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Thyroid hormone is well known for its profound direct effects on cardiovascular function and metabolism. 
Recent evidence, however, suggests that the hormone also regulates these systems indirectly through the cen-
tral nervous system. While some of the molecular mechanisms underlying the hormone’s central control of 
metabolism have been identified, its actions in the central cardiovascular control have remained enigmatic. 
Here, we describe a previously unknown population of parvalbuminergic neurons in the anterior hypothala-
mus that requires thyroid hormone receptor signaling for proper development. Specific stereotaxic ablation 
of these cells in the mouse resulted in hypertension and temperature-dependent tachycardia, indicating a role 
in the central autonomic control of blood pressure and heart rate. Moreover, the neurons exhibited intrinsic 
temperature sensitivity in patch-clamping experiments, providing a new connection between cardiovascular 
function and core temperature. Thus, the data identify what we believe to be a novel hypothalamic cell popula-
tion potentially important for understanding hypertension and indicate developmental hypothyroidism as an 
epigenetic risk factor for cardiovascular disorders. Furthermore, the findings may be beneficial for treatment 
of the recently identified patients that have a mutation in thyroid hormone receptor α1.

Introduction
Thyroid hormone is a well-known regulator of cardiovascular 
function and metabolic rate (1, 2). Hyperthyroid patients display 
increased metabolic rate and weight loss, despite increased food 
intake, as well as a profound tachycardia (2). Conversely, hypothy-
roid patients often suffer from weight gain and bradycardia (3). 
While most of the cardiovascular and metabolic effects of thyroid 
hormone have been attributed to direct actions in the correspond-
ing peripheral tissues, such as heart (4) or skeletal muscle and fat 
(5, 6), recent studies have demonstrated that the hormone modu-
lates these processes also through the brain (7): injections of thy-
roid hormone into different brain regions stimulate energy expen-
diture (8), and thyroid hormone signaling is required to establish 
the metabolic set point during embryonal development (9, 10).

Similarly, thyroid hormone signaling is needed for the central 
modulation of heart rate. Mice that are heterozygous for a point 
mutation in thyroid hormone receptor α1 (Thra1+/m), which reduces 
the affinity to the ligand 10 fold (11), were unable to mount a cor-
rect cardiovascular response to stress, activity, or changes in environ-
mental temperature due to a defective autonomous nervous system 
(12). While progress has been made in unraveling the molecular 
mechanisms of action of thyroid hormone in the central metabolic 
control and the identification of the underlying neuroanatomical 
areas (13), little is known about the anatomical substrates that 
mediate the effects of thyroid hormone on cardiovascular function.

Here, we show that Thra1+/m mice exhibit fewer parvalbuminergic 
neurons in a previously unknown population in the anterior hypo-
thalamic area (AHA). Stereotaxic ablation of these cells in parval-
bumin (pv) Cre mice suggests a role in the central control of heart 
rate and blood pressure.

Results
Blood pressure regulation in Thra1+/m mice. The hypotension observed 
in the recently identified patient with a mutant thyroid hormone 
receptor α1 (TRα1) allele (14) prompted us to investigate blood pres-
sure and associated serum parameters in our Thra1+/m animal model. 
Surprisingly, despite strongly reduced pulmonary angiotensin-con-
verting enzyme (Ace) expression and lower serum angiotensin II lev-
els in the mutant animals (Figure 1A), we found that blood pressure 
was similar to that in wild-type controls (Figure 1B). We thus tested 
whether the reduced Ace expression was an acute consequence of 
the defective TRα1 signaling by treating Thra1+/m mice with supra-
physiological doses of triiodothyronine (T3), which reactivates sig-
naling through the mutant receptor (11). The treatment increased 
pulmonary Ace expression, normalized serum angiotensin levels 
(Figure 1C), and restored the bradycardia in the mice (12). Deter-
mination of blood pressure in the T3-treated animals, which now 
had normalized heart rate and angiotensin II levels, revealed a 25% 
increase in systolic, diastolic, and mean arterial pressure (Figure 1D),  
suggesting an additional defect in the control of cardiovascular 
function in Thra1+/m mice. As the phenotype was only revealed in 
the T3-treated adult animal, we hypothesized that a developmental 
defect residing in the central nervous system caused this phenotype.

