract tracing, aliquots of GFP-expressing Bartha strain pseu-
dorabies virus PRV-152 (provided by L. W. Enquist, Princeton Univer-
sity, Princeton, NJ; Smith et al., 2000) and PRV-614 expressing red
fluorescent protein (mRFP1) (provided by L. W. Enquist (Banfield et al.,
2003), were thawed and kept on ice until use. The injection of 1 �l of the
viral solution was made with 30-gauge needle on a 2 �l Hamilton syringe
after exposure of the interscapular brown tissue pads by a small longitu-
dinal skin incision. Five inoculations were made in a circular pattern and
the excessive fluid was absorbed with gauze. The wound was closed with
skin clips. The animals were observed twice daily and their weight closely
monitored. The PRV-injected mice were killed and perfused for immu-
nolabeling 100 –120 h after viral injection, following �20% body weight
loss. PRV-infected cells were identified by the fluorescence of the ex-
pressed GFP or mRFP1.

Immunohistochemistry. Deeply anesthetized animals were perfused
with 4% paraformaldehyde and 40 �m sections were cut from the brain
areas of interest. Immunohistochemistry was performed on free-
floating sections as described previously (Dimitrov and Usdin, 2010).
Sections were incubated with rabbit antibodies directed at the PTH2R or
TIP39 (1:10 000 dilution; 0.1 �g/ml; Faber et al., 2007) for 48 h at 4°C
followed by primary antibody detection using biotin-labeled donkey
anti-rabbit IgG (Jackson ImmunoResearch Laboratories; 1:1000)-,
avidin-peroxidase complex (Vectastain Elite, Vector Laboratories)-, and

DyLight 488 (Pierce)-conjugated tyramide as
described previously (Dimitrov and Usdin,
2010). Then, sections with PTH2R-ir were in-
cubated with a guinea pig antibody against
VGlut2 (provided by J. D. Erickson, Louisiana
State University, Baton Rouge, LA; 1: 5000), a
mouse antibody against microtubule-
associated protein 2 (anti-MAP2; Sigma-
Aldrich, catalog #M4403; 1:5000), a mouse
anti-glutamate decarboxylase (GAD) 65 anti-
body (Millipore Bioscience Research Reagents,
catalog #MAB351; 1: 1000), or a rabbit anti-FG
antibody (Millipore Bioscience Research Re-
agents; 1:1000), which were visualized with Al-
exa 594 (Invitrogen)- or DyLight 649 (Jackson
ImmunoResearch)-labeled secondary anti-
bodies directed against IgG of the appropriate
species. At the PTH2R antibody concentration
used it is not visualized with the Alexa 594 anti-
rabbit antibody. Controls in which the FG an-
tibody was omitted confirm the lack of signal
from the PTH2R antibody without amplifica-
tion. For �-Gal/FG labeling, chicken anti-�-
Gal antibody (Abcam) was diluted 1:10 000
followed by ABC/Tyramide amplification
combined with FG staining as described above.
For GFP/PRV-614 labeling anti-GFP (Abcam
#290) was diluted 1:5 000 and detected with
DyLight 488 anti-rabbit while PRV-614 en-
coded red fluorescent protein was directly vi-
sualized. The antibodies to FG, �-Gal and GFP
produced no signal in control mice. The
PTH2R antibody was raised against a
C-terminal epitope in the receptor and affinity
purified using that peptide. It labels material
with the appropriate molecular weight on
Western blots of cells transfected with the re-
ceptor cDNA, using immunocytochemistry
cells transfected with the receptor cDNA and
not the parent cell line are labeled (Usdin et al.,
1999b), and when used to label rat or mouse
brain sections it has a labeling pattern that very
closely matches the pattern of the receptor’s
mRNA detected by in situ hybridization (Faber
et al., 2007). The antibody to TIP39 was raised

against the full-length synthetic peptide and affinity purified. Labeling is
absent in brain sections from TIP39 knock-out mice (Fegley et al., 2008).
The VGlut2 antibody labels extracts from VGlut2-expressing cells but
not parent PC12 orVGlut1- or VGlut3-expressing cells (Schäfer et al.,
2002). The labeling patterns obtained with PTH2R, TIP39, and VGlut2
antibodies were the same as that previously described for the correspond-
ing antigen (Varoqui et al., 2002; Faber et al., 2007). According to the
manufacturer the MAP2 antibody was raised against rat microtubule
associated proteins, reacts with MAP2a, MAP2b and MAP2c, does not
cross-react with other MAPs or tubulin and by immunohistochemical
labeling of formalin-fixed brain tissue shows selective labeling of den-
dritic trees throughout the brain. The antibody to GAD65 was raised
against GAD purified from rat brain (Chang and Gottlieb, 1988) and
according to the supplier it recognizes the lower molecular weight of the
two GAD isoforms present in rat brain on Western blot.

The anatomical levels of sections and specific regions were identified
using the Franklin and Paxinos (2008) atlas. Immunolabeling was visu-
alized in representative sections using a Zeiss LSM 510 confocal micro-
scope in the NINDS Intramural Light Imaging Facility. Z-series were
analyzed using Volocity software (Improvision) by selecting XYZ mode
for 3D data.

