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1  | INTRODUC TION

Substance P (SP) is an undecapeptide (a peptide composed of a chain 
of 11 amino acid residues) member of the tachykinin neuropeptide 
family. It is a neuropeptide, acting as a neurotransmitter and neu-
romodulator.1,2 SP can be released from the terminals of specific 

sensory nerves associated with inflammatory processes and pain. It 
has been reported that SP is a potent vasodilator released from the 
endothelium through the nerukinin-1 receptor (NK1R) activation.3 
Early observation has demonstrated that SP is involved in the regu-
lation of heart frequency, blood pressure (BP), and stretching of ves-
sels.4 SP also plays an important role in ischemia and reperfusion and 
cardiovascular response to stress.5-7 SP is synthesized and released 
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Summary
Aim: Substance P (SP) causes vasodilation and blood pressure (BP) reduction. 
However, the involvement of tachykinin receptors (NKRs) within baroreflex afferent 
pathway in SP-mediated BP regulation is largely unknown.
Methods: Under control and hypertensive condition, NKRs’ expressions were evalu-
ated in nodose (NG) and nucleus of tractus solitary (NTS) of male, female, and ova-
riectomized (OVX) rats; BP was recorded after microinjection of SP and NKRs 
agonists into NG; Baroreceptor sensitivity (BRS) was tested as well.
Results: Immunostaining and immunoblotting data showed that NK1R and NK2R 
were estrogen-dependently expressed on myelinated and unmyelinated afferents in 
NG. A functional study showed that BP was reduced dose-dependently by SP micro-
injection, which was more dramatic in males and can be mimicked by NK1R and 
NK2R agonists. Notably, further BP elevation and BRS dysfunction were confirmed 
in desoxycorticosterone acetate (DOCA)-salt model in OVX compared with DOCA-
salt model in intact female rats. Additionally, similar changes in NKRs’ expression in 
NG were also detected using DOCA-salt and SHR. Compared with NG, inversed ex-
pression profiles of NKRs were also found in NTS with either gender.
Conclusion: The estrogen-dependent NKRs’ expression in baroreflex afferent path-
way participates at least partially in sexual-dimorphic and SP-mediated BP regulation 
under physiological and hypertensive conditions.
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from baroreceptor afferent neurons. Excitatory NK1R could be ac-
tivated by baroreceptive input at the aortic arch (baroreceptor ter-
minal) to the cell body of the first-order neurons within the nodose 
(NG) through aortic depressor nerve (ADN), and then relay to the 
second-order neurons within the nucleus of tractus solitary (NTS). 
The modulating roles of SP in baroreflex have been well reviewed.8 
Recent observations have shown that SP may play a major role in the 
secondary injury process following traumatic brain injury, particularly 
with respect to neuro-inflammation, increased blood-brain-barrier 
permeability, and tissue edema 9,10 due mainly to SP release-mediated 
vasodilation and fluid extravasation into the tissues.11 This second-
ary pathophysiological process may subsequently change the blood 
pressure to noxious level. So, the questions remain about the specific 
role and significance of SP in baroreflex afferent function and BP reg-
ulation under physiological and hypertensive conditions. A large body 
of evidence from our group has demonstrated sexual dimorphism in 
baroreflex afferent function12-15 and female hormone-dependent 
BP regulation in rodents.16-19 However, the question regarding if 
estrogen plays a central role in unusual changes of BP associated 
with tachykinin receptors’ (NKRs) expression in baroreflex afferent 
pathway needs to be answered. The current observation provides 
the first line of evidence that estrogen-dependent NKRs’ expression 
participates significantly in BP regulation under both physiological 
and pathophysiological situations via baroreflex afferent function, in 
which NG and NTS play exactly opposite roles by inverse expression 
of NKRs.

2  | MATERIAL S AND METHODS

2.1 | Animals

All animal use protocols were preapproved by Institutional Animal 
Care and Use Committees of School of Medical Science, Harbin 
Medical University, China. Adult age-matched male, intact female, 
and ovariectomized (OVX) Sprague-Dawley (SD) rats (12-14 weeks 
weighing 220-260 g) obtained from the animal center of Harbin 
Medical University were used in this study for molecular experiments 
and functional investigation. Spontaneously hypertensive rats (SHR) 
and Wistar rats (10-12 weeks) were directly purchased from Wei 
Tong Li Hua Experimental Animal Technology Co, Ltd, Beijing, China, 
with SPF grade and licensed under SCXK (Beijing) 2012-0001. All 
animal use protocols were preapproved by Institutional Animal Care 
and Use Committees of School of Medical Science, Harbin Medical 
University, China, which are in accordance with the recommenda-
tions of the Panel on Euthanasia of the American Veterinary Medical 
Association and the National Institutes of Health publication “Guide 
for the Care and Use of Laboratory Animals”.

