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hypertension, tachycardia, AP fluctuations, and impaired baroreflex sensitivity. Chemogenetic silencing or activation of
Ttn3+ neurons in the NG resulted in an increase in AP and heart rate, or vice versa. More important, overexpression of
Ttn3 in the NG of Ttn3–/– mice reversed the cardiovascular changes observed in Ttn3–/– mice. We conclude that TTN3 is
a molecular component contributing to the sensing of dynamic AP changes in baroreceptors.
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Introduction
Arterial pressure (AP) is maintained at a constant level by cardio-
vascular reflexes. The baroreflex is a cardiovascular reflex that is 
essential for blood pressure homeostasis (1, 2). It is the most pow-
erful and rapid neural feedback for stabilizing abrupt changes in 
AP. Thus, the baroreflex is a safeguard to maintain a constant level 
of AP and consists of 3 components to complete a feedback control 
system: the baroreceptor afferent nerves, the central controller, 
and the efferent autonomic nervous system (3–5).

Baroreceptors are end organs scattered throughout the aorta, 
common carotid artery, and carotid sinus to detect changes in AP 
(4). The soma of afferent nerves from baroreceptors in the aorta  
and carotid sinus are located in the nodose ganglion (NG) and 
petrosal ganglia, respectively (6, 7). The nerve endings of baro-
receptors located in the adventitia of the aortic arch and carotid  
sinus sense the stretch of the large vessels in response to high 
AP (8–10). Afferent signals from baroreceptors in the aorta and  
carotid sinus are transmitted to the cardiovascular center in the 
medulla oblongata via the aortic depressor nerve (ADN) and 
carotid sinus nerve, respectively. An increase in aortic pressure 
results in an increase in baroreceptor activity, which in turn sup-
presses sympathetic outflows and augments parasympathetic 
outflows (3–5). Thus, it decreases the heart rate (HR) and vascular 
tone, leading to a reflex drop in AP.

Several studies suggested acid-sensing ion channel 2 (ASIC2), 
transient receptor potential channel 5 (TRPC5), transient recep-

tor potential channel subfamily V member 1 (TRPV1), or epithe-
lial sodium channel (ENaC) as molecular identities of mechano-
sensory channels in the baroreceptor (11–14). Genetic ablation of 
each gene impairs the baroreceptor’s sensitivity, suggesting that 
multiple mechanosensitive channels might be involved. Recently, 
Piezo1 and Piezo2, mechanically activated (MA) channels respon-
sible for rapidly adapting (RA) currents observed in dorsal root 
ganglion neurons, were also found to be essential for baroreceptor 
function (15). Piezo1 and Piezo2 double-KO mice show reduced 
baroreceptor activity as well as hypertension and tachycardia, 
which are hallmarks of baroreceptor denervation (15). This find-
ing adds to the diversity in molecular components of the mecha-
nosensing system in baroreceptors.

An ensemble of channels in the sensory system is often tuned 
to detect a stimulus over a wide dynamic range. For example, many 
TRP channels and anoctamin 1 in a subset of somatosensory gan-
glion neurons detect temperature changes (16, 17). Each of these 
thermo-TRP channels has a distinct temperature range for its acti-
vation (18–20). Likewise, multiple mechanically gated channels 
would detect the AP change in baroreceptors. Recently, a novel 
MA channel, tentonin 3 (also known as TTN3 or TMEM150C, and 
referred to hereafter as TTN3), was discovered (21). TTN3 is a cat-
ion channel activated by mechanical stimuli in the heterologous 
system. Its mechanosensitivity is blocked by gadolinium, GsMTx4, 
and FM1-43, which are largely known as MA channel blockers (21). 
TTN3 undergoes slow inactivation and is therefore classified as 
a slowly adapting (SA) MA channel found in dorsal root ganglion 
neurons (21). TTN3 is expressed in muscle spindle afferents and 
mediates muscle coordination (21). Surprisingly, we also found a 
significant expression level of TTN3 in the NG, where the soma of 
parasympathetic afferent nerves from viscera, including the aorta, 
lungs, and gastrointestinal tract, are located (6, 22, 23). Because 
TTN3 is a MA channel, we hypothesized that TTN3 might be 
actively involved in detecting AP changes in baroreceptors.
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cal structures of the aorta and left ventricle of Ttn3–/– mice showed 
no impairment when compared with those of WT mice (Supple-
mental Figure 3, A and B).

Because neurons in the NG contain somas of parasympathetic  
afferent nerves from all viscera including the aorta, lungs, and 
gastrointestinal tract (6, 22, 23), NG neurons that innervate in the 
aortic arch were retrogradely labeled with a fluorescent dye, DiI. 
We injected the dye into the adventitia of the aortic arches (Fig-
ure 1B). After 7 days of recovery, the NG neurons were primary  
cultured and stained with the TTN3 antibody. We found DiI+  
neurons in 9.9% of NG neurons (Supplemental Figure 4, A and B). 
In addition, approximately 74.8% of these baroreceptor neurons 
had TTN3 immunoreactivity (Supplemental Figure 4B). These 
results indicate that TTN3 is expressed in NG neurons that inner-
vate in the aortic arch.

TTN3 is an MA channel with slow inactivation kinetics (21). 
Therefore, if TTN3 is present in aortic baroreceptors, DiI+ NG neu-
rons should retain MA currents with slow inactivation. We there-
fore applied mechanical pulses (2.5- to 7.2-μm indentation for 600 
ms) to DiI+ NG neurons. These mechanical step stimuli evoked 
3 different types of MA currents. Depending on the inactivation 
kinetics, the MA currents in Dil+ NG neurons could also be cate-
gorized into 3 groups, as observed in dorsal root ganglion neurons: 
RA currents (τi = 4.3 ± 0.5 ms, n = 19), intermediately adapting (IA) 
currents (τi = 22.1 ± 1.7 ms, n = 16), and SA currents (τi = 127.9 ± 21.8 
ms, n = 20) (Figure 1, C and D). Among the 72 aorta-innervated 
NG neurons, 26.4% were RA-type, 22.2% were IA-type, and 27.8% 
were SA-type neurons (Figure 1D). The other neurons (23.6% of 
the tested neurons) showed no response to the mechanical stim-
uli. We then repeated testing of the mechanosensitivity of Dil+ 
NG neurons isolated from Ttn3–/– mice. The proportion of neurons 
with SA currents was markedly reduced to 5.9% (Figure 1D). The 
proportion of Dil+ NG neurons with no response to the mechanical 
stimuli increased in Ttn3–/– mice, which might be due to a reduc-
tion in the SA NG neurons. Notably, the amplitude of SA currents 
observed in NG neurons was also remarkably reduced (Figure 1C). 
These results suggest that TTN3 functions as a SA MA channel in 
aortic baroreceptors.