Fluorescence in situ hybridization histochemistry. A group of six animals
was injected in the DMH with 0.1 �l of rhodamine latex beads. Four of
these animals had injections confined to the DMH and their brains were

Figure 3. Few MnPO PTH2R neurons project to the DMH. A, B, Neurons containing retrograde label (red) are shown in the MnPO
following injection of FG into the DMH of a PTH2R-�-gal knock-in mouse. �-gal accumulates within vesicle-like structures in the
cell bodies of PTH2R neurons (green dots indicated by arrows in A). The area indicated by the square in A is shown at higher
magnification in B. One of three retrogradely labeled cells contains �-gal-ir. Scale bars: A, 200 �m; B, 10 �m.

Figure 4. MnPO neurons that project to the DMH are contacted by PTH2R-ir fibers. A, Arrows indicate MnPO neurons filled with
FG (red) from a DMH injection and enmeshed in PTH2R-ir fibers (green). B, At higher magnification, PTH2-ir processes appear to
contact DMH projecting MnPO neurons. The arrow indicates an area of apparent colocalization, which may be a PTH2R-containing
fiber making a contact with an MnPO projection neuron. A is a single optical section, B is an XYZ projection of a confocal Z-series of
12 optical sections spanning 47.6 � 47.6 � 5.6 �m with X-Z images on top and Y-Z images at the left. Scale bars: A, 10 �m; B,
5 �m.
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processed for in situ hybridization. Coronal sections (12 �m thick) were
cut through the preoptic hypothalamus from unfixed rapidly frozen
brains, thaw mounted onto positively charged slides and stored at �80°C
until hybridization. Fluorescent in situ hybridization was performed as
previously described (Dimitrov and Usdin, 2010), with reduction of the
time for ethanol dehydration and omitting the chloroform delipidation
to preserve the rhodamine latex beads. The GAD67 probe was a 511
base-pair PCR product corresponding to bases 2618 –3128 of GenBank
accession # NM_008077. The VGlut2 probe was a 426 base-pair product
corresponding to bases 2132–2558 of GenBank accession # NM_080853.

Coronal brain sections were atlas matched according to the mouse
brain atlas of Franklin and Paxinos. Images of the paraventricular nu-
cleus of the hypothalamus area were acquired using 405, 488, and 543 nm
lasers on a Zeiss LSM 510 confocal microscope. The tissue background
and the DAPI staining permitted visualization of landmarks and cell
nuclei, including the MnPO, MPO, organum vasculosum of the lamina
terminalis (OVLT), and third ventricle. Images covering the entire

MnPO were collected from atlas-matched sections. Only cells with rho-
damine beads visible on both sides of the DAPI-labeled nucleus were
identified as retrogradely labeled and only those retrogradely labeled cells
with �4 –5 clusters of fluorescent mRNA signal were counted as double-
labeled. The nuclear area, as defined by DAPI staining, was measured on
a subpopulation of retrogradely labeled cells and there was no detectable
difference between the total population and the population of VGlut2- or
GAD67-positive cells so no stereological correction was performed.

Statistical analysis. Data are presented as mean � SEM. Student’s t test
was used for two group comparisons. The area under the curve was
calculated from temperature time course measurements for each animal
using the trapezoidal approximation method in GraphPad Prism and
data were then grouped for statistical analysis. One-way ANOVA with
repeated measures followed by Newman–Keuls Multiple Comparison
Test was used for drug dose responses and two-way ANOVA followed by
Bonferroni post-test for experiments evaluating drug and genotype in-
teraction. The accepted level of significance was p � 0.05 in all tests.

Figure 5. PRV infection of a PTH2R-ir cell in the MnPO. Five days following BAT injection, PRV-152-infected cells are observed in the preoptic hypothalamus (A–C). A PRV-infected cell with
PTH2R-ir on its surface is indicated by the rectangle in C and shown at high magnification in D–G. Single optical sections are shown in D–F. The image in G is an XYZ plane representation of a Z-series
of 12 optical sections spanning 47.6 � 47.6 � 3.4 �m. The X-Z (top) and Y-Z (left) views confirm the colocalization between the green and red voxels (yellow). Virally encoded GFP is pseudocolored
red in all images and PTH2R-ir is green. Scale bars: A–C, 100 �m; D–F, 10 �m. In G, 5 �m ( X) and 2 �m ( Z) bars are shown.
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Results
Retrograde tract tracing places MnPO PTH2R neurons in a
thermoregulatory circuit
PTH2R-ir and TIP39-ir are present on fibers and terminals
throughout the preoptic area (Fig. 1). This includes the MnPO,
which we consider to be a dorsally elongated triangular area
situated directly above and closely surrounding the OVLT,
which is adjacent to the tip of third ventricle (Fig. 1), as used by
Saper and colleagues in rat (Yoshida et al., 2009) and mouse
(Lazarus et al., 2007). The MnPO corresponds to a region of
somewhat increased cell density visible in nuclear or Nissl stained
material (data not shown). PTH2R-expressing cell bodies are not
often detected by the PTH2R antibody but their presence
throughout the preoptic hypothalamic region is demonstrated
by in situ hybridization detection of PTH2R mRNA (Faber et al.,
2007; Lein et al., 2007) and by immunohistochemical detection of
�-Gal in sections from transgenic mice with �-Gal knocked into
exon 1 of the PTH2R gene (Fig. 1C), which provides a cell body
marker for PTH2R-expressing cells (Faber et al., 2007). �-gal
accumulates within small vesicle-like structures in PTH2R-
expressing neurons of PTH2R-�-gal knock-in mice (Faber et al.,
2007; see below). We previously observed colocalization between
PTH2R-ir and VGlut2-ir in several brain regions, in rodent and
non-human primate (Dobolyi et al., 2006; Dimitrov and Usdin,
2010), including the medial preoptic area (Bagó et al., 2009),
which places the receptor on glutamatergic axonal terminals. We
found that this is also the case in the mouse MnPO (Fig. 2 I). In
contrast, we observed no colocalization between PTH2R-ir and
either GAD65-ir (Fig. 2C) or the dendritic marker MAP2 (Fig.
2F). Based on previous lesion, tracing, and double labeling stud-
ies, TIP39-ir fibers in this area are projections from neurons in
the thalamic subparafascicular area that do not express PTH2Rs
(Dobolyi et al., 2003b; Palkovits et al., 2010). Thus, PTH2R-ir and
TIP39-ir are present in or on distinct axonal processes or nerve
terminals within the MnPO.