2.2 | Chemicals

Substance P (SP) was purchased from LKT Labs (St. Paul, 
Minnesota, 55130 USA). [Sar9, Met (O2)11]-Substance P ([Sar9] SP, 
a selective agonist of NK1 receptor) was purchased from TOCRIS 

(Ellisville, MO, USA). [β-Ala8] Neurokinin A ([βAla8] NKA, a selec-
tive agonist of NK2 receptor) was purchased from Zi Qi Bio-tech 
Company (Shanghai, China). Phenylephrine (PE), sodium nitro-
prusside (SNP), and DMSO for dissolving SP were ordered directly 
from Sigma (St. Louis, MO, USA), and all other chemical agents for 
molecular experiments were ordered from the routine commercial 
source.

2.3 | Hypertension models

All SD rats received food and water ad libitum and a 13-hour: 11-
hour light: dark cycle in 1 week of acclimation. Hypertension was 
induced by DOCA-salt treatment as previously described.20 DOCA 
was injected (25 mg/kg of body weight in 0.4 mL of dimethylfor-
mamide subcutaneously) twice weekly for 4 weeks and tap water 
for drinking was replaced by 1% sodium chloride (NaCl) during the 
experiments. The systolic blood pressure (SBP), diastolic blood pres-
sure (DBP), mean blood pressure (MBP), and heart rate (HR) were 
monitored during an entire observation using tail-cuff method21 
with noninvasive blood pressure system (BP-2010 Series, Blood 
Pressure Meter, Softron). The average value of SBP for each rat was 
obtained from 5 SBP readings after the rats were acclimated to the 
environment.

2.4 | Nodose ganglion microinjection and blood 
pressure monitoring

As described in our previous work,16 the baseline arterial blood 
pressure was recorded by the physiological pressure transducer 
(AD Instruments MLT844, Norway) before the neck surgery. Rats 
were placed in a supine position and the neck was disinfected with 
75% ethanol. Then with a 3.0-cm longitudinal midline cut in the mid-
dle of the neck, we carefully blunt dissected the left side of nodose 
ganglion under stereomicroscopy (x40) to make sure the complete 
separation of the nodose from the arteria. The connective tissue sur-
rounding nodose was open to reduce the resistance while microin-
jecting. After surgery and the baseline MABP became a stable, slight 
tension was applied on the vagus nerve by a tweezer, and then SP or 
its agonists was administrated into the nodose ganglion using a pre-
cision glass micro-syringe (HAMILTON) affixed with a 30G half-inch 
stainless steel syringe needle with a 35° beveled tip with 2-μL drug 
or DMSO as the vehicle control.

2.5 | ELISA measurements of serum substance P 
concentration

After animals were anaesthetized, the blood of the three groups 
of rats was collected immediately and allowed to clot at 4°C over-
night before centrifugation for 20 minutes at 1000 g. Then the 
supernatant was collected to measure substance P (SP) concen-
tration using SP Enzyme-Linked Immunosorbent Assay Kit (Cloud-
clone Corp., Houston, USA) according to the manufacturer’s 
instructions.
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2.6 | Surgical ovariectomy

The surgery was performed following the protocols described pre-
viously.22 Briefly, anesthetized animals (combination of xylazine 
10 mg/kg and ketamine 75 mg/kg) were placed in a lateral position, 
and both flanks were shaved and cleaned using chlorhexidine scrub 
and disinfected with 70% ethanol and povidone-iodine (7.5%). A 
2.0-cm incision was made on the left lateral side along a line span-
ning from the 2nd to the 5th lumbar vertebra, using a scalpel blade. 
The left ovary and associated fat were located and externalized by 
gentle retraction. After removal of the ovary, the peritoneal cavity, 
muscle layers, and skin were closed successively with 4.0 absorbable 
sutures and then penicillin (80 000 Units) was given via intramus-
cular injection. The same procedure was repeated for removal of 
the right ovary. After recovering from anesthesia, the animals were 
monitored for at least 30 minutes to ensure that there was no bleed-
ing from the surgery, and then were returned to the animal facility.

2.7 | Echocardiographic measurements

Trans-thoracic echocardiography with an ultrasound machine (Vevo 
2100 imaging system, Visual Sonics, Toronto, Canada) was used 
to test the heart functions of rats. Left ventricular systolic/dias-
tolic internal diameter (LVIDs/LVIDd, mm), interventricular septum 
systolic/diastolic thickness (IVSs/IVSd, mm), and left ventricular 
systolic/diastolic posterior wall (LVPWs/LVPWd, mm) were meas-
ured, and ejection fraction (EF, %) and fractional shortening (FS, %) 
were calculated from the short axis (SAX) or parasternal long axis 
(PSLAX)-mode recording.