Fewer pv neurons in the anterior hypothalamus of Thra1+/m mice. Our 
previous studies already indicated a defect in the central autonomic 
control of cardiovascular function (12). Thus, we examined the cel-
lular composition of the hypothalamus — the master regulator of 
the autonomic nervous system (15). The data revealed that the lev-
els of pv mRNA were halved in the mutant animals (Supplemental 
Figure 1A; supplemental material available online with this article; 
doi:10.1172/JCI65252DS1). A subsequent immunohistochemical 
analysis identified an approximately 70% reduction of a previously 
unknown population of small hypothalamic pv+ cells (Figure 2, 
A and D) localized in the AHA (Supplemental Figure 1D). Cells 
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expressing other calcium-binding marker proteins, such as calreti-
nin and calbindin, were unaffected (Supplemental Figure 1, A and B) 
as well as a more distant nucleus of pv+ cells in the lateral hypotha-
lamic area (Supplemental Figure 1B) described recently (16). Similar 
to pv+ neurons in the cortex (17), the AHA pv+ cells also appeared 
between postnatal days 7 and 14 (Supplemental Figure 1C).

As we detected the presence of TRα1 protein in the pv+ cells (Figure 2B),  
we tested whether a reactivation of the mutant receptor through 
increased thyroid hormone levels (11) would restore the number of 
cells in Thra1+/m mice — either by a 14-day oral thyroid hormone treat-
ment or through genetic inactivation of thyroid hormone receptor β 
(TRβ) that causes hyperthyroidism in the animals throughout their 
postnatal life (18). Neither condition led to normalization; in contrast, 
the lack of TR further reduced the number of cells in Thra1+/mThrb–/–  
and Thra1+/+Thrb–/– animals (Figure 2, C and D). This observation 
demonstrates that intact thyroid hormone signalling via both TR 
isoforms is required for proper pv+ cell development in the AHA and 
that the cells are absent in Thra1+/m mice rather than exhibiting a 
diminished pv expression due to impaired TRα1 signaling.

AHA pv+ cells respond to temperature alterations and thyrotropin-releas-
ing hormone stimulation. To obtain information on a possible func-

tion of the AHA pv+ neurons, we performed whole-cell patch-clamp 
recordings (Figure 3A) in hypothalamic slices of adult mice express-
ing GFP under the pv promoter (19). While most of the cells were 
not responsive to angiotensin II (Figure 3B), all tested AHA pv+ 
cells responded to alterations in temperature ranging from 25°C 
to 40°C. Sixty-nine percent of the cells were excited by increasing 
temperature with reversible depolarization and increase in action 
potential discharge, whereas 31% were inhibited and showed revers-
ible hyperpolarization and cessation of action potential discharge 
(Figure 3C). This sensitivity persisted even after blocking synaptic 
transmission with tetrodotoxin, demonstrating that the thermo-
sensitivity of pv+ AHA neurons is an intrinsic property and not the 
consequence of other neuronal inputs (Supplemental Figure 2, A 
and B). No temperature sensitivity was observed in pv+ neurons 
from the cortex in control experiments (Supplemental Figure 2B).

To reveal the underlying molecular mechanism, we performed 
voltage clamp ramps in the heat-inhibited neurons. These experi-
ments revealed a current reversal at –85 mV (Supplemental Figure 2,  
C and D), which — in conjunction with the depolarizing effects of 
the potassium channel blocker tolbutamide (Supplemental Figure 
2B) — suggested an involvement of K+-ATP channel activation in 