To evaluate the potential relationship of MnPO PTH2R-
expressing neurons with thermoregulatory circuitry we in-
jected the retrograde tracer FG into the DMH of PTH2R-�-gal
knock-in mice. However, despite the overlap between areas with
a relatively high density of PTH2-ir fibers and retrogradely la-
beled cells, only a few of the FG-labeled neurons contained
�-Gal-ir (Fig. 3). The majority of the �-Gal marked cells in this
region were just outside the MnPO as defined by the retrogradely

labeled neurons (Fig. 3A; see also Fig. 1C).
Still, all of the retrogradely labeled neu-
rons in the MnPO and medial preoptic
area (MPA) were enmeshed in PTH2R-ir
fibers (Fig. 4A). Close appositions be-
tween FG-labeled cells and PTH2R-ir
fibers (Fig. 4B) suggests that PTH2R-
expressing cells make functional contacts
with MnPO projection neurons. Based on
PTH2R-ir/VGlut2-ir colocalization these
appear to be excitatory contacts.

To further evaluate the potential in-
volvement of preoptic PTH2 receptor-
expressing neurons in thermoregulatory
pathways we injected the GFP-expressing
Bartha strain pseudorabies virus PRV-152
into interscapular BAT and performed
immunolabeling of brain sections with a
PTH2 receptor antibody. This virus pro-
vides transneuronal retrograde labeling of

the hierarchy of neurons that give rise to the autonomic innerva-
tion of peripheral organs. The general pattern of neuronal label-
ing matched that previously described (Oldfield et al., 2002; Cano
et al., 2003; Yoshida et al., 2003; Voss-Andreae et al., 2007). Brain
areas with PRV-152 expression 106 h following injection were, in
ascending order: nucleus of the solitary tract, rostral raphe palli-
dus, locus ceruleus, parabrachial nucleus, parts of the dorsal lat-
eral hypothalamus, DMH, retrochiasmatic area, hypothalamic
paraventricular nucleus, MPA, MnPO (Fig. 5), dorsolateral pre-
optic area and parts of the sensory cortex. The intensity of the
viral expression generally decreased from caudal to rostral re-
gions. The MnPO surrounding the OVLT contained numerous
neurons with varying amounts virally encoded fluorescent pro-
tein (Fig. 5). There was clear colocalization between PTH2R-ir
and the viral expressed protein in a small number of cells. Figure
5 shows a PRV-infected cell that is also PTH2R-ir positive. Many
of the PRV cells were surrounded by PTH2R-ir fibers, which
often formed close appositions (Fig. 6), similar to the observation
made following DMH injection of FG. This places MnPO PTH2
receptor signaling within the extended circuitry associated with
innervation of BAT.

MnPO glutamatergic neurons project to the DMH
To further characterize the DMH projecting MnPO neurons we
injected rhodamine latex beads into the DMH and performed in
situ hybridization with VGlut2 and GAD67 mRNA probes on
sections containing the MnPO. Microinjection of 0.1 �l of rho-
damine latex beads into the DMH labeled numerous cells in the
MPA and MnPO with a pattern like that described previously
(Nakamura et al., 2005; Yoshida et al., 2009) and observed with
FG injection (above). Most of the labeled neurons were within
the limits of the MnPO (Figs. 7A,G, 8). As described previously
(Grob et al., 2003; Lin et al., 2003), VGlut2 mRNA and GAD67
mRNA was expressed throughout the preoptic area with a rela-
tively high density in the MnPO (Fig. 7B,H). We evaluated atlas-
matched sections from four levels of the MnPO (�0.62, 0.50,
0.38 and 0.26 mm from bregma; Fig. 8) and established a strin-
gent criterion for double-labeled cells (see Materials and Meth-
ods). Using these criteria, an average of 23.5 � 3.8% of the
rhodamine bead-labeled neurons (129 � 22.8 retrogradely la-
beled cells evaluated per animal) coexpressed VGlut2 mRNA and
an average of 9.7 � 0.8% of the retrogradely labeled neurons were
double-labeled with GAD67 mRNA (118 � 20.3 cells evaluated