2.8 | Measurement of baroreceptor sensitivity

By following the protocol,23,24 the mean arterial pressure (MAP), 
heart rate (HR), and baroreflex sensitivity (BRS) of anesthetized (3% 
amobarbital sodium, 25 mg/kg, i.p) rats were tested by cannulas of 
arteria (left, for artery pressure detection) and vena (right, for drug 
administration) femoralis and electrocardiographic (ECG) recording 
(LabChart 7 Pro software, AD instruments, Australia) with body tem-
perature maintained at approximately 35°C. BRS was established by 
intravenous bolus injections of PE or SNP at an incremental dose (1, 
3, and 10 μg/kg), respectively, and 15-20 minutes were given before 
the next injection. The maximum changes in HR and the associated 
MAP were calculated as BRS (ΔHR/ΔMAP).

2.9 | Tissue preparation of NG and NTS

The nodose ganglia and liver tissue were isolated from each group of 
rats as previously described by our laboratory method.17,18 Briefly, 
upon lack of reflex response to tail pinch after 3% Pentobarbital 
Sodium intraperitoneal administration, the animals were imme-
diately sectioned at the mid-auxiliary region in order to preserve 
enough length of the vagus nerve, by which one easily finds out the 
NG along the vagus nerve toward the distal end. The entire NG with 

the attached nerve trunk was carefully excised under stereomicros-
copy (×40, Olympus, Japan) and immediately transferred into a Petri 
dish containing chilled (4°C) normal saline or extracellular solution 
and then the surrounding connective tissue was gently removed 
and stored in liquid nitrogen for further molecular investigation. For 
NTS tissue collection, the hindbrain was removed and placed in ice-
cold artificial cerebrospinal fluid (ACSF). The bilateral medulla was 
trimmed to a 1-cm block (rostral-caudal) centered on the obex under 
a microscope.25 The trimmed tissue block containing NTS was then 
stored at −80°C for further molecular examination.

2.10 | Real-time PCR detection for mRNA in tissue 
levels of nodose ganglion and NTS

One mRNA sample of NG or NTS tissue was extracted from 4-5 
rats in the same group (control or HFD). All primers used can be 
seen in the Table S1. The mRNA expression was determined using 
SYBR Green reagent in ABI 7500 Real-Time PCR System (Applied 
Biosystems). Data of relative gene expression were analyzed with 
2−ΔΔCT method.26

2.11 | Western blot

Total protein was prepared by homogenizing the isolated NTS, NG, 
or liver tissue for 1 hour at 4°C in RIPA buffer containing Protease 
Inhibitor Cocktail. One protein sample of NG or NTS tissue was ex-
tracted from 4-5 rats in the same group. Protein extracts (100 μg/
sample, accessed through a BCA protein assay) were subjected to 
10% SDS-Tris glycine gel electrophoresis and then transferred (Bio-
Red Laboratories, USA) to a nitrocellulose (NC) membrane. The 
membranes were blocked in 5% nonfat dry milk/PBS buffer for 
2 hours, and then incubated at 4°C overnight with primary antibod-
ies (1:200-1: 500): anti-GAPDH (internal control, Sigma, USA), anti-
NK1R (Cat#: ATR-001, Source: Rabbit, Type: Polyclonal; Alomone 
Labs, Jerusalem, Israel), anti-NK2R (Cat#: ATR-002, Source: Rabbit, 
Type: Polyclonal; Alomone, Labs, Jerusalem, Israel), and anti-
NK3R (Cat#: ab49201, Source: Rabbit, Type: Polyclonal, Abcam, 
USA), then the appropriate secondary antibodies (1:8000; LI-COR 
Biosciences, Lincoln, NE) were used at room temperature for 1 hour. 
The results were detected and analyzed via odyssey system (LI-COR 
Biosciences, Lincoln, NE).