Figure 1
Regulation of blood pressure in Thra1+/m mice before and after treatment with T3. (A) mRNA expression of renal renin (Ren1), hepatic angi-
otensinogen (Agt), and pulmonary Ace as well as serum aldosterone (Aldost) and angiotensin II (Ang II) levels in wild-type and Thra1+/m mice.  
(B) Systolic, diastolic, and mean arterial blood pressure (MAP) in wild-type and Thra1+/m mice. (C) Heart rate in wild-type and Thra1+/m mice before 
and after T3 treatment as well as pulmonary Ace mRNA expression and serum angiotensin II levels in T3-treated animals. (D) Systolic, diastolic, 
and mean arterial blood pressure in T3-treated wild-type and Thra1+/m mice. All values are mean ± SEM; n = 5. **P < 0.01. NS, not significant.
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the thermosensation of these cells. We also detected the tempera-
ture-activated transient receptor potential (TRP) channel TRPV4 
on 56% of the AHA pv+ cells (Supplemental Figure 2E), which likely 
contributes to the depolarization observed in the heat-excited pv+ 
cells (20, 21). That also TRPM8 was detected on a majority of AHA 
pv+ cells (Supplemental Figure 2E), indicates a complex interplay 
between several thermosensitive channels (22).

To differentiate better between the cell types, we tested whether 
other substances would also elicit different electrophysiological 
responses specific to some AHA pv+ neurons. Thyrotropin-releas-
ing hormone (TRH), known to have central effects on the control 
of the autonomic nervous system (23–25), excited 48% (Figure 3D) 
and inhibited 19% of the neurons. Some of these inhibitions were 
associated with an increase in inhibitory postsynaptic potentials 
(Supplemental Figure 2, F and G), suggesting that the AHA pv+ 
neurons are part of a TRH excited inhibitory network. However, 
there was no correlation between the TRH response of a neuron 
and the type of temperature sensitivity, suggesting that at least 4 
different subpopulations exist among the AHA pv+ neurons.

Physiological role of the pv+ cells in the AHA. To understand the phys-
iological function of the pv+ neurons, we aimed to ablate the cells 

in vivo by stereotaxic injection of a novel conditionally neurotoxic 
adeno-associated virus (AAV) into the AHA of pvCre transgenic 
mice (Figure 4A). As a result of diphtheria toxin A expression after 
Cre recombination, we achieved approximately 40% reduction of 
pv+ cells in the AHA of pvCre mice (Figure 4C, right). The presence 
of GFP-positive cells at the injection site (Figure 4B) demonstrated 
that the infection was not lethal for Cre-negative cells. This was fur-
ther corroborated by the absence of alterations in other hypotha-
lamic cell populations of AAV-injected pvCre mice (Supplemental 
Figure 1E), including the pv+ cells in the lateral hypothalamus (16). 
Moreover, the number of pv+ cells in the AHA of AAV-injected wild-
type mice remained normal as expected (Figure 4C, left).

Subsequent physiological analyses after the virus-induced abla-
tions revealed no immediate effects on body weight, food intake, 
overall activity, respiratory quotient, or body temperature when 
compared to those of nonablated pvCre controls (Supplemental 
Figure 3, A–G). Furthermore, no activation of the brown fat was 
detected upon ablation (Supplemental Figure 3, H and I); only a 
minor decrease in oxygen consumption and carbon dioxide pro-
duction was observed at room temperature (Supplemental Fig-
ure 3, D and E). In contrast, we found a prominent hypertension 