Figure 6. PTH2R-ir processes appear to contact PRV-infected cells in the MnPO. A, Multiple cells infected with PRV-152 (red) are
found in the MnPO following BAT injection of the virus. PTH2R-ir fibers are adjacent to many of the PRV-infected cells, some of
which are indicated with arrows. The arrowhead in B indicate an area of PTH2R-ir in apparent contact with a PRV-152-infected cell.
The image is presented as an XYZ plane from a confocal Z series covering 47.6 � 47.6 � 5.6 �m, with X-Z image on top and Y-Z
image at the left of the panel. Scale bars: A, 100 �m; B, 5 �m.
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per animal). The proportions of VGlut2- and GAD67-expressing
cells may be underestimated because of the sensitivity of the flu-
orescent in situ hybridization technique. However, this experi-
ment clearly establishes a glutamatergic projection from the
MnPO to the DMH, in addition to the previously characterized
GABAergic connection (Nakamura et al., 2005, 2009; Yoshida et
al., 2009).

Glutamatergic neurons of the preoptic hypothalamus are part
of the autonomic circuitry that innervates BAT
Evidence consistent with an excitatory glutamatergic pathway
from cold-sensitive MnPO neurons to the thermoregulatory ros-
tral raphe nucleus, that regulates skin vasoconstriction, has been
provided by electrophysiological recording experiments (Tanaka
et al., 2011), but MnPO glutamatergic neurons involved in ther-

Figure 7. MnPO glutamatergic and GABAergic neurons project to the DMH. Rhodamine latex beads were injected into the DMH. The general distribution of rhodamine bead-containing cells (A,
G) overlaps the distribution of cells containing VGlut2 mRNA (B) and GAD67 mRNA (H ) as detected by fluorescent in situ hybridization. Adjacent diagrams (C, I ) indicate the approximate shape of
the MnPO at the levels illustrated. DAPI (blue) counter staining helps to show the location of cell bodies containing rhodamine beads (red, D and J ), VGlut2 mRNA (green, E) and GAD67 mRNA (green,
K ). F and L are merged images in which the arrows show double-labeled cells and the arrowheads single-labeled cells (VGlut2 mRNA in F and GAD67 mRNA in L). The fielding F also contains three
cells containing VGlut2 mRNA but no rhodamine beads. Scale bars: A–C, 100 �m; D–F, 10 �m.
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moregulation have not been identified. To investigate a potential
connection between MnPO glutamatergic neurons and the auto-
nomic innervation of BAT, we injected PRV-614 (a pseudorabies
virus that encodes red fluorescent protein) into BAT of trans-
genic mice that express GFP under the control of the VGlut2
promoter. The pattern of PRV-614 in the CNS was similar to that
described above for BAT injection of PRV-152. The anatomical dis-
tribution of neurons with VGlut2 (GFP) signal matched that of the
VGlut2 neuronal populations in the thalamus and anterior hypo-
thalamus determined by in situ hybridization histochemistry (Grob
et al., 2003; Barroso-Chinea et al., 2007). In the preoptic hypo-
thalamus GFP-positive cells were concentrated in the MnPO and
MPA, as were PRV-614-infected cells (Fig. 9). Both areas contained
cells expressing both VGlut2, detected as GFP, and infected by PRV-
614, detected as red fluorescent protein.

Intracerebral administration of TIP39 increases
body temperature
To directly test the involvement of hypothalamic PTH2R-
expressing cells in thermoregulation we needed to implement a
method for measurement of temperature in mice. We evaluated
interscapular implantation of small thermosensitive chips (Bio-
Medic Data Systems, model IPTT-300) as a minimally invasive
approach to measuring mouse body temperature. Use of these

chips has been validated for studying the
fever response to bacterial infection in
mice (Kort et al., 1998), and for several
types of experiments in larger animals
(Chen and White, 2006). The chips are
interrogated by bringing a handheld
probe within �2–3 inches of an animal.
We compared the temperature reported
by implanted chips with that from a rectal
probe by performing both types of mea-
surement in a group of five wild-type
mice. The temperature of each animal was
measured by both methods hourly for 6 h.
The mean temperature reported by the
implanted chips was 36.7 � 0.3°C and
from the rectal probe 36.5 � 0.2°C and
there were no significant differences be-
tween the two temperature measurements
at any time point. From this we concluded
that interscapular chips provided an ade-
quate technique for monitoring changes
in mouse body temperature and used this
approach for all subsequent experiments.

Vehicle or 50, 100, or 200 pmol of
TIP39 in 0.1 �l was microinjected via
MnPO cannulae in a group of experimen-
tal animals and body temperature was re-
corded every hour for a period of 8 h. The
temperature increased during the first
hour in all groups, with no difference be-
tween the groups (Fig. 10A). The temper-
ature did not increase further in animals
injected with vehicle or 50 pmol of TIP39
(Fig. 10A,B). Starting with the 2 h time
point there was a clear increase over con-
trols in the temperature of animals ad-
ministered 100 and 200 pmol of TIP39
(Fig. 10A,B, ANOVA, F(3,15) � 6.7, p �
0.05 for vehicle vs TIP39 100 pmol and for

vehicle vs TIP39 200 pmol). The temperature rise peaked at the
third hour after the injection with an average increase of 1.9 �
0.5°C for the 100 pmol dose and 2.0 � 0.2°C for the 200 pmol
dose over the experimental groups starting temperature, or 1.5°C
for each dose above the temperature of the control group at the
same time point. This increase lasted for �4 h for the 100 pmol
and 5 h for the 200 pmol dose (Fig. 10A).