TTN3 is expressed on the ADN in the aortic arch. We next deter-
mined whether TTN3 is localized at the terminals of the ADN in 
the aortic arch. To visualize TTN3+ nerve fibers in the ADN, we 
expressed enhanced yellow fluorescent protein (EYFP) on the 
Ttn3 promoter in NG neurons. To do this, we generated Cre-trans-
genic mice at the Ttn3 promoter region (Ttn3Cre mice). An adeno- 
associated virus (AAV) carrying EF1α-DIO-EYFP (AAVDJ-EF1α-
DIO-EYFP) was injected into the left NG of Ttn3Cre mice (Figure 
2A). To visualize the nerve terminals in the aorta, a piece of the 
aortic arch was cut, fixed with paraformaldehyde (PFA), cleared 
with electroporation, and stained with anti-EYFP and anti-NFH 
antibodies (34, 35). As shown in Figure 2, B and C, the EYFP+ 
nerve fibers were spread over the adventitia of the aorta, colocal-
izing with NFH. The EYFP+ fibers were coiled and tortuous in a 
complex manner, such that they formed a nerve plexus and arbor-
ized along the adventitia of the aorta (Supplemental Video 1). We 
also injected AAVDJ-EF1α-DIO-mCherry into the NGs of Ttn3Cre 
mice to express mCherry in TTN3+ nerves in the aorta. Thin sec-
tions of the aorta revealed 2 types of nerve terminals labeled with 

Results
TTN3 confers MA channel currents in Piezo1-deficient cells. Although 
TTN3 is activated by mechanical stimuli with distinct inactivation 
kinetics (21), we sought to identify its gating mechanism. Because 
heterologous expression of Ttn3 fails to generate MA currents in 
Piezo1-KO human embryonic kidney (HEK-P1–KO ) cells, TTN3 is 
considered a modulator of Piezo1, not an independent MA chan-
nel (24, 25). However, we observed robust MA currents when 
Ttn3 was transfected in Piezo1-deficient cells (Supplemental 
Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/JCI133798DS1). When mechanical 
strokes were applied to HEK-P1–KO cells transfected with Ttn3, 
we observed no appreciable MA currents (Supplemental Figure 
1A). Because Piezo2 is known to promote actin-based stress fibers 
in cells (26), weaker cytoskeletal integrity or traction force in 
HEK-P1–KO cells may lead to loss of the mechanosensitivity of 
TTN3 in HEK-P1–KO cells. Indeed, when the Ttn3-transfected 
HEK-P1–KO cells were treated for 2 hours with 250 nM jasplakin-
olide, an actin-stabilizing agent (27–29), the mechanical strokes 
robustly evoked MA currents in HEK-P1–KO cells transfected 
with Ttn3 (Supplemental Figure 1, A and B). In addition, when 
HEK cells expressing Ttn3 were treated with 5 μM cytochalasin D, 
an actin-cytoskeleton disruptor (30, 31), the mechanosensitivity 
of TTN3 was blocked completely (Supplemental Figure 1, C and 
D). These results clearly indicate that the mechanosensitivity of 
TTN3 is largely dependent on cytoskeletal integrity, which might 
be low in Piezo1-deficient cells.

TTN3 confers SA MA currents in NG neurons. We examined the 
presence of TTN3 in the NG, where the somas of aortic barore-
ceptors are located. Transcripts of Ttn3 were present in NG cells, 
as shown by PCR analysis (Supplemental Figure 2A). We stained 
sections of mouse NG with TTN3 antibody; neurofilament heavy 
chain (NFH), a marker for myelinated axons; and protein gene 
product 9.5 (PGP9.5), a sensory neuron–specific marker (32, 33). 
We found that TTN3 was expressed in the majority of NG neurons, 
because approximately 66.5% of PGP9.5+ neurons were colocal-
ized with TTN3 (Figure 1A). In addition, 33.7% of TTN3+ neurons 
were also positive for NFH. Approximately 36.8% of PGP9.5+ 
neurons were also positive for NFH, suggesting that the majority 
of NG neurons are probably unmyelinated neurons. We also con-
firmed the expression of Piezo2 in NG neurons. Interestingly, the 
majority (87.8%) of TTN3+ neurons contain Piezo2 (Supplemental 
Figure 2, B and C). However, we did not observe TTN3+ neurons in 
the NGs of Ttn3–/– mice (Figure 1A). Moreover, the gross histologi-

Figure 1. TTN3 is responsible for SA MA currents in aortic arch– 
projecting NG neurons. (A) Immunofluorescence images of TTN3 in 
NGs isolated from WT and Ttn3–/– (KO) mice. NG neurons were stained 
with anti-TTN3, -NFH, and -PGP9.5 antibodies. Scale bars: 100 μm. The 
proportions of colocalization between these markers are shown in the 
Venn diagrams. (B) Schematic diagram showing injection of the tracer 
DiI into the aortic arch to selectively label aortic arch–projecting neurons 
in the NG. (C) Representative traces of 3 types of MA currents in DiI+ 
NG neurons isolated from WT and KO mice. (D) Summary histogram 
illustrating 3 types of MA currents characterized in aortic arch–projecting 
NG neurons based on inactivation kinetics. No response (NR), SA, IA, and 
RA MA currents are shown. Numbers in parentheses represent the total 
number of NG neurons tested. 
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the ADN, TTN3 would be functionally active in sensing pressure  
changes in the aortic arch. We therefore isolated the aortic arch along 
with the ADN attached to the aorta and recorded the neural activi-
ty of the ADN ex vivo. In this preparation, pressurized saline was  
injected into the thoracic end of the aorta, while the cardiac end of 
the aorta and arterial branches were tied (Figure 3A). When the aortic 
arch was pressurized at 50, 100, and 150 mmHg, the nerve fibers of 
the ADN from mice of both genotypes discharged action potentials in 
response to the intra-aortic pressures (Figure 3, B–D). The nerve activ-
ity of the ADN from WT mice increased as the pressure increased 
from 0 to 50 to 100 to 150 mmHg (Figure 3, B–D). In contrast, the 
ADN activity in Ttn3–/– mice was markedly reduced at 100 and 150 
mmHg compared with that observed in WT mice (Figure 3, B–D).

mCherry: “end-net” endings that showed thin and long “free” 
nerve endings and “discoid or club” endings, where terminals 
stopped abruptly with an enlargement (Figure 2D). These spe-
cialized nerve terminals have been described as baroreceptors in 
the aortic arch in rats and mice (36–39). Ensemble images of the 
cross section of the whole aorta showed that TTN3+ fibers encir-
cled the entire aorta (Figure 2E). These results show that TTN3 
is expressed at baroreceptor nerve terminals where the mecha-
notransduction occurs and that these specialized morphologies 
of the nerve terminals are probably suitable for the detection of 
pressure changes in the aorta.