Figure 2
Reduced number of pv cells in the anterior hypothalamus of Thra1+/m mice. (A) Immunohistochemistry for pv in the anterior hypothalamus, as 
overview (left; scale bar: 250 μm) and high magnification (right; scale bar: 50 μm) in wild-type and Thra1+/m mice (middle; scale bar: 250 μm).  
fx, fornix; mt, mamillothalamic tract; PVN, paraventricular nucleus of the hypothalamus; 3V, 3rd ventricle; opt, optic tract. (B) Double 
immunohistochemistry for GFP (green) and pv (red) in the AHA of a mouse strain expressing a chimeric TRα1-GFP protein. Yellow indicates 
overlapping staining. Scale bar: 25 mm. (C) pv neurons in T3-treated wild-type and Thra1+/m mice or crossings with hyperthyroid Thrb–/– mice. 
Scale bar: 250 μm. (D) Quantification of pv neurons in the AHA of the different animal models. All values are mean ± SEM; n = 4–9. *P < 0.05 to 
untreated wild type; ***P < 0.001 to untreated wild type; #P < 0.05 to untreated Thra1+/m.
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Figure 3
Electrophysiological responses of pv+ cells in the AHA. (A) Differential interference contrast (DIC) micrograph showing a recorded AHA pv+ 
neuron (indicated by an asterisk) (left; scale bar: 200 μm) and higher-magnification images of the same GFP-positive neuron under fluorescence 
and DIC (right; 500-fold magnification). (B) Response of AHA pv+ neurons to angiotensin II (82% no response; n = 14 out of 17). (C) Tempera-
ture responsiveness of the AHA pv+ cells to heat (31% inhibited, n = 5 out of 16, and 69% excited, n = 11 out of 16) in patch-clamp recordings 
on hypothalamic sections of transgenic pvGFP mice. (D) Response of AHA pv+ neurons to TRH (48% excited, n = 10 out of 21; 19% inhibited,  
n = 4 out of 21; and 33% nonresponsive, n = 7 out of 21) (the neuron in the top panel was held below threshold to prevent action potential firing; 
no holding current was applied in the other experiments).
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in animals with AHA pv+ cell ablations (Figure 4D), with a 13% 
increase in systolic and a 22% increase in diastolic blood pres-
sure. We did not observe any change in adrenal mRNA expression 
and aldosterone serum levels (Supplemental Figure 3J), serum 
angiotensin II levels (79% ± 18% of control levels, P = 0.98), or 
total T3 and thyroxine (T4) levels (total T3, 1.22 ± 0.18 nmol/l 
in control vs. 1.31 ± 0.28 nmol/l in ablated, P = 0.63; total T4,  
46.25 ± 6.18 nmol/l in control vs. 46.20 ± 9.64 nmol/l in ablated, 
P = 0.99), suggesting that the AHA pv+ cells control cardiovascular 
function directly by the autonomic nervous system rather than 
through endocrine alterations.

To understand the cardiovascular phenotype better, radio telem-
etry transmitters implanted into the abdominal cavity were used 
to measure heart rate in conscious and unrestrained animals. This 
revealed a minor tachycardia at room temperature in the animals 
with ablated AHA pv+ cells, which was increased during night 
activity (Figure 4E and Supplemental Figure 3K). When exposed to 
cold, these mice exhibited a pronounced increase in heart rate, 24% 
higher than that in control animals (Figure 4E). Interestingly, the 
tachycardia disappeared entirely at thermoneutrality (Figure 4E).

Given the abnormal cardiovascular response to temperature 
and the fact that the autonomic innervation of the heart shifts in 

Figure 4
Effect of the in vivo ablation of AHA pv cells in pvCre mice. (A) AAV construct before and after Cre recombination. CMV, cytomegalovirus promotor; 
loxP, Cre recombination site; tpA, triple polyadenylation site; neoR, neomycin resistance gene; dtA, diphtheria toxin A. (B) Immunohistochemistry 
for EGFP at the site of the injection (indicated by asterisks) showing AAV-infected cells (scale bar: 250 μm). (C) Immunohistochemistry for pv in 
AAV-injected wild-type, nonablated pvCre, or AAV-injected ablated pvCre mice (the overall ablation efficiency is shown in the cell count at the 
bottom; ***P < 0.001 to nonablated, unpaired 2-tailed Student’s t test; the respective groups for the subsequent cardiac and metabolic analyses 
had cell counts of 81 ± 13 in the ablated animals vs. 142 ± 10 in the nonablated animals; n = 6, P = 0.002; scale bar: 500 μm). Asterisks indicate 
the site of injection. (D) Systolic, diastolic, and mean arterial blood pressure in mice with reduced numbers of pv+ cells in the AHA (black bars) and 
controls (white bars; *P < 0.05 for ablated vs. nonablated, unpaired 2-tailed Student’s t test). (E) Heart rates in these mice (*P < 0.05 for ablated 
vs. nonablated at 4°C, 2-way ANOVA). (F) Change in heart rate upon pharmacological deinnervation of the parasympathetic nervous system 
(PSNS) (scopolamine methyl bromide) or the sympathetic nervous system (SNS) (timolol) in mice with reduced numbers of pv+ cells in the AHA 
(black bars) and controls (white bars; *P < 0.05 for ablation, 2-way ANOVA). All values are mean ± SEM.
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rodents with decreasing temperature (26), we hypothesized that 
the ablation of AHA pv+ cells changed the autonomic control of 
the cardiovascular system. To test this hypothesis, we performed a 
selective pharmacological deinnervation of the heart as described 
previously (12), using the muscarinic antagonist scopolamine 
methyl bromide and the β-adrenergic antagonist timolol (Supple-
mental Figure 3L). Indeed, the analysis revealed reduced sympa-
thetic and parasympathetic input to the heart in mice with ablated 
AHA pv+ cells (Figure 4F), demonstrating the important role of 
these neurons in the autonomic control of cardiovascular function.