2.12 | Immunohistochemical analysis

The immunohistochemistry protocol for NG was described in our 
previous reports17,27: Horizontal sections of 7-μm thickness were col-
lected for later NKRs protein staining. For the whole section visualiza-
tion of NTS,21,28 briefly, rats were anesthetized with 3% amobarbital 
sodium (25 mg/kg, i.p), then transcardially perfused for 10 minutes 
with 4% paraformaldehyde (PFA). Harvested brains were placed in 4% 
PFA overnight before being transferred to 30% sucrose and rotated 
for 24-48 hours at 4°C. Coronal brainstem sections (35 μm thickness, 
Bregma −12.6 mm) were cut on a freezing microtome (Leica Biosystem, 
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Germany) and stored in −80°C. Brainstem sections were washed in PBS 
for 10 minutes each before immunostaining, and blocked in 4% normal 
goat serum/0.3% Triton X-100/PBS for 1 hour at room temperature. 
For double-labeling, sections were incubated with a mixture of pri-
mary antibodies overnight at 4°C: anti-NK1R or NK2R (Alomone, USA) 
at a dilution of 1:100 in blocking solution, respectively. Sections were 
washed three times with PBST for 10 minutes each, and then incubated 
in appropriate secondary antibodies mixture both diluted to 1:5000 in 
PBS: anti-rabbit IRDye 800CW for NK1R and anti-rabbit IRDye 800CW 
for NK2R (LI-COR Biosciences, Lincoln, NE) at room temperature for 
1 hour. All sections were washed five times in PBST for 10 minutes each. 
And then fluorescent-imaging was detected using a LI-COR Odyssey 
infrared imager (21 μm resolution, 1 mm offset at the highest quality).

2.13 | Data analysis

Statistical differences between expression levels were determined 
by either Student’s t test or an ANOVA. A paired t test was used to 
compare the difference before and after treatment and average data 
were presented as mean ± SD. Labchart 7 (AdInstrument, Norway) 
was used for initial data readings. Excel (Microsoft, Northampton, 
USA) was used for statistical analysis. Origin (Microsoft, 
Northampton, USA) was used for trace filtering and data reduction 
processes for data graphing. The value equal or less than 0.05 was 
considered as marked difference compared with before test.

3  | RESULTS

3.1 | Serum level of substance P

Early study has shown that SP can be synthesized within the NG 
and bidirectionally transported toward the CNS and thoracic and ab-
dominal viscera.29 Gender difference regarding SP released from pri-
mary afferents evoked by formalin has been reported recently.30,31 
However, the resting level of SP in NG tissue and estrogen sensitivity 
have not been evaluated. In this regard, ELISA assay was performed 
and the result showed no difference in serum level SP (Figure S1) 
among adult male, age-matched female, and OVX female rats.

3.2 | Distribution of tachykinin receptors’ (NKRs) 
expression in NG and NTS

To further understand if the effect of SP on BP is mediated via barore-
flex afferent pathway, the distribution and quantification of estrogen-
dependent expression of NKRs were verified. Immunohistochemical 
analysis indicated that NK1R and NK2R were expressed in both myeli-
nated (HCN1-positive) and unmyelinated (HCN1-negative) NG neurons 
and also the region of NTS (Figure 1). Immunoblotting evidence showed 
that the expression levels of NK1R and NK2R were significantly higher 
in the NG tissue of adult females (P < 0.01 or P < 0.05) compared with 
age-matched male rats, and OVX procedure completely reversed the 
expression to the level of males (Figure 1A and B). No similar expres-
sion profile for NK3R was found Figure (S2). Apparently, the expression 

profiles of NK1R and NK2R in NG were exactly opposite to that in NTS 
(Figure 1C and D). These results suggest that SP might influence BP by 
estrogen-dependent expression of NKRs, which may modulate barore-
flex afferent function and offer inversed outcome due to an opposite 
expression pattern between NG and NTS.

3.3 | Substance P-mediated blood pressure 
reduction through NG microinjection

The key feature of SP is to induce vasodilation that would benefit its 
inflammatory processes on the one hand and to promote inflamma-
tory cells’ migration to the sites through endothelium on the other.32 
Vasodilation may also modulate BP by competing with sympathetic 
nerve activity33 and cause a local circulation disturbance9 after brain 
injury. Since NKRs’ expression in the NG is closely associated with es-
trogen, whether direct activation of these NKRs by microinjection of 
SP into NG can induce paralleled changes in BP became our immedi-
ate focus. Interestingly, mean arterial blood pressure was obviously 
reduced by SP microinjection (0.5, 1, 2, and 5 μg/kg in 2.0 μL) in a 
dose-dependent manner in both adult male and age-matched female 
rats. However, BP reduction in females was significantly less potent 
(P < 0.01) than that in males, whereas the difference of the recovery 
time from the peak of BP reduction back to the control level was not ob-
served between groups (Figure 2A-C). The EC50 for BP reduction in the 
presence of SP was nearly 0.74 μg and 0.92 μg for males and females, 
respectively (Figure S3). These data highly suggest that a relatively less 
potent BP reduction in the presence of SP is presumably attributed to 
estrogen-dependent up-regulation of NKRs’ expression under physi-
ological conditions conjugated with reduced sensitivity of NKRs to SP.