The DMH plays a significant role in temperature control. It is
a relay between the MnPO and distal areas that control thermo-
genesis, and its activation leads to a temperature increase (Za-
retskaia et al., 2002; Hunt et al., 2010). It also contains abundant
TIP39-ir and PTH2R-ir nerve fibers as well as PTH2R-expressing
neurons. We examined the effect of TIP39 microinjection into
the DMH via bilateral cannulae. In contrast to MnPO delivery,
microinjection of 100 pmol of TIP39 into the DMH did not sig-
nificantly affect body temperature (Fig. 10C).

A potential concern with ligand administration through im-
planted cannula guides is that the guide can cause local inflam-
mation, which in turn can lead to augmentation of temperature
upon drug injection, via release of inflammatory mediators. To
assure that TIP39 effects on body temperature are independent of
local inflammatory factors in the MnPO, and are specific for
PTH2R activation, lateral ventricle injections were performed in
wild-type and in PTH2R-KO mice. Lateral ventricle administra-

Figure 8. Distribution of neurons projecting from the MnPO to the DMH. A, Rhodamine latex bead injection sites in the four
animals used for analysis are illustrated. B, The injection site in red is shown after counterstaining tissue with DAPI. C–F, The
distribution of rhodamine-labeled neurons (red dots), VGlut2/Rhodamine (purple stars) and GAD67/Rhodamine (teal circles)
coexpressing cells from this animal are illustrated at four levels (distance from bregma indicated on the figure). Scale bar (B), 1 mm.
Re, Thalamic reuniens nucleus; zi, zona incerta; Arc, hypothalamic arcuate nucleus.
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tion of 500 pmol of TIP39 significantly
increased body temperature in the wild-
type mice (mean of 0.9 � 0.2°C) com-
pared with the vehicle infused group (Fig.
11A,B, ANOVA (B), F(3,28) � 3.9, p �
0.05) while the temperature of
PTH2R-KO mice infused with vehicle or
the same dose of TIP39 did not differ from
vehicle-treated wild-type animals.

The sympathetic nervous system is
the common output pathway for known
brain circuits that control body tempera-
ture. Activation of sympathetic ganglion
cells leads to peripheral vasoconstriction
and increased heat production by BAT.
Norepinephrine release and activation of
�3 adrenergic receptors in BAT is pivotal
for heat production by small animals, in-
cluding mice. To confirm that TIP39 in-
creases body temperature via activation of
the sympathetic nerve system, we in-
jected TIP39 into the MnPO of mice
pretreated with the peripherally acting
�-adrenergic blocker nadolol. Nadolol
administration prevented the initial rise
in temperature observed with most in-
tracerebral injections, which is likely to
be stress-induced hyperthermia (Fig.
12). Nadolol also blocked the tempera-
ture rise associated with injection of
TIP39 into the MnPO. Body tempera-
ture increased only in mice receiving
TIP39 without nadolol (Fig. 12 A, B,
ANOVA ( B), F(3,27) � 6.4, p � 0.01 for
TIP39/nadolol vs TIP39/saline and p �
0.05 for vehicle/saline vs TIP39/saline).

Mice lacking TIP39 signaling have
impaired ability to defend body
temperature against cold
The baseline body temperature of wild-
type and PTH2R-KO mice was not signif-
icantly different at the beginning of the
experiments and their daily pattern was the
same (Fig. 13A). Wild-type mice placed in a
4°C environment for 1 h had little change in
body temperature. In contrast, there was a
large (3.6 � 0.7°C) decrease in the temper-
ature of PTH2R-KO mice, which was highly
significant when compared with the tem-
perature of wild-type after cold exposure
(Fig. 13B, two-way ANOVA, F(14,3); signifi-
cant effect of genotype, p � 0.001). The
body temperature of both wild-type and
PTH2R-KO mice increased following expo-

Figure 9. BAT-injected PRV infects preoptic glutamatergic neurons. A, B, PRV-614-infected cells (red) and VGlut2-GFP-
expressing neurons (green) are shown at two levels of the preoptic hypothalamus (bregma�0.5 mm, left;�0.26 mm, right) after
injection of the tracer virus into BAT of a VGlut2-GFP BAC transgenic mouse. C, D, The distribution of neurons containing GFP (green
dots), PRV-614 (red dots), or both markers (blue stars) at these two levels is shown. High-magnification images taken from the

4

outlined areas in A (E, G, I) and B (F, H, J) show VGlut2-GFP
neurons (E, F) containing PRV-614 (G, H) in which the markers
colocalize (I, J). In the high-magnification images (E–J), ar-
rows indicate GFP/PRV-614 double-labeled cells. Scale bar (in
A) A, B, 200 �m; (in I) E–J, 10 �m.
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sure to a hot (35°C) environment for 1 h with no difference between
the genotypes (Fig. 13C).