Discussion
In this study we show that both thyroid hormone receptors are 
required for the development of a previously unknown popula-
tion of parvalbuminergic cells in the anterior hypothalamus. Our 
data link for the first time to our knowledge defects in thyroid 
hormone signaling during development to a permanent cellular 
alteration in the hypothalamus. Moreover, as the cells are associ-
ated with the control of cardiovascular function, our study shows 
that developmental hypothyroidism may represent a previously 
unknown risk factor for cardiovascular disorders.

The anterior hypothalamus in blood pressure regulation and thermosensa-
tion. Already 50 years ago, anatomical studies by Folkow et al. demon-
strated that electrolytic lesions in the AHA cause a dramatic increase 
in blood pressure, while electrical stimulation of the same region has 
the opposite effect (27). This connection between the anterior hypo-
thalamus and autonomic regulation of blood pressure has been con-
firmed in subsequent studies (28–32). Thus, the data presented here 
provide information pertinent to understanding the mechanisms 
underlying the previously described role of the anterior hypothala-
mus in the autonomic control of cardiovascular functions. Since we 
did not observe alterations in brown fat thermogenesis in the ablation 
model, we conclude that the AHA pv+ cells selectively control only a 
subset of autonomic functions, i.e., blood pressure and heart rate.

The integration of temperature information in the regulation of 
cardiovascular function has also been described previously for the 
anterior hypothalamus albeit only at the anatomical level (33). Our 
results now provide a distinct cellular connection between temper-
ature sensation and cardiovascular function. Moreover, they are 
likely to facilitate further studies on thermosensation. Although 
the first thermosensitive neurons were described over 40 years  
ago (34, 35), and many attempts since then have been made to 
identify cellular markers (36), such cells are still only recognized 
by their electrophysiological responsiveness to temperature after 
random patch clamping. Using pv as biochemical marker for the 
thermosensitive neurons in the AHA, a reliable identification of a 
subgroup of these cells now becomes possible. Furthermore, it will 
allow cell-specific genetic manipulations of thermosensation and 
the central autonomic control of cardiovascular function.

Developmental hypothyroidism as novel risk factor for hypertension. Mice 
heterozygous for a point mutation in TRα1 represent an established 
animal model for receptor-mediated hypothyroidism (9, 11). Their 
adult phenotype is a combination of irreversible defects caused by 
the defective TRα1 signaling during brain development and impair-
ments in acute TRα1 signaling (10, 12). However, as the acute impair-
ments in TRα1 signaling can be reversed by treating the Thra1+/m mice 
with T3 (11), the identification of irreversible developmental defects 
becomes possible. In this study, we also observed overlapping devel-
opmental and acute defects in the regulation of blood pressure: the 
acutely reduced pulmonary Ace expression and serum angiotensin II 