TTN3 is required for pressure-evoked action potentials in the ADN. 
Because TTN3 is a MA channel expressed in nerve terminals of 

Figure 2. TTN3 is present in the nerve terminals of the ADN. (A) Schematic illustration of tissue clearing and imaging of the aortic arch where ADN 
attaches. AAVDJ-EF1α-DIO-EYFP (B and C) or AAVDJ-EF1α-DIO-mCherry (D and E) was injected into the NGs of Ttn3Cre mice to label TTN3+ nerve terminals 
in the aortic arch. (B) 3D-reconstructed images of ADN terminals in the aortic arch adventitia stained with EYFP antibody and DAPI. (C) 3D-reconstructed 
images of ADN terminals stained with EYFP and NFH. The far-right panel shows the magnified image of the yellow dashed box in the merged panel. (D) 
mCherry+ nerve terminals: end-net endings and club ending. (E) Ensemble cross-sectional image depicting the whole aorta. Note that the mCherry+ nerve 
terminals surround the entire aorta (left). Schematic illustration on the right depicts the image shown in the left panel. Scale bars: 50 μm.
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of freely moving mice of both genotypes for 24 hours continuously 
using a telemetric device. The 24-hour ambient APs of WT mice 
were stable throughout the duration of the recording (Figure 4A). 
Notably, APs changed diurnally, with higher APs recorded at night 

Genetic ablation of Ttn3 induces hypertension, tachycardia, and 
AP instability. If TTN3 acts as a molecular sensor to detect a pres-
sure change in baroreceptors, the genetic ablation of Ttn3 would 
affect AP and HR. We therefore recorded ambient APs and HRs 

Figure 3. TTN3 is required for pressure-evoked action potentials in the ADN. (A) 
Schematic illustration of ex vivo recording from an isolated ADN attached to the 
aortic arch. (B) Representative traces of multiunit activities in response to intra- 
aortic pressures in WT and Ttn3–/– mice. Aortic pressure is shown in the middle panel. 
The bottom panel shows the number of spikes per second. ADNA, ADN activity. (C) 
Representative traces of ADN activity at intra-aortic pressures of 0, 50, 100, and 150 
mmHg in an expanded time scale. (D) Summary of ADN activity in WT (n = 12) and 
Ttn3–/– (KO) (n = 7) mice in response to the intra-aortic pressures. Data represent the 
mean ± SEM. **P < 0.01 and ***P < 0.001, by Student’s t test.
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than during the daytime because of the higher locomotor activity  
at night (Supplemental Figure 5, A and B). Diurnal changes in 
APs in Ttn3–/– mice were similar to those in WT mice. However, 
as expected for baroreceptor denervation (40), the overall APs in 
the 24-hour recording were significantly higher (Figure 4, A and 
B). The mean AP (MAP) of Ttn3–/– mice was significantly higher 
than that of WT mice (124.4 ± 7.4 vs. 103.2 ± 2.9 mmHg) (Figure 
4B). The mean HR of Ttn3–/– mice was also higher than that of WT 
mice (627.9 ± 11.1 vs. 594.1 ± 5.7 bpm) (Figure 4C). More import-
ant, Ttn3–/– mice elicited a larger distribution of MAPs than did 
WT mice (Figure 4D). These parameters are a strong indication of 
baroreceptor denervation (41). In contrast, we observed no signif-
icant differences in 24-hour locomotor activity between WT and 
Ttn3–/– mice (Supplemental Figure 5, A and B).

Genetic ablation of Ttn3 impairs baroreflex sensitivity but not 
the central controller of the baroreflex. We next tested whether 
genetic deletion of Ttn3 could lead to changes in baroreflex sen-
sitivity in vivo. The gain of baroreflex sensitivity was calculated 
by the ratio of the change in HR to the changes in systolic AP 
(ΔHR/ΔSAP) (12, 42). A bolus injection of phenylephrine (PE), 
an α-adrenergic receptor agonist, into the femoral vein of WT 
mice increased AP rapidly with a concomitant reflex decrease 

in the HR (Figure 4, E and F). The average increase in systolic 
arterial pressure of Ttn3–/– mice after the PE injection was com-
parable to that of the WT mice (40.4 ± 7.8 vs. 45.4 ± 5.1 mmHg) 
(Figure 4G). However, the reflex decrease in the HR in Ttn3–/– 
mice was significantly lower than that of the WT mice (118.4 ± 
25.5 vs. 196.2 ± 17.1 bpm) (Figure 4H). Therefore, the baroreflex 
sensitivity of Ttn3–/– mice was significantly less than that of WT 
mice (Figure 4I). These results indicate an active role of TTN3 in 
mediating the baroreflex in vivo.

We hypothesized that genetic ablation of Ttn3 might affect 
the central controller of the baroreflex. To test this, we electrically  
stimulated the ADN in anesthetized mice. As shown in Figure 
5A, electrical stimulation of the ADN induced a reflex decrease 
in MAP and HR in WT mice. The reflex decrease in MAP and HR 
in WT mice was proportional to the frequency of the ADN stimu-
lation. Similarly, electrical stimulation of the ADN in Ttn3–/– mice 
induced a reduction in MAP and HR almost identical to that 
observed in WT mice (Figure 5, A–C). These results suggest that 
the central controller function of Ttn3–/– mice is not affected by 
genetic ablation of Ttn3.