3.4 | Mimicking effect of tachykinin receptor 
agonists on blood pressure reduction

Before verifying the potential effects of estrogen, NKRs involved in 
SP-mediated BP reduction need to be clarified. To this regard, the ag-
onists for NK1R, [Sar, Met(O2)11-SP] or NK2R, [(β-Ala8) Neurokinin 
A], were microinjected into the NG. The results showed that the 
agonist for NK1R caused a significant long-lasting BP reduction, 
while the agonist for NK2R induced detectable and brief transient 
BP reduction in male and female rats, even though NK2R mediated 
equally potent BP reduction as NK1R (Figure 2D). Beyond that, the 
recovery time from the peak of BP reduction was significantly longer 
in males (P < 0.05 vs females, Figure 2E and F), suggesting that NK1R 
may be a key player in mediating SP-induced BP reduction by modu-
lating sexually dimorphic baroreflex afferent function.

3.5 | Blood pressure reduction in DOCA-salt 
hypertension models with intact and ovariectomized 
female rats

In order to test the protective effects of estrogen on SP-mediated 
BP regulation under pathophysiological situations, the development 
of hypertension and the parallel change in BRS were evaluated in 
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F IGURE  1  Identification of NKRs’ expression using immunostaining and western blot in both nodose (NG) and nucleus of tractus solitary 
(NTS). The upper panel: Immunohistochemical identification of positive expression of NK1R and NK2R in myelinated (HCN1-positive, orange 
arrowheads) and unmyelinated (HCN1-negative, white arrowheads) afferent neurons of NG in adult male rats. Similar results were also 
observed in age-matched female and ovariectomized rats (data not shown). The middle panel: Immunohistochemical identification of positive 
expression of NK1R and NK2R in NTS of adult male rats. Similar results were also observed in age-matched female and ovariectomized 
rats (data not shown). The lower panel: Expression profiles of NK1R and NK2R in NG (A and B) and NTS (C and D) compared with internal 
control (GAPDH). The ganglion tissue was collected from male (M), age-matched female (F), and ovariectomized (O) rats. Averaged data were 
expressed as mean ± SD, n = 4 from 12 rats. *P < 0.05 and **P < 0.01 vs male; #P < 0.05 and ##P < 0.01 vs female
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DOCA-salt hypertension rat model established using intact and 
OVX female rats (Figure S4). The results demonstrated that during 
the consecutive 6 weeks observation (Figure 3A), BP stayed at a low 
level in intact females (F-Ctrl, black) compared with OVX (OVX-Ctrl, 
green) after adaptive phase of the first 2 weeks (P < 0.05). BP ob-
served in intact female DOCA-model (F-DOCA model, red) signifi-
cantly and continuously raised (P < 0.05 or P < 0.01 vs F-Ctrl) since 
the 2nd week after DOCA procedure. Surprisingly, elevated BP 
found in F-DOCA model was even further increased in OVX-DOCA 
model (blue, P < 0.01). These observations imply that estrogen may 
help buffer BP elevation in salt-sensitive hypertensive conditions.

3.6 | Dysfunction of baroreceptor sensitivity 
measured in intact and ovariectomized DOCA-salt 
hypertensive rats

In our previous reports, estrogen plays a greater role in neu-
rocontrol of circulation through baroreflex afferent func-
tion12 and restores neuro-excitability of sexually dimorphic 
subset of myelinated vagal afferents in OVX rats.18 These ob-
servations give us a clue that the baroreflex afferent function 
is likely to be modulated and contributes significantly to the 

protective effect of estrogen on BP elevation. To this end, 
the baroreceptor sensitivity (BRS: ΔHR/ΔMABP), a particu-
lar parameter for baroreflex function, was introduced in the 
following observation (Figure 3B). The averaged data clearly 
indicated that the BRS calculated in the presence of 1, 3, 
10 μg/kg of SNP or PE was significantly down-regulated in 
intact female DOCA model rats (F-DOCA, P < 0.01 vs intact 
female, F-Ctrl). The reduced BRS observed in intact female 
DOCA-model rats was, as expected, further and significantly 
reduced in OVX DOCA-model rats (OVX-DOCA, P < 0.01, 
Figure 3C), suggesting that the buffering of estrogen against 
BP elevation disappeared under salt-sensitive hypertensive 
conditions due at least partially to the dysfunction of barore-
flex afferent function.