Evaluation of functional deficits in global knock-out animals
represents a significant challenge because of the possible com-
pensatory changes in the systems under investigation. To evalu-
ate whether the impaired temperature regulation in PTH2R-KO
mice is a consequence of the lack of TIP39 signaling within the
brain at the time of the experiment, we repeated the cold expo-
sure experiment in a group of wild-type mice administered 500
pmol of the PTH2R antagonist HYWH via a lateral ventricle
cannula. In this experiment the animals were placed at 4°C for 2 h
to allow time for HYWH to block the PTH2Rs. HYWH admin-
istration produced an effect qualitatively similar to the phenotype

of the PTH2R-KO mice in this paradigm. HYWH-injected mice
lost on average 1.0 � 0.3°C versus a temperature decrease of only
0.2 � 0.2°C in the vehicle-injected group (Fig. 13D, two-way
ANOVA, F � 7.0; significant effect of treatment, p � 0.05). In
mice left at room temperature, the insertion of the injector can-
nula and the 5 min of reagent delivery caused the stress-induced
hyperthermia observed in most experiments in both the vehicle
and HYWH infused groups. There was no difference between the
vehicle and HYWH infused group at any time over 8 h of tem-
perature monitoring (Fig. 13E). This provides an additional con-
trol for the specificity of the effects of TIP39 described above,
because HYWH is a peptide that differs from TIP39 at only four
of their 39 residues.

Norepinephrine causes a paradoxical decrease in the body
temperature of PTH2R-KO mice, indicating impaired cold
adaptation
The experiments described above indicate that TIP39 signaling
modulates sympathetic activation of BAT under acute condi-
tions. In addition to its acute effects on heat production sympa-
thetic innervation of BAT has a trophic influence on the mass and
composition of BAT (Bronnikov et al., 1992). Thus, ongoing or
accumulated differences between wild-type and PTH2R-KO
mice in the sympathetic input to BAT might be reflected in its
function. We evaluated BAT function by peripheral administra-
tion of norepinephrine, a method for evaluating non-shivering
thermogenesis (Janský, 1973). Acute administration of norepi-
nephrine (1 mg/kg, i.p.) did not change the body temperature of
wild-type mice. The same dose of norepinephrine (NE) de-
creased the body temperature of PTH2R-KO mice by 1°C 1 h

Figure 10. Body temperature following hypothalamic microinjection of TIP39. Vehicle or 50,
100, or 200 pmol of TIP39 was microinjected into the MnPO and body temperature measured
hourly (A). Area under the curve measurements (B) indicate significant increases for the groups
receiving 100 or 200 pmol of TIP39. TIP39 microinjected into the DMH did not have an effect on
body temperature (C). *p � 0.05.

Figure 11. Body temperature following lateral ventricle administration of TIP39. Injection
of 500 pmol of TIP39 into the lateral ventricle increased body temperature for several hours in
wild-type animals but not in PTH2R-KO mice, seen as a time course (A), and in area under the
curve measurement (B). *p � 0.05.
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after injection (Fig. 14A,B, ANOVA (B), F(3,22) � 3.8, p � 0.05
for WT/NE vs PTH2R-KO/NE). This paradoxical decrease in
temperature is consistent with impaired thermo-adaptation and
lower BAT capacity (see Discussion). To confirm the lower BAT
capacity of the KO mice we compared the wet weight of inter-
scapular BAT between wild-type and PTH2R-KO mice. The BAT
weight from PTH2R-KO animals was on average 0.14 � 0.02 g
versus 0.27 � 0.06 g in wild-type (Student’s t test, n � 17/13, p �
0.001). There was no difference between the body weights of
the same animals (PTH2R-KO � 29.9 � 1.1 g and WT �
30.6 � 1.2 g).

Discussion
Dense innervation of several hypothalamic nuclei by nerve fibers
containing the neuropeptide TIP39 suggests that it modulates
multiple homeostatic processes. These fibers originate in the tha-
lamic subparafascicular area (Dobolyi et al., 2003b) and, to date,
they have not been found to contain a classic neurotransmitter.
Previous studies provide evidence that TIP39 acting on the
PTH2R modulates neuroendocrine function, stress response and
lactation (Ward et al., 2001; Cservenák et al., 2010; Dimitrov and
Usdin, 2010). We now describe TIP39 involvement in tempera-
ture control. MnPO microinjection of TIP39 increased body
temperature. TIP39’s effect was dependent on the PTH2R and on
sympathetic nervous system activation. Endogenous TIP39 ap-
pears to play an important role in thermoregulation because mice
lacking TIP39 signaling, either because of PTH2R genetic inacti-
vation or acute PTH2R antagonist administration are impaired
in temperature defense in a cold environment. TIP39’s thermo-
regulatory effects are likely to be mediated through its effect on

PTH2Rs present on glutamatergic nerve terminals that are pre-
synaptic to MnPO projection neurons. Thus, we speculate that
TIP39 may provide thalamic gating of MnPO thermoregulation.