Chemogenetic inhibition or stimulation of TTN3+ neurons in 
the NG induces hypertension or hypotension, respectively. We next 

Figure 4. Ttn3 ablation results in hypertension, tachycardia, AP instability, and reduced baroreflex sensitivity. (A) Continuous recordings of MAP in WT 
(n = 10) and Ttn3–/– (n = 9) mice over a 24-hour period. A telemetric device was embedded before recording ambient AP in freely moving mice. Recordings 
were made every 5 minutes. The shaded area represents nighttime. *P < 0.05, by Student’s t test. (B and C) Summarized data of average MAP (B) and HR 
(C) over a 24-hour period in WT (n = 10) and Ttn3–/– (n = 9) mice. Data represent the mean ± SEM. *P < 0.05, by Student’s t test. (D) Frequency distribution 
histogram of MAP over a 24-hour period in WT (n = 10) and Ttn3–/– (n = 9) mice. (E and F) Representative traces of the changes in AP and HR in response to 
an intravenous injection of PE in conscious WT (n = 7) (E) and Ttn3–/– (n = 7) (F) mice. (G and H) Average changes in systolic arterial pressure (SAP) (ΔSAP) 
(G) and heart rate (ΔHR) (H) in response to an intravenous injection of PE in WT and Ttn3–/– mice (n = 7 mice per group). Data represent the mean ± SEM. 
*P < 0.05, by Student’s t test. (I) Baroreflex sensitivity (ΔHR/ΔSAP) after the intravenous PE injection in WT and Ttn3–/– mice (n = 7 mice per group). Data 
represent the mean ± SEM. **P < 0.01, by Student’s t test.
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investigated whether selective inhibition or activation of TTN3+ 
neurons in NG can affect the baroreflex in vivo. We used the 
designer receptor exclusively activated by designer drug (DRE-
ADD) system to test our hypothesis (43, 44). We injected AAV-
hsyn-DIO-mCherry, AAV-hsyn-DIO-hM4Di-mCherry or AAV-
hsyn-DIO-hM3Dq-mCherry into the NGs of Ttn3Cre mice. These 
viruses ensure mCherry, hM4Di, or hM3Dq expression only in Cre- 
expressing NG neurons. hM4Di and hM3Dq are artificially 
designed GPCRs that stimulate Gi or Gq proteins, respectively, to 
induce inhibition or excitation of neurons upon clozapine-N-oxide 
(CNO) application (43, 44). Postmortem analysis revealed that the 
viral infection of the 3 types of constructs expressed mCherry in 
NG neurons (Supplemental Figure 6). Four weeks after the viral 
infection, AP and HR were recorded with a telemetric pressure 
probe in freely moving mice. Saline was injected twice daily for 3 
days for habituation before the CNO injection to reduce cardiovas-
cular changes caused by a psychological disturbance in response 
to intraperitoneal injection of CNO. Intraperitoneal injection 
of CNO into the mice infected with AAV-hsyn-DIO-hM4Di- 
mCherry induced a significant increase in the MAP and HR (11.9 
± 1.7 vs. 0.6 ± 2.7 mmHg, 48.7 ± 15.1 vs. 6.7 ± 4.8 bpm), measured 
for 40 minutes after the CNO injection (Figure 6), compared with 
the MAP and HR of mice infected with AAV-hsyn-DIO-mCherry. 
Conversely, CNO injection into the mice infected with AAV-hsyn-
DIO-hM3Dq-mCherry induced a significant decrease in the MAP 
and HR (–14.7 ± 1.07 vs. 0.6 ± 2.7 mmHg, –40.1 ± 7.8 vs. 6.7 ± 4.8 
bpm) (Figure 6). These results further suggest that TTN3+ NG  
neurons contribute to baroreflex function.

Overexpression of TTN3 in the NG of Ttn3–/– mice rescues the 
impaired baroreceptor. To confirm the role of TTN3 in barorecep-

tor function, we overexpressed Ttn3 in the NG of Ttn3–/– mice to 
see whether the impaired baroreceptor function was rescued. We 
injected AAV containing either mCherry (AAV-hsyn-mCherry, 
control KO group) or the Ttn3-mCherry gene (AAV-hsyn-Ttn3-
mCherry, rescue group) into the NG of Ttn3–/– mice. We observed 
robust expression of mCherry, with high efficiency in both AAV-
hsyn-mCherry– and AAV-hsyn-Ttn3-mCherry–infected NGs 
(72.4% ± 3.6% vs. 68.7% ± 5.1%, respectively) of Ttn3–/– mice 
(Figure 7, A and B). With the telemetry device, the APs and HRs 
of mice in the control KO and rescue groups were recorded for 24 
hours. As shown in Figure 7, C–E, the control KO group showed a 
significant increase in 24-hour MAP, HR, and range of APs com-
pared with WT mice. In contrast, the rescue group had a signifi-
cant reduction in MAP, HR, and range of APs to the levels detected 
in WT mice (Figure 7, C–E). In addition, the rescue group regained 
baroreflex sensitivity to the level seen in the WT group (Figure 
7F). The cardiovascular parameters of WT mice in Figure 4 are 
presented for comparison. These results confirm that TTN3 plays 
an essential role in baroreceptor function.

Discussion
The baroreflex is one of the control mechanisms that regulate AP 
in normal life (1, 2). It is a powerful and fast neural control mech-
anism of AP (4) and depends on baroreceptor activity in the aortic 
arch and carotid sinus, which sense AP changes and send neural sig-
nals to the central cardiovascular center. Sensing pressure changes 
in the arteries requires the activity of molecular sensors in barore-
ceptors in the aortic arch or carotid sinus. The present study shows 
evidence that TTN3, a newly discovered MA channel, functions as 
a mechanotransduction channel in baroreceptors. We base this on 

Figure 5. Effect of electrical stimulation of the ADN on MAP and HR in anesthetized WT and Ttn3–/– mice. (A) Representative traces of the rapid decrease 
in AP (top) and HR (bottom) under 40-Hz electrical stimulation for 20 seconds (blue bar) in a WT and a Ttn3–/– mouse. (B and C) Summaries of MAP (B) and 
HR (C) in response to electrical stimulation of the ADN. n = 6 WT mice;  n = 6 Ttn3–/– mice. Data represent the mean ± SEM.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/133798#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 6 7 8 jci.org   Volume 130   Number 7   July 2020

tachycardia observed in Ttn3–/– mice could be induced by dysfunc-
tion in the central cardiovascular center, but tachycardia was less 
likely to happen, because electrical stimulation of the ADN led to 
a reduction in MAP and HR that was comparable to that seen in 
WT mice (Figure 5). Thus, the phenotype of Ttn3 ablation resulted  
from the dysfunction in the baroreceptor afferents, not in the 
central cardiovascular center. This assumption is also supported 
in part by the rescue experiment or chemogenetic modulation 
of TTN3+ neurons in the NG, because overexpression of Ttn3, 
hM3Dq, or hM4Di in the NG, but not in the brain, was sufficient to 
rescue or modulate the baroreflex.