3.7 | Expression changes in tachykinin receptors in 
DOCA-salt hypertensive rats

Based upon elevated BP, reduced BRS, and potential buffering of es-
trogen, down-regulation of NKRs in the NG in DOCA-salt hyperten-
sive rats is speculated. As expected, significantly lower expressions 
of NK1R and NK2R in the NG were detected in both male (Figure 4A) 

F IGURE  2 Sexual difference in substance P (SP)-mediated blood pressure (BP) reduction and mimicking effect of NKRs’ agonists via 
microinjection into nodose (NG). A, BP reduction in the presence of a series of dosage of SP in adult male and age-matched female rats. 
Dot lines represent the points of microinjections. B, Averaged reduction of mean arterial pressure (MAP). Averaged data were presented 
as mean ± SD, n = 6 rats, **P < 0.01 vs male. C, Averaged data of the recovery from the point of maximal reduction. D, The representative 
recordings of BP in the presence of 5 μg NK1R ([Sar, Met(O2)11-SP]) or 5 μg NK2R agonists or ([(β-Ala8) Neurokinin A]) agonist. E and F, 
Summarized data of the changes in MAP and the recovery time. Averaged data were presented as mean ± SD, n = 6 rats, *P < 0.05 and 
**P < 0.01 vs male
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and female (Figure 4C) DOCA model rats, which explained well 
the notions of BP elevation and BRS dysfunction in DOCA model 
rats. It is worth mentioning that the degree of down-regulation for 
both NK1R and NK2R in female-DOCA model rats was about 50% 
of those seen in male-DOCA model rats, which is likely to explain 
the buffering (protective effect) of estrogen against BP elevation 
(Figure 3A) and BRS dysfunction (Figure 3B-C). Consistently, this 
molecular modification of NK1R and NK2R in the NG was con-
firmed by immunohistochemical analysis, with which the mean fluo-
rescent density of NK1R and NK2R detected in DOCA model was 
reduced significantly in the NG (P < 0.01) of males. This reduction 
of mean fluorescent density was not only observed in myelinated 

(HCN1-positive) but also in unmyelinated (HCN1-negative) affer-
ents (Figure 5), again supporting the possibility of all fiber types’ 
involvement in SP-NKRs-mediated BP regulation. A similar result of 
immunostaining was also seen in female DOCA models (data not 
shown). The NTS is the terminus of baroreflex receiving the affer-
ent input from NG; the expression of NK1R and NK2R was tested 
under a similar experimental condition. The data showed that the 
expression pattern of NKRs was completely opposite in the NTS of 
both males (Figure 4B) and females (Figure 4D) compared with that 
of NG, which supports an inverse role in mediating afferent func-
tion of blood pressure regulation of NG and NTS in the process of 
baroreflex.

F IGURE  3 The changes in systolic 
blood pressure (SBP) and baroreceptor 
sensitivity (BRS) in intact adult female 
(F-Ctrl), intact female DOCA-model 
(F-M), ovariectomized (O-Ctrl), and 
ovariectomized DOCA-model (O-M). 
A, The DOCA-salt hypertension rat 
models were established using adult 
female and OVX female rats and SBP was 
monitored during six consecutive weeks. 
Significant rise in SBP was observed at 
the 2nd or 3rd week in female (F) DOCA 
and ovariectomized DOCA model rats, 
respectively, after successful DOCA 
model. Averaged data were presented 
as mean ± SD, n = 5 rats for each group. 
P < 0.01 between groups as indicated; 
+P < 0.05 vs F-Ctrl. B, The representative 
changes in blood pressure (BP) and heart 
rate were monitored in the presence of 
1, 3, and 10 μg/kg sodium nitroprusside 
(SNP) or phenylephrine (PE). C, The BRS 
(ΔHR/ΔMSAP) was calculated before and 
after SNP and PE. Averaged data were 
expressed by mean ± SD, n = 5 rats for 
each group. *P < 0.05 and **P < 0.01 vs F-
Ctrl, #P < 0.05 and ##P < 0.01 vs F-M, and 
+P < 0.05 and ++P < 0.01 vs ovariectomized 
(OVX)
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3.8 | Expression changes in tachykinin receptors in 
spontaneous hypertension rats (SHR)

DOCA-salt hypertension rat model is established for represent-
ing salt-sensitivity and secondary hypertension in clinics. So, the 

question remains: Would similar molecular changes be found in pri-
mary hypertension? To answer this question, the tissue was collected 
from the NG and NTS of adult male and age-match female SHR and 
exactly similar expression profiles of NK1R and NK2R were con-
firmed (Figure 6A-D). These data once again support our hypothesis 

F IGURE  4 Molecular identification 
(protein bands) and summarized result 
of expression changes. Expression 
changes in NK1R and NK2R were verified 
in nodose (NG) and nucleus of tractus 
solitary (NTS) of DOCA-salt hypertension 
models of adult male (A and C) and age-
matched female (B and D) rats. GAPDH 
means the internal control (Ctrl-GAPDH). 
Averaged data were presented as 
mean ± SD, n = 4 from 12 rats. *P < 0.05 
and **P < 0.01 vs Ctrl

F IGURE  5  Immunohistochemical quantification of the expression changes in NK1R and NK2R in control (Ctrl) and male DOCA-model 
rats of either sex. White and orange arrowheads represented the HCN1-negative (unmyelinated) and HCN1-positive (myelinated) afferent 
neurons within nodose (NG) of adult male and female rats. The mean fluorescence intensity was calculated by measuring the fluorescence 
from each individual HCN1-positive or HCN1-negative neuron using Image-J software
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that NKRs play an important role in SP-mediated BP regulation and 
estrogen takes a central place in protective action against unusual 
elevation of BP under certain physiological and pathophysiological 
conditions.