levels were restored upon T3 treatment, and the hypertensive effect of 
the irreversibly reduced number of AHA pv+ neurons was unmasked. 
That we observed a reduced number of AHA pv+ neurons in mice 
lacking TRβ, exacerbated in Thra1+/mThrb–/– double mutants, demon-
strates that the perinatal development of AHA pv+ neurons critically 
depends on intact signaling by both TR isoforms. The precise molec-
ular mechanisms by which TRs govern the development of these cells 
have yet to be elucidated; however, such an undertaking is complex 
due to the presence of at least 4 different AHA pv+ subpopulations 
(based on their responses to temperature and TRH). Without reliable 
biochemical markers to differentiate these subpopulations, it cannot 
be established whether the different types of AHA pv+ cells are simi-
larly affected by defects in TRα or TRβ signaling. Consequently, the 
viral ablation model might not fully recapitulate the situation found 
in the TR mutant mice, as it targets all pv+ cells similarly, whereas the 
mutant TR could theoretically perturb a subset. However, the hyper-
tension was observed in the ablation model as well as the T3-treated 
Thra1+/m mice; thus, it is possible that any kind of developmental 
hypothyroidism or maternal hypothyroxinemia (37) could cause 
similar defects in the central regulation of cardiovascular function.

Consequences for patients. Several types of patients with genetic 
defects in thyroid hormone signaling have been identified during 
the past decade, including those with mutations in thyroid hor-
mone transporters (38) and receptors (14, 39). In mice and humans, 
these defects often result in strongly impaired brain function. 
Thus, it would not be surprising if the central autonomic control 
were also affected in these patients. However, the first patient with 
a mutant TRα1 exhibited low blood pressure and did not present 
hypertension when treated with thyroxine (14) — a difference that 
is likely explained by the fact that her particular TRα1 mutation 
cannot be reactivated. Further analyses of the angiotensin system 
and the cardiovascular responses to temperature will be required 
in patients with TR mutations or defective thyroid hormone trans-
porters to fully elucidate whether thyroid hormone exerts a similar 
role in the central control of cardiovascular function in humans.

In summary, our data emphasize the importance of thyroid 
hormone for cardiovascular function and brain development 
(40). With the discovery of the AHA pv+ neurons, we are the first 
to our knowledge to identify a permanent cellular defect in the 
hypothalamus resulting from developmental hypothyroidism and 
add hypertension to the list of symptoms potentially arising from 
maternal hypothyroxinemia and/or congenital hypothyroidism.

Methods
Animals. The mouse strain expressing a chimeric TRα1-GFP protein to local-
ize TRα1 expression was generated recently (41); Thra1+/m mice and cross-
ings to TRβ-deficient mice were described in detail previously (11). The mice 
were backcrossed to C57BL/6NCr mice for 8 to 10 generations, and adult 
male mice were used for the experiments. For electrophysiological record-
ings, adult female heterozygous pvGFP mice were used (19). The stereotaxic 
ablations were performed in adult male heterozygous transgenic pvCre mice, 
obtained from The Jackson Laboratory (strain no. 008069) (42). Both strains 
were tested for correct transgene expression using immunohistochemistry 
or in situ hybridization histochemistry colocalization of GFP or Cre with 
pv. The animals were housed at 21°C on a 12-hour-light/12-hour-dark cycle 
with ad libitum access to food and water. If required, mice were treated with 
T3 via their drinking water with 0.01% albumin and 0.5 μg/ml T3 for 12 days.  
Food and water intake were recorded every 2 to 3 days over at least 2 weeks 
and averaged. Brown fat temperature was noninvasively recorded with an 
infrared camera (T335, FLIR Systems AB, 0.05°C sensitivity).
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Precision Instruments) pulled on a P-97 Flaming/Brown micropipette puller 
(Sutter). The intracellular recording solution used in experiments contained 
140 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 1 mM EGTA, 2 mM 
Na2ATP, pH 7.3 (with KOH). Recordings were performed using a Multi-
clamp 700B amplifier and pClamp9 software (Molecular Devices). Slow and 
fast capacitative components were automatically compensated for. Access 
resistance was monitored throughout the experiments, and only those cells 
with stable access resistance (changes <20%) were used for analysis. Liquid 
junction potential was not compensated. The recorded signals were sampled 
at 10 kHz and filtered at 2 kHz. During recording, slices were continuously 
perfused with oxygenated “recording” solution at a rate of ca. 4 ml/min. Per-
fusate temperature within the recording chamber was controlled and mon-
itored using a TC-344B automatic temperature controller and an SH-27B 
inline heater (Both Warner Instruments). To investigate temperature sen-
sitivity, no holding current was applied, the temperature of the perfusate 
in the recording chamber was reversibly ramped from 25°C to 40°C, and 
the subsequent membrane potential response of pv+ neurons was recorded. 
For the calculation of membrane potential change or firing frequency, the 
biologically relevant range between 30°C and 40°C was used. This heating 
protocol was attempted once per slice. If indicated, the following drugs were 
applied through the extracellular solution: angiotensin (1 μM), tetrodotoxin 
(500 nM), tolbutamide (200 μM), and TRH (250 nM).