Surprisingly, the MA currents in aorta-projecting NG neu-
rons are similar to those found in dorsal root ganglion neurons 
(21, 48). This study is the first to our knowledge to character-
ize MA currents in baroreceptor neurons. In response to step 
mechanical stimuli, we detected 3 different MA currents: RA, 
IA, and SA currents (Figure 1, C and D). In dorsal root gangli-
on neurons, SA currents are known to be mediated by TTN3, 
whereas Piezo2 is responsible for RA currents (21, 48). Consis-
tent with somatosensory neurons, SA MA currents were mark-
edly diminished in Ttn3–/– NG neurons. In addition, a large 
proportion of aorta-projecting NG neurons also elicited RA MA 
currents (Figure 1, C and D). The presence of RA MA currents in 
NG neurons suggests a role of Piezo1 or Piezo2 in baroreceptor 
function. Indeed, Zeng and colleagues reported that Piezo1 and 
Piezo2 mediate baroreceptor function (15). Piezo2 is expressed 
in NG neurons. Piezo1 and Piezo2 double-KO mice show hyper-
tension, tachycardia, and loss of baroreceptor sensitivity (15). 
Piezo1 and Piezo2 appear to be essential for sensing AP changes 
in baroreceptors, which largely overlaps with the functional role 
of TTN3 in baroreceptors. Perhaps these findings indicate that a 

the following observations: (a) expression of TTN3 in NG neurons 
as well as in the terminals of the ADN innervating the aortic arch; 
(b) absence of SA MA currents in aorta-projecting NG neurons of 
Ttn3–/– mice; (c) reduced basal and pressure-induced ADN activ-
ity in Ttn3–/– mice; (d) increased MAP, HR, and MAP fluctuation 
in Ttn3–/– mice; (e) rescue of impaired baroreceptor function after 
overexpression of Ttn3 in the NG of Ttn3–/– mice; and (f) decreased 
or increased MAP and HR following chemogenetic stimulation or 
inhibition, respectively, of TTN3-expressing neurons in the NG. 
Importantly, we also confirmed the mechanosensitivity of TTN3 in 
Piezo1-deficient cells, arguing against the Piezo1-dependent mech-
anosensitivity of TTN3 (25). The identification of molecular sen-
sors in baroreceptors can provide a useful clue to treat cardiovas-
cular diseases. However, this study also has some technical limits. 
The whole-nerve recordings of ADNs failed to detect all spikes in 
the nerve because of high discharge rates. Also, the chemogenetic 
study may include indirect effects on the cardiovascular functions 
that originate in vagal afferents from nonbaroreceptor areas.

Denervation of the ADN or carotid sinus nerve is known to 
result in acute hypertension, tachycardia, and larger fluctuations 
of APs in dogs, rabbits, rodents, and humans (41, 45–47). Bilateral  
denervation of the carotid sinus leads to chronic hypertension in 
humans and other animals except for dogs, whose denervation 
of aortic baroreceptors only leads to short-term hypertension 
(41, 45–47). Among the cardiovascular changes, variability in AP 
after baroreceptor denervation is more consistent. Thus, stabi-
lization of AP appears to be a primary function of baroreceptors. 
Consistent with this, compared with WT mice, we also observed 
markedly high MAP, HR, and AP variability was also observed in 
Ttn3–/– mice, whose abnormalities were rescued when Ttn3 was 
overexpressed in the NG of Ttn3–/– mice. The hypertension and 

Figure 6. Chemogenetic inhibition or activation of 
TTN3+ NG neurons causes an increase in MAP and 
HR, or vice versa. (A and C) MAP (A) and HR (C) 
responses to intraperitoneal injection of CNO into 
Ttn3Cre mice infected with either AAV-hsyn-DIO-
mCherry (gray), AAV-hsyn-DIO-hM3Dq-mCherry 
(red), or AAV-hsyn-DIO-hM4Di-mCherry (green). 
Four weeks after the viral infections, the MAP and 
HR were recorded with a telemetric device in freely 
moving mice. Data were normalized to the baseline 
MAP or HR obtained from 0 to 15 minutes before the 
CNO injection (arrows). (B and D) Averages of MAP 
and HR changes for 40 minutes after CNO injection 
(n = 6 mice per group). Data represent the mean ± 
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
1-way ANOVA with Dunnett’s post hoc test.
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channels may have distinct roles in sensing phasic or tonic AP 
with different sensitivity to AP.

TTN3 has been cloned as a means to search for a candidate 
gene conferring SA MA currents in dorsal root ganglion neurons 
(21). Mechanical strokes on HEK cells transfected with Ttn3 
evoke robust currents whose magnitudes follow the depth of the 
mechanical strokes (21, 25). However, TTN3 is not activated by 
mechanical stimuli when overexpressed in Piezo1-deficient HEK 
cells. Therefore, its gating mechanism has been questioned (24, 
25). Previously, Piezo1-independent mechanosensitivity was sug-
gested (55). Coexpression of Piezo1 and Ttn3 on HEK cells evoke 
a MA current as if they are acting independently (55). Further-
more, TTN3 appears to have a pore region whose mutation leads 
to changes in the ion permeability, indicating that TTN3 is an 
independent channel, not a regulator of Piezo1 (55). In the present 
study, we found that TN3 was activated by mechanical stimuli in 
Piezo1-deficient cells treated with jasplakinolide, which strongly 
suggests that TTN3 mechanosensitivity is Piezo1 independent. 

redundancy in molecular sensors is required for critical physio-
logical functions so that mutations in one type of channel would 
not have much of an affect on the system (11, 12, 14, 15, 18, 49). 
However, TTN3 and Piezo channels may play a different role in 
sensing AP changes in baroreceptors. Myelinated or unmyelin-
ated fibers in the ADN show different pressure sensitivity and 
maximal firing rates (50–52). In addition, the baroreflex gain is 
higher with sinusoidal pressure changes than with steady-state 
pressure changes (51, 53). Recently, transcriptomes of single 
NG neurons were analyzed using a single-cell RNA-Seq tech-
nique (54). On the basis of the unique gene expression patterns, 
Ernfors and colleagues classified 18 NG neuronal clusters that 
are consistent with chemo-, baro-, stretch, and volume sensor 
functions of vagal afferents. According to a cell cluster database  
(http://ernforsgroup.shinyapps.io/vagalsensoryneurons), Ttn3 is 
 expressed in all 18 NG cell clusters, with high expression in  
NG1-3 and NG12-18, which is in sharp contrast to the expression 
patterns of Piezo1 and Piezo2 (54). Therefore, the 2 groups of 