A striking observation was that PTH2R-KO mice placed at
4°C have a marked body temperature decrease while wild-type
mice maintain a normal temperature. In principle this could re-
sult from impaired heat production ability or defect in heat pro-
duction signals. Both seem to be the case. BAT capacity is
impaired, based on a paradoxical body temperature decrease fol-
lowing peripheral norepinephrine injection and on decreased in-
terscapular BAT weight. However, acute intracerebral PTH2R
antagonist administration also impaired the heat production re-
sponse to a cold environment, though to a smaller extent. Thus,
TIP39 signaling in the brain contributes to an appropriate re-
sponse to cold. TIP39 could be involved in temperature sensation
since PTH2Rs are present on primary afferent, spinal cord dorsal
horn, and lateral parabrachial nucleus neurons. However, we
found no difference between wild-type and PTH2R-KO mice in
ability to sense cold, as evaluated by time on the 4°C and 23°C
sides in a two-plate thermosensitivity test (data not shown).
Thus, we believe that there is less activation of BAT sympathetic
premotor neurons in mice without TIP39 signaling, that origi-
nates within the brain.

TIP39 could potentially affect thermogenesis via PTH2Rs at
several brain sites. Current evidence suggests that glutamatergic
neuron terminals within the MnPO are the principle site. MnPO
microinjection of 100 or 200 pmol of TIP39 produced a large
body temperature increase (2°C) that persisted for several hours.
Microinjection of 100 pmol of TIP39 several millimeters away, in
the DMH, did not significantly increase temperature despite the
presence of PTH2Rs. Lateral ventricle administration of TIP39
increased temperature, but 500 pmol had less effect than 100
pmol microinjected into the MnPO. In other brain areas in which
it has been examined there is a high degree of PTH2R/VGlut2
colocalization (Dobolyi et al., 2006; Bagó et al., 2009; Dimitrov
and Usdin, 2010; Dimitrov et al., 2010). In this study we found
that this is also the case in the MnPO. This places PTH2Rs on
glutamatergic presynaptic terminals within the MnPO. The ret-
rograde tracing experiments showed that PTH2R-containing
glutamatergic terminals appear to synapse upon MnPO projec-
tion neurons. Other investigators suggest that local glutamatergic
neurons are a part of the MnPO thermoregulatory circuitry
(Morrison and Nakamura, 2011). Our data place the PTH2R on
some of these neurons and position them immediately presynap-
tic to neurons projecting to the DMH and, indirectly, to BAT.

Two independent thermoregulatory pathways from the pre-
optic hypothalamus have been described (Nakamura et al., 2009;
Yoshida et al., 2009). The first projects to the DMH and from
there to the rostral raphe pallidus and is thought to regulate pre-
motor sympathetic output to BAT. GABA is the main transmitter
in the initial stage of this pathway (Nakamura et al., 2005). The
second pathway, directly from the MnPO to the rostral raphe
pallidus is thought to regulate vasomotor tone (Tanaka et al.,
2009). Our retrograde tracing studies point to a robust connec-
tivity between PTH2R terminals and neurons projecting directly
to the DMH and to premotor neurons that connect with BAT. In
an experiment combining DMH injection of rhodamine latex
beads with in situ hybridization detection of VGlut2 or GAD67
mRNA we observed, along with already established GABAergic
projections that a number of VGlut2-expressing neurons also
project from the MnPO to the DMH. This provides a potential
excitatory output from the MnPO to DMH which may be mod-
ulated by TIP39 signaling. A population of MnPO thermoregu-

Figure 12. Peripheral �-adrenergic block prevents TIP39 elevation of body temperature.
Pretreatment with nadolol (20 mg/kg, i.p.) 1 h before MnPO injection of TIP39 (100 pmol) or
vehicle prevented the small temperature increase observed 1 h after intracranial injections and
blocked the effect of TIP39 (A). Area under the curve measurements indicate that the temper-
ature increase in animals receiving MnPO injection of TIP39 was significantly greater than either
group receiving MnPO vehicle injection and the group that received MnPO TIP39 and peripheral
nadolol (B). *p � 0.05, **p � 0.01.
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latory glutamatergic neurons agrees with observations that
preoptic hypothalamic glutamate injections activate BAT (Yoshi-
matsu et al., 1993; Nakamura and Morrison, 2008), and control
cutaneous vasoconstriction (Tanaka et al., 2011) and that hista-
mine activates a non-GABAergic population and increases tem-
perature (Lundius et al., 2010). We have not addressed the potential
relationship between MnPO PTH2R or VGlut2-expressing neurons
and neurons projecting directly to the rostral raphe pallidus because
our attempts at raphe pallidus tracer injection resulted in spread to
areas, such as the medial longitudinal fasciculus, that would con-
found its interpretation. However, we did establish, by BAT injec-
tion of PRV-614 in VGlut2-GFP mice, that MnPO glutamatergic
neurons are connected to BAT. Very likely some of these neurons are
the MnPO cold-sensitive excitatory neurons described by oth-

ers (Curras et al., 1991; Tanaka et al.,
2011). TIP39 activation of BAT thermo-
genesis may occur via these glutamater-
gic projection neurons. It is important
to note that our data do not exclude the
possibility that TIP39 influences ther-
moregulatory GABAergic signaling in
the MnPO.