Stereotaxic ablation of Cre-positive neurons. Mice heterozygous for pvCre 
(strain no. 008069, The Jackson Laboratory — the construct inserts an 
IRES-Cre after the ORF of the pv gene) were anesthetized deeply and fixed 
in a frame for stereotaxic injections (Stoelting Instrument Co., AgnTho’s). 
The position for the injection was determined with the stereotaxic frame 
to anterior-posterior coordinates of –0.75 mm and 0.5 mm lateral to each 
side (46), and 1 μl of the AAV (final concentration, 8 × 1012 viral genomes 
per ml, in phosphate-buffered saline with 5% glycerol and 6.5% mannitol, 
serotype AAV5; Vector Biolabs; containing the loxP-EGFP-STOP-loxP–diph-
theria toxin A construct) (47) was injected with a Hamilton needle (701 N, 
ga 26S, 51 mm, pst 2, 10 μl, P/N 80366/00, tip cut at half; Hamilton) into 
the AHA at a depth of 5.0 mm. The virus was infused at a rate of 0.1 μl per 
30 seconds, and the needle was slowly retracted after additional 5 minutes 
resting. The procedure was repeated on the other side. The animals were 
closely monitored for 2 weeks before the determination of physiological 
parameters or radiotelemetry surgery, which was done blinded, as the effi-
ciency of the ablation was only determined postmortem by counting the pv+ 
cells in the AHA. Animals with a cell count below 1 standard deviation from 
the average were considered “ablated,” while sham-injected animals with an 
unaltered number of pv+ cells were considered “nonablated.” The overall 
ablation efficiency was 42% with 81 ± 7 cells (n = 16) in the ablated animals 
compared with 141 ± 7 cells in the nonablated animals (n = 16, P < 0.001; 
see Figure 4C); the respective groups for the radiotelemetry and metabolic 
experiments had cell counts of 81 ± 13 in the ablated and 142 ± 10 in the 
nonablated animals (n = 6, P = 0.002).

Real-time PCR. RNA was isolated from snap-frozen tissues using the 
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. 
cDNA was generated using reverse transcription with Oligo-dT Primers 
(Invitrogen) and used for real-time PCR with the ABI 7300 system and the 
ABI Prism 7000 (Applied Biosystems). A standard curve was used to correct 
for PCR efficiency, and the results were normalized using Hprt as reference 
gene. An additional melting curve was recorded to confirm the specificity 
of the reaction. The primer sequences have been published previously (10) 
or are listed in Supplemental Table 1.

Statistics. All data are presented as mean ± SEM, unless stated otherwise. 
The P values were obtained by an unpaired 2-tailed Student’s t test or a 
2-way ANOVA followed by the Bonferroni post-hoc test when indicated. A 
P value of less than 0.05 was considered significant.