Figure 7. Overexpression of Ttn3 in NG neurons of Ttn3–/– mice rescues the loss of baroreceptor function in these mice. (A) mCherry expression in NGs of 
Ttn3–/– mice infected with AAV-hsyn-Ttn3-mCherry. DIC, differential interference contrast. Scale bar: 100 μm. (B) Infection efficiency (percentage of total 
cells) in NGs of Ttn3–/– mice infected with AAV-hsyn-mCherry (red) or AAV-hsyn-Ttn3-mCherry (blue). Data represent the mean ± SEM. (C–E) Summaries of 
MAP (C), HR (D), and range of AP (E) recorded over a 24-hour period in WT (n = 10) and Ttn3–/– mice infected with either AAV-hsyn-mCherry or AAV-hsyn-
Ttn3-mCherry (n = 8 per group). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Tukey’s post hoc test. (F) 
Summary of baroreflex sensitivity recorded over a 24-hour period in WT (n = 7) and Ttn3–/– mice infected with either AAV-hsyn-mCherry or AAV-hsyn-Ttn3-
mCherry (n = 6 per group). Data represent the mean ± SEM. *P < 0.05, by 1-way ANOVA with Tukey’s post hoc test.
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HEPES adjusted to pH 7.2 with NaOH. The osmolarity of all solutions 
was adjusted to 290–300 mOsm with the application of d-mannitol. 
The holding potential was set at –60 mV. The output of the amplifier  
was stored on a computer with pClamp 10.0 software (Molecular 
Devices). Data were sampled at 5 kHz and filtered at 1 kHz with Digi-
data 1440 (Molecular Devices). Curve fitting was performed using 
Clampfit 10.0 (Molecular Devices). Time constants of inactivation of 
MA currents were fitted to single exponentials.

For mechanical stimulation, step mechanical stimuli were applied 
to the cell surface with a fire-polished glass probe as described previ-
ously (21, 55). For the mechanical stimulation of NG cells, the glass 
probe was moved forward from 2.5 to 6.7 μm at 0.84-μm increments 
from the initial position set 1 μm away from the surface of the cells. 
For the mechanical stimulation of HEK cells, step mechanical stimuli 
of 2.5, 4.5, and 6.5 μm were applied. The duration of the mechanical 
stimuli was set at 600 ms. The fine movement of the glass probe was 
made with a micromanipulator (NC4, Kleindiek Nanotechnik). Time 
constants of inactivation of MA currents were fitted to the single expo-
nential function. The recorded current was classified as RA, IA, or SA 
if its inactivation time constant (τ) was <10 ms, 10 <<30 ms, and >30 
ms, respectively (21).

Animals. Mice were housed in each cage in a 12-hour light/12-hour 
dark cycle with free access to food and water. Seven- to 8-week-old 
male C57BL/6J (WT), Ttn3–/–, and Ttn3Cre mice (20–24 g) were used. 
The generation of Ttn3–/– mice was described previously (21).

Generation of Ttn3Cre mice. Ttn3Cre mice were generated by 
homologous recombination (or homology-directed repair [HDR]) 
using the CRISPR/Cas9 system at the Macrogen Company (Seoul, 
Korea). Briefly, the homology regions from the BAC clone contain-
ing a Tmem150c locus were cloned into a plasmid. The start codon 
sequences of Tmem150c were targeted for the insertion of the Cre 
recombinase gene. The SV-40 poly(A) signal sequences were located 
just after the Cre gene. The plasmid, including 1-kb homology arms, 
was used as an HDR donor, which was verified by enzymatic digestion 
and sequencing. To avoid cleavage of the HDR donor by a CRISPR/
Cas9-mediated, site-specific double-stranded break, the HDR donor 
contains a silent mutation on the selected sequence of the guide RNA. 
FVB/N stud males were mated with superovulated FVB/N mice. Fer-
tilized zygotes were collected from oviducts. Cas9 protein, synthet-
ic single-guide RNA, and the HDR donor were mixed and injected 
into the pronucleus of fertilized zygotes. The injected zygotes were 
implanted into oviducts of pseudopregnant CD1 mice. The knock-
in mouse was backcrossed with mice of the C57BL/6J strain, and 2 
of these knockin lines were crossed to generate reporter mice. All  
Ttn3Cre mice used in this study were maintained as hybrid FVB-
C57BL/6J mice. Founder pups and offsprings were genotyped to con-
firm the presence of the knockin gene by PCR (expected size 1741 bp).

Immunofluorescence. The immunostaining methods used were sim-
ilar to those described previously (17, 58). Briefly, after anesthetizing 
mice deeply with isoflurane, the mice were perfused with 4% PFA in 
PBS. The left NG and aortic arches were isolated from adult WT, Ttn3–/–, 
and AAV-hsyn-Ttn3-mCherry–treated mice. The tissues were fixed with 
4% PFA and frozen in Tissue-Tek OCT. The 10-μm-thick cryosections 
were incubated with blocking buffer (4% BSA in PBS with Tween-20) 
for 30 minutes and with polyclonal TTN3 (AbFrontier, 1:700) (21) 
Piezo2 (NBP1-78624, Novus Biologicals, 1:500), PGP9.5 (ab8189, 
Abcam, 1:500), or NFH (ab4680, Abcam, 1:500) antiserum overnight 

Piezo1-deficient HEK cells may have weak membrane tension, as 
Piezo2 knockdown reduces focal adhesion as well as stress fibers 
that are required for the generation of mechanical tension in the 
membrane (26, 56, 57). The displacement threshold for activating 
TTN3 is higher than that for Piezo1 (21). Therefore, TTN3 may not 
be activated in Piezo1-deficient HEK cells because of possible low 
traction force or cell stiffness (26, 56).

In conclusion, we showed that TTN3 was expressed in the 
terminals of ADN in the aortic arch, sensed intra-aortic pressure 
changes, and actively mediated the baroreceptor reflex. Because 
the baroreflex stabilizes APs, many fatal diseases such as hyper-
tension, stroke, and heart failure occur when the sensitivity of the 
baroreflex is blunted. Thus, understanding the molecular mecha-
nisms underlying baroreception may lead to therapies for  untreat-
able cardiovascular diseases.

Methods
Cell culture and transfection. HEK293T (ATCC CRL-3216) or HEK-P1–
KO (a gift from Ardem Patapoutian, Scripps Research Institute, La 
Jolla, California, USA) cells were incubated in DMEM (catalog 11995-
065, Gibco, Thermo Fisher Scientific) supplemented with 10% FBS 
and 100 U/mL penicillin/streptomycin at 37°C in 5% CO2 air. For 
the transfection of pIRES2-Ttn3-AcGFP1, 1 μg cDNA was applied 
to HEK293T or HEK-P1–KO cells with Fugene HD (catalog E2311, 
Promega) and incubated for 2 to 3 days before use. Cells were plated 
on poly-l-lysine–coated coverslips in 35-mm culture dishes.