4  | DISCUSSION

4.1 | Major findings

The major contributions of the current investigation are summa-
rized as follows: (i) NK1R, NK2R, and NK3R were distributed in both 
NG and NTS with relatively lower expression levels as revealed by 
PCR cycle number. Importantly, the expression levels were dra-
matically higher in females and this expression profile in NG was 
in stark contrast with NTS; (ii) Microinjection of SP into NG caused 
BP reduction dose-dependently with significantly less response 
in females; additionally, SP-induced BP reduction was mimicked 
well by NK1R and NK2R agonists with equal efficacy but NK1R 
mediated a significant long-lasting action; (iii) Under hypertensive 
conditions (DOCA-salt hypertension model), BP was significantly 
elevated in intact female DOCA rats and this rise in BP was further 
enhanced in OVX-DOCA rats; interestingly, using the same DOCA 
model, the BRS underwent an exact change; (iv) Consistent with 
functional data, NK1R and NK2R expressions were down-regulated 

in DOCA-salt hypertensive rats in NG, while the expression pat-
terns were completely opposite in NTS vs NG; (v) Similar molecular 
observations regarding NKRs’ expression were also confirmed in 
spontaneous hypertensive rats.

4.2 | Remaining questions

Can SP be released34-37 by the visceral sensory neurons (the first-
order neurons housed in NG) including baroreceptor afferent neurons 
that terminate their projections to the NTS (the 2nd-order neurons)? 
Can SP-immunoreactivity (SP-ir) be detected in both NG and NTS38? 
The sexual dimorphic release of SP from the NG31 and in other brain 
regions39 has also been reported. The release of SP as a neurotrans-
mitter and neuromodulator has been involved in neurogenic inflam-
mation, which is a local inflammatory response to certain types of 
injury9,40-42 and pain.43 SP is a key first responder to most noxious 
stimuli (stressors), by which to compromise potentially any biological 
integrity. Therefore, SP is regarded as part of an immediate defense 
and survival system. As an inflammatory mediator, SP plays a crucial 
role in chemotaxis32 that attracts inflammatory cells to the sites of 
injury and this cellular process is assisted by the vasodilation property 
of SP itself.3,44 Apparently, SP release and expression of its recep-
tor may not naturally subside in diseases marked by chronic inflam-
mation and this phenomenon definitely benefits the inflammatory 

F IGURE  6  Immunoblotting analysis 
of expression changes in NK1R and 
NK2R in nodose (NG) and nucleus of 
tractus solitary (NTS) from adult male 
and age-matched female spontaneous 
hypertension rats (SHR). A and C, 
representative protein bands and 
summarized results of NK1R and NK2R in 
the NG; B and D, representative protein 
bands and summarized results of NK1R 
and NK2R in the NTS. Summarized data 
were presented as mean ± SD, n = 3 
rats for WKY and n = 4 rats for SHR, 
respectively, *P < 0.01 and **P < 0.01 vs 
WKY. GAP means the internal control
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process but may cause disturbances in BP regulation by means of 
SP-mediated vasodilation33 over the course of a pathological condi-
tion. The specific role and significance of SP and its receptors’, NKRs, 
expression in BP regulation under physiological and hypertensive dis-
ease conditions might be currently a source of frustration and confu-
sion. The association of SP-NKRs and baroreflex function has been 
well reviewed8 and previous evidence demonstrated that SP induced 
hypertension in conscious rats by microinjection of SP into the NTS 
and this pressor response could be further enhanced by nodose gan-
glionectomy,45 highly suggesting that the modulatory role of SP in 
the NG differs from that in the NTS. From the clinical point of view, 
gender-based differences in SP release31 and SP-related pathophysi-
ological conditions30,46 are extraordinarily brought into focus.