Basal body temperature is under pre-
cise control by warm-sensitive preoptic
GABAergic neurons that tonically inhibit
DMH and rostral raphe pallidus sympa-
thetic premotor neurons (Osaka, 2004;
Cao et al., 2010). Several stimuli, includ-
ing pyrogens, raise body temperature by
inhibiting these neurons (Tsuchiya et al.,
2008; Tanaka et al., 2009). Selective ante-
rior lateral hypothalamic or brainstem
knife cuts provide additional support for
tonic inhibitory pathways originating in
the preoptic hypothalamus but these
studies do not exclude existence of an
excitatory, on demand, thermoregulatory
pathway (Chen et al., 1998; Morrison and
Nakamura, 2011). The TIP39/PTH2R
system does not regulate the basal body
temperature, based on the lack of effect of
HYWH administration on temperature
and the lack of temperature difference be-
tween PTH2R-KO and wild-type mice left
at ambient temperature. There is also no
difference between the temperature of
PTH2R-KO and wild-type mice in a hot
environment, indicating intact warm-
sensitive GABAergic circuitry in these an-
imals. However, our experiments show
that intact TIP39 signaling is absolutely
necessary when cold exposure raises the
demand for heat production by BAT.

One physiological role for TIP39 may
be as part of a stressor-specific response to
cold. In addition to the requirement for
TIP39 signaling in the appropriate response
to cold described above, we previously
showed that hypothalamic paraventricular
nucleus TIP39 microinjection activates the
hypothalamic-pituitary-adrenal axis (Dim-
itrov and Usdin, 2010). Thalamic subpara-
fascicular area TIP39 neurons project to the

preoptic area and paraventricular nucleus (Dobolyi et al., 2003b), so
a coordinated effect seems likely. TIP39 support of prolactin produc-
tion may be related, since acute TIP39 signaling block inhibits suck-
ling stimulated prolactin release in lactating rats (Cservenák et al.,
2010) and cold exposure increases mouse milk production (Johnson
and Speakman, 2001). These effects may be a part of multiple ho-
meostatic functions of TIP39, in which it potentiates glutamatergic
signaling to generate an integrated hypothalamic response to adverse
physical stimuli.

The TIP39/PTH2R system may also play a role in long-term
environmental adaptation. Mammals maintain their tempera-
ture within a narrow range through balanced heat production
and dissipation. Heat is conserved through piloerection, cutane-
ous vasoconstriction and body position changes, while shivering

Figure 13. TIP39 signaling is required for an appropriate response to cold. The daily pattern of body temperature was not
different between wild-type and PTH2R-KO mice (A). PTH2R-KO mice had a much larger decrease in body temperature than
wild-type mice following 1 h cold (4°C) exposure (B), but no difference from wild-type when placed in a hot (35°C) environment for
the same period (C). Injection of the PTH2R blocker HYWH into the lateral ventricle caused a significant decrease in body temper-
ature in animals exposed to cold (D) but did not affect the temperature of animals that were kept at room temperature (E). *p �
0.05, ***p � 0.001.
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and BAT non-shivering thermogenesis produce heat (Carlisle
and Stock, 1993; Cannon and Nedergaard, 2011). These mecha-
nisms are turned off in a thermo-neutral environment, which for
rats and mice is 29 –30°C (Romanovsky et al., 2002; Hodges et al.,
2008). Mice adapt to vivarium temperatures of 22–23°C, which
are below their comfort zone, by increasing their metabolic rate
(Janský, 1973; Foster and Frydman, 1979; Golozoubova et al.,
2004). BAT proliferation, which is under sympathetic drive
(Bronnikov et al., 1992), is part of this adaptation. PTH2R-KO
mice do not have any overt metabolic deficiency. Their weight
and temperature under standard laboratory conditions do not
differ from wild-type. However, they have less BAT mass, which
suggests impaired adaptation to the vivarium temperature. Pe-
ripheral norepinephrine administration allows estimation of
non-shivering thermogenesis (Janský, 1973) and BAT capacity
(Golozoubova et al., 2004). A norepinephrine-induced “para-
doxical” body temperature decrease is well described in animals
acutely placed below their acclimated temperature (Zylan and
Carlisle, 1992). This may occur because at the acclimated temper-
ature norepinephrine acts on BAT to increase heat production
and causes �-adrenergic mediated peripheral vasoconstriction
which reduces heat dissipation, while in cold to which they are
not adapted (Carlisle and Stock, 1993), norepinephrine has less
thermogenic effect because of less BAT capacity, and its addition
to already elevated endogenous sympathetic release leads to
�-adrenergic mediated increases in peripheral blood flow (for
thorough discussion, see Cannon and Nedergaard, 2011). Mice
lacking TIP39 signaling may have a BAT capacity/ambient tem-
perature mismatch because of decreased sympathetic trophic ef-

fect. Whether this is a relatively selective effect, or part of a general
contribution of TIP39 signaling to autonomic function requires
further investigation.

In summary, we have shown that there are both glutamatergic
and GABAergic projections from the MnPO to the DMH and
that a population of MnPO glutamatergic neurons is connected
to BAT. We also show that signaling by the neuropeptide TIP39
and its receptor, which is present on glutamatergic terminals in
the MnPO, plays a role in the thermogenic response to cold.
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