Primary culture of NG neurons. Left NGs were dissected from WT 
or Ttn3–/– mice after anesthetization with 50 μL Zoletil 100 (Virbac) 
and Rompun (Bayer) cocktail (ratio 3:2). The NGs were collected in 
the culture solution containing ice-cold DMEM/F-12 solution (cat-
alog 11320-033, Gibco, Thermo Fisher Scientific) and 100 U/mL of 
penicillin and streptomycin. NGs were incubated for 30 minutes in 
the DMEM/F-12 medium containing 1 mg/mL collagenase IA (cat-
alog C9891, MilliporeSigma), washed 3 times with Mg2+- and Ca2+-
free HBSS (catalog 14170112, Gibco, Thermo Fisher Scientific), and 
digested in 0.125 mg/mL trypsin (catalog 27250018, Gibco, Thermo 
Fisher Scientific) for 30 minutes at 37°C. The trypsinized cells were 
centrifuged at 100 × g for 10 minutes and then washed 5 times with 
the DMEM/F-12, gently triturated with 1-mL pipettes and plated onto 
round glass coverslips (Fisher), which had been previously treated  
with poly-l-lysine (0.5 mg/mL) and laminin (10 μg/mL, catalog 
23017-015, Gibco, Thermo Fisher Scientific). The coverslips were 
placed into small Petri dishes (35 × 12 mm). Cells were incubated in 
the culture media supplemented with 50 ng/mL nerve growth factor 
(catalog N0513, MilliporeSigma) and 5 ng/mL glial cell line–derived 
neurotrophic factor (catalog PHC7044, Life Technologies, Thermo 
Fisher Scientific) and then placed in a 37°C incubator supplied with an 
atmosphere of 5% CO2. Electrophysiological experiments were per-
formed after 2 to 3 days of incubation.

Whole-cell current recordings. Whole-cell currents of HEK cells or 
NG neurons were recorded with an Axopatch 200B Amplifier (Molec-
ular Devices). Whole cells were formed after breaking the plasma 
membrane under the pipette tips. The resistance of glass pipettes was 
approximately 3 MΩ. Junctional potentials were canceled to zero. The 
pipette solution contained 130 mM CsCl, 2 mM MgCl2, and 10 mM 
HEPES adjusted to pH 7.2 with CsOH. The bath solution contained 
140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 10 mM 
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more than 2 hours and incubated in PBS containing 3% normal don-
key serum solution and anti-NFH antibody (ab4680, Abcam, 1:200) 
at 23°C for 3 days. After 1 day of washing in 1× PBS, the samples were 
immersed in PBS containing 3% normal donkey serum and Alexa 
594–conjugated anti-chicken antibody (703-585-115, Jackson Immu-
noResearch, 1:500 dilution) and Alexa Fluor 647–conjugated anti-
GFP primary antibody (A-31852, Thermo Fisher Scientific, 1:250 
dilution) at 23°C for 3 days. Samples were washed in PBS for 2 hours, 
incubated in PBS with 1:5000 DAPI (62248, Thermo Fisher Scien-
tific) for 2 hours, and immersed in the CUBIC-2 solution overnight 
for refractive index matching (34). The samples were then mounted 
onto a slide with the CUBIC-2 solution and imaged with an LSM 880 
confocal microscope (Carl Zeiss).

Recording of ADN activity. For the in vitro recording of the ADN, 
mice were anesthetized with 1.5% isoflurane. After exposing the aortic 
arch in the chest, the cardiac end of the aorta, brachiocephalic trunk, 
and the left common carotid and subclavian arteries were ligated. The 
aorta with ligated arteries was carefully dissected out from the body 
and placed into an oxygenated bath solution containing 123 mM NaCl, 
3.5 mM KCl, 0.7 mM MgSO4, 1.7 mM NaH2PO4, 2.0 mM CaCl2, 5.5 
mM glucose, 9.5 mM mannitol, and 10 mM HEPES (pH 7.40). A small 
glass tube was inserted into the distal end of the aorta, and the aorta 
covering the glass tube was tied tightly. The glass tube was connected 
to a fluid-filled pressure transducer and a syringe for controlling the 
intraaortic pressure. The output signal of the pressure transducer was 
amplified and fed into a computer.

The nerve activity of the ADN was recorded using a suction elec-
trode with a 70-μm-diameter tip filled with the bath solution. Suctions 
were repeated until neuronal activity was identified. After stabiliza-
tion of ADN activity, the aortic arch was subjected to pressure steps 
of 50, 100, and 150 mmHg. Electrical signals in the suction electrode 
were amplified with ISO-80 (World Precision Instruments), filtered 
at 0.3 and 1 kHz to remove low- and high-frequency interference, 
digitized at a sampling rate of 10 kHz with Digidata 1322 (Molecu-
lar Devices), and stored in a computer. The stored traces were later 
analyzed using pClamp software, version 10.0 (Molecular Devices). 
Spikes with a voltage amplitude greater than 1 SD of the noise were 
counted as action potentials. The noise was obtained with signals with 
no apparent action potentials at 0 mmHg pressure.

Twenty-four-hour recording of AP and HR. The 24-hour AP record-
ing method was modified from a previous protocol (59). Briefly, WT or 
Ttn3–/– mice were initially anesthetized under 4% isoflurane followed 
by 1.5% isoflurane to maintain the anesthetic condition. A subcutane-
ous pocket was created at the dorsal right side of the mouse, and the 
telemetric pressure transmitter (PA-C10, Data Science International) 
was inserted into this pocket. The right carotid artery was isolated, and 
a tight knot was made using a suture to block blood flow from the aorta. 
A small incision was made on the artery, and the catheter was inserted  
into the vessel through this incision. Another suture was tightened 
around the artery to secure the catheter, and the catheter was then fur-
ther advanced toward the transverse aorta. Once the required depth of 
catheter was reached, all suture knots around the catheter were tight-
ened to secure its position. The skin was closed and sterilized with 
betadine. After 7 days of recovery, a DSI Dataquest Telemetry System 
(Data Sciences International) was used to record the AP and HR for 24 
hours in conscious, freely moving mice, with a sampling rate of 500 
Hz for 10 seconds measured every 5 minutes.

at 4°C. After a 15-minute wash, the samples were incubated with Alexa 
Fluor 488–conjugated goat anti-rabbit antibody (A11008, Life Technol-
ogies, Thermo Fisher Scientific, 1:800), Alexa Fluor 546–conjugated 
goat anti-mouse antibody (A11003, Invitrogen, Thermo Fisher Scien-
tific, 1:600), or Alexa Fluor 555–conjugated goat anti-chicken antibody 
(A21437, Life Technologies, Thermo Fisher Scientific, 1:800) at room 
temperature for 1 hour. The nucleus was stained for 10 minutes with 
Hoechst 33342 (H3570, Thermo Fisher Scientific, 1:2000). Labeled sec-
tions were imaged using an LSM700 confocal microscope (Carl Zeiss).