Metabolic and cardiovascular parameters. Implantable radio transmitters 
and receiver plates (Mini Mitter Respironics) were used to determine 
heart rate, body temperature, and activity of conscious and freely moving 
mice. The mice were anesthetized using isoflurane, and transmitters were 
implanted in the peritoneal cavity with the electrodes sutured to the right 
shoulder and the lower left chest. Subsequently, the animals were allowed 
to recover for 1 week before recordings. A baseline set was recorded for 
several days, including the determination of oxygen consumption, carbon 
dioxide production, and calculation of the respiratory quotient in meta-
bolic cages with adjustable temperature settings (INCA metabolic system, 
Somedic). For the temperature experiments, mice were transferred during 
the daytime from 21°C to 4°C or 32°C, respectively, and their physiolog-
ical responses were recorded over 3 hours. The pharmacological deinner-
vations with the peripherally active muscarinic antagonist scopolamine 
methyl bromide (Sigma-Aldrich, S8502-5G; 0.1 mg/kg) and the adrenergic 
β-blocker timolol maleate (Sigma-Aldrich, T6394-250MG; 1 mg/kg) were 
performed as described previously (12, 43). Blood pressure was recorded 
noninvasively with the tail-cuff–based SC1000 blood pressure analysis sys-
tem (Hatteras). Serum levels of aldosterone and angiotensin II were deter-
mined using the ADI 900173 Aldosterone ELISA and ADI 900204 Angi-
otensin II ELISA Kits (Enzo Life Science). Total T3/T4 were determined 
using RIA test kits DSL-3100 and DSL-3200 (Diagnostic Products Corp.).

Immunohistochemistry. Immunohistochemistry was performed as 
described previously (17). The primary antibodies used were anti-pv (pv-25,  
Swant; 1:8,000), anti-calretinin (7699/4, Swant; 1:5,000), anti-calbindin 
(CB-38a, Swant; 1:5,000), anti-NeuN (MAB377, Millipore; 1:500), and anti-
orexin (sc8070, Santa Cruz Biotechnology Inc.; 1:4,000) with species-spe-
cific biotinylated secondary antibodies (Vector Laboratories, Immunkemi; 
1:250). For fluorescent immunohistochemistry, the primary antibodies 
against GFP (rabbit, ab290, abcam), TRPV4 (rabbit, ab39260, abcam), 
TRPM8 (rabbit, ab104569, abcam), and pv (mouse, no. 235, Swant) were 
used with Alexa Fluor 488 and Alexa Fluor 555 fluorophore-conjugated 
secondary antibodies (A31570 and A21206, Invitrogen).

For cell counting, consecutive sections from each brain, ranging from 
bregma 0.00 mm to –2.00 mm, were sampled in 5 tubes, with the sections 
in 1 tube covering intervals of 100 μm. At least 2 tubes per brain and  
4 animals per genotype were stained for pv, positive cells in the AHA were 
bilaterally counted under the microscope, and the average was determined 
(with an average variation between 2 countings from the same animal of 
around 10%). Throughout, the raw cell count is given; for conversion to 
“true” cell number, the result needs to be multiplied by 2.85 (44).

Electrophysiology and whole-cell patch clamping. For electrophysiological 
experiments, pvGFP mice were decapitated. The brain was rapidly removed 
and placed in an ice-cold and oxygenated (95% O2/5% CO2) “cutting” solu-
tion containing 214 mM sucrose, 2.0 mM KCl, 1.2 mM NaH2PO4, 26 mM 
NaHCO3, 1.3 mM MgSO4, 2.4 mM CaCl2, and 10 mM d-glucose. The brain 
was blocked and glued to a vibratome (Leica), where 225-μm-thick coronal 
sections of the hypothalamus containing the AHA were prepared. Slices were 
immediately transferred to a “recording” solution containing 127 mM NaCl, 
2.0 mM KCl, 1.2 mM NaH2PO4, 26 mM NaHCO3, 1.3 mM MgCl2, 2.4 mM 
CaCl2, and 10 mM d-glucose in a continuously oxygenated holding chamber 
at 35°C for a period of 25 minutes (45). Subsequently, slices were allowed 
to recover in “recording” solution at room temperature for a minimum of  
2 hours before recording. For whole-cell recordings, slices were trans-
ferred to a submerged chamber and placed on an elevated grid that allows 
perfusion both above and below the slice. An Axioskop 2 FS Plus upright 
microscope (Carl Zeiss) was used for infrared differential interference con-
trast and fluorescence visualization of GFP-positive pv+ cells. Whole-cell cur-
rent clamp recordings were performed with pipettes (5–8 MΩ when filled 
with intracellular solution) made from borosilicate glass capillaries (World  
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