Tissue H&E staining. The aorta and heart were isolated from WT 
and Ttn3–/– mice. The tissues were washed with PBS, fixed in 4% PFA, 
and frozen in Tissue-Tek OCT. The 10-μm-thick cryosections were 
stored at room temperature to remove moisture and subsequently 
stained with Mayers hematoxylin (MilliporeSigma) for 10 minutes. 
The sections were washed in distilled water for 5 minutes, dipped in 
0.5% eosin 10 times, and then immersed in distilled water to stop 
eosin streaking and then sequentially in 50%, 70%, 95%, and 100% 
ethanol. The sections were immersed in Xylene several times and 
mounted on glass coverslips with neutral balsam mounting medium.

RT-PCR. mRNA expression of Gapdh, Ttn3, Piezo1, and Piezo2 
in NG was detected with reverse transcription PCR (RT-PCR). Total 
RNA was extracted from NGs collected from WT mice using a Total 
RNA Extraction Kit (Easy-spin, Intron, catalog 17221) and reverse 
transcribed into cDNA using Reverse Transcriptase (GoScript, 
catalog A5003, Promega). Target genes were amplified by using 
DreamTaq DNA Polymerases (catalog EP0701, Thermo Fisher 
Scientific). The following primers were used for PCR: Gapdh for-
ward primer, 5′-AATGGTGAAGGTCGGTGTGA-3′, Gapdh reverse 
primer, 5′-CACACCCATCACAAACATGGG-3′; Ttn3 forward 
primer, 5′-GGGAAGAAATGCAGCGTGTG-3′, Ttn3 reverse prim-
er, 5′-TCAGAGTGCCAAACCCGAAG-3′; Piezo1 forward primer, 
5′- TTCTTCGGGTTGGAGAGGTA-3′, Piezo1 reverse primer, 5′- 
TGTCACCATGTGGTTAAGGATG-3′; and Piezo2 forward primer, 
5′-GTAATCTGGTGGTGGCCCTC-3′, Piezo2 reverse primer, 5′-CAC-
GCGACCATTGACTTTGG-3′.

DiI labeling of aortic BR neurons. Mice were deeply anesthetized 
with 50 μL Zoletil 100 (Virbac) and Rompun (Bayer) cocktail (ratio 
3:2). Mice were ventilated with a small animal ventilator (SAR-1000, 
CWE). After the sternum was cut to expose the chest, we applied Dil 
(1,1′-dilinoleyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate, 
catalog D3899, Invitrogen, Thermo Fisher Scientific) crystals (25 
mg/mL, 1 μL) to the adventitia of the aortic arch using a nanoinjector 
device (Nanoliter 2010, World Precision Instruments). After injection, 
the area was covered with parafilm and a silicone gel (Kwik-Sil, World 
Precision Instruments). Mice were allowed to recover for 6 to 7 days so 
that Dil could efficiently trace to neurons in the NG.

Tissue clearing and staining. AAV DJ-EF1α-DIO-EYFP was injected  
into the left NG of Ttn3Cre mice. Four weeks after the injection, the 
mice were anesthetized deeply with isoflurane and perfused with 
4% PFA. Under a dissection microscope, the aortic arch was isolated.  
The upper part of the aortic arch was further dissected for clearing 
and staining. The clearing process was described elsewhere (34). 
Briefly, the isolated aorta was fixed in 4% PFA for 1 day and incu-
bated in CUBIC-1 solution containing 10% Triton X-100 (VWR 
Life Science), 5% NNNN-tetrakis (2-HP) ethylenediamine (Sigma- 
Aldrich), and 10% Urea (Junsei) in distilled water at 37°C for 7 days 
for clearing. The samples were washed in PBS solution 3 times for 
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intraperitoneal CNO injections. Data were normalized to the 15-minute 
baseline. After the completion of experiments, mice were perfused with 
4% PFA solution. NGs were collected to assess mCherry expression. 
Mice without mCherry expression were excluded from the analysis.

Statistics. Data in the figures are shown as the mean ± SEM. To 
compare multiple means, 1-way ANOVA was used with Tukey’s or 
Dunnett’s post hoc test. An unpaired, 2-tailed Student’s t test was used 
to compare 2 means. Analyses with P values of less than 0.05 were 
considered significantly different.

Study approval. All mouse procedures were approved by the Insti-
tute of Laboratory Animal Resources of the Seoul National University 
and the Korea Institute of Science and Technology.
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Baroreflex response test. Mice were anesthetized with 1.5% isoflu-
rane, and a heparinized saline–filled (50 Unit/mL) polyethylene tube 
was inserted into the femoral vein. The other end of the tube was 
plugged, tunneled subcutaneously, and sutured at the dorsal surface 
of the neck. After the mice recovered for 3 days, the plugged end of 
the polyethylene tube was cut and connected to a syringe for a drug 
injection. A bolus injection of phenylephrine (4 μL/kg, i.p., Milli-
poreSigma) was made to test the baroreflex sensitivity by checking 
the changes in AP (60). The baroreflex sensitivity is calculated as 
ΔHR divided by ΔSAP.

ADN electrical stimulation. The electrical stimulation of the ADN 
has been described elsewhere (12). Briefly, mice of both genotypes 
were anesthetized by injection of ketamine (90 μg/g) and xylazine 
(9.0 μg/g) cocktail. The ADN was stimulated by step increases in elec-
trical stimulation with pulses of 1 μA current (2-ms duration) with 10-, 
20-, 30-, and 40-Hz frequencies for 20 seconds. The MAP and HR 
were recorded using the telemetric pressure system.

AAV infection of the NG. Ttn3–/– mice were anesthetized with 
1.5% isoflurane, and the right and left NGs were surgically exposed. 
A micropipette containing AAV-hsyn-mCherry or AAV-hsyn-Ttn3-
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