4.3 | NG plays an opposite role in BP regulation 
compared with that of NTS

A previous report showed that the microinjection of SP increased 
the BP and this effect was further enhanced by ganglionectomy,45 
highly indicating that NG may play a distinct role compared with NTS. 
As expected, SP-mediated BP reduction was observed by microin-
jection of SP into NG dose-dependently and this BP reduction was 
more dramatic in adult male rats with relatively less EC50 compared 
with age-matched females. Intriguingly, SP-induced BP reduction 
was also mimicked by microinjection of NK1R and NK2R agonists 
with equal efficacy, but a long-lasting action was only observed in 
the presence of NK1R. These data imply that the NG plays an exact 
opposite role in BP regulation vs NTS and the protective role of 
estrogen-dependent NKRs expression in the NG and the sensitiv-
ity NKRs to SP47. Intriguing observations from our recent experi-
ments and other cardiovascular literature have demonstrated that 
the difference in central and peripheral activation of neuropeptide 
Y mediates hypotensive48 and hypertensive action.17,49 Importantly, 
inversed hemodynamic or autonomic response after peripheral and 
central activation varies upon the neurotransmitter and is not always 
the fact. In case of histamine, type-1 histamine receptor activation 
at both peripheral and central locations causes blood pressure up-
regulation.50,51 So far, the cellular mechanism and neural circuitry 
underlying NTS information processing in autonomic networks are 
poorly understood, while the neurotransmitters delivered by sen-
sory terminals, the corresponding ligand-specific receptors located 
at presynaptic and postsynaptic membranes, and the coupling of 
such receptors with a number of cellular effector systems in the re-
spective neurons, as well as the subsequent transduction of given 
sensory signals via enzymatic cascades and ion channels, may all be 
associated with the complexity of autonomic activation at peripheral 
and central locations.

4.4 | Estrogen-dependent NKRs’ expression and SP-
mediated BP reduction under physiological condition

Firstly, the NKRs’ expression was found in NG and NTS by means 
of immunohistochemical analysis. The fluorescence was detected 

not only in myelinated (HCN1-positive) but also in unmyelinated 
(HCN1-negative) afferent neurons of NG, suggesting that all fiber 
types of NG neurons are likely to be involved in SP-mediated func-
tion. Secondly, immunoblotting data showed that NK1R and NK2R 
expressed estrogen-dependently in NG with significantly higher 
expression levels in females and this observation provided further 
evidence to support that estrogen stimulates SP gene expression in 
sensory afferents.52,53 Surprisingly, this higher level of expression of 
NKRs could be completely reversed by surgically removing bilateral 
ovaries. These molecular findings further explained the beneficial 
role of estrogen-dependent NKRs’ expression in SP-induced BP reg-
ulation. Apparently, the estrogen-related expression of NKRs was 
definitely observed in the NTS but the expression patterns were ex-
actly opposite compared with the NG, which further supports the 
notion of distinct BP regulation between NG and NTS.

4.5 | Down-regulation of estrogen-dependent 
NKRs’ expression and BP elevation under 
hypertensive condition

To further confirm the protective role of estrogen in hypertensive 
conditions, DOCA-salt rat models were developed using intact and 
OVX female rats. These results clearly demonstrated that DOCA 
procedure alone significantly and gradually increased BP in intact 
females, which was further aggravated by OVX, suggesting that 
estrogen protects against BP elevation not only in physiological (vs 
OVX) but also hypertensive disease conditions (vs OVX-DOCA). In 
order to verify the involvement of baroreflex afferent function in 
DOCA condition with or without estrogen, the BRS gain was evalu-
ated in this regard. Impressively, decreased BRS gain in DOCA of 
intact females (with estrogen) was reduced even further in DOCA 
of OVX rats (without estrogen) and this synergistic effect was highly 
speculated in the aspect of estrogen-dependent down-regulation of 
NKRs’ expressions in baroreflex afferent pathway (Figure S5). Taking 
functional and molecular findings together, the protective effect of 
estrogen-specific expression of NKRs in baroreflex afferent pathway 
could be pinpointed. Consistently, recent animal study showing that 
intact female mice have a significant lesser damage after traumatic 
brain injury compared with male and OVX mice54 and the outcomes 
of OVX mice recover dramatically with estrogen treatment,55 sug-
gesting a potential key role of estrogen-dependent NKRs expression 
in the protection against neuroinflammation by down-regulation of 
SP-mediated cardiovascular responses, which further explains why 
the sensitivity to traumatic brain injury and caused brain damage are 
far less in females.

4.6 | Potential mechanism of an opposite action of 
SP-NKRs between NG and NTS

SP-mediated BP regulation and the involvement of baroreflex re-
main a debate. The most reliable evidence using conscious rats has 
shown that microinjection of SP into NTS up-regulates the BP45 and 
this pressor response could be buffered by lacking estrogen, which 
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points out that the potential role of the NG differs from the NTS. 
In stark contrast, the current observation has demonstrated for the 
first time that the depressor response could be elicited by micro-
injection of SP or its receptor agonists into the NG, strongly indi-
cating that direct activation of NG produces depressor responses 
due largely to its character as an excitatory neurotransmitter56,57 to 
relay the neuroexcitability58 and eventually initiate the depressor 
response. Another line of evidence has also noticed that the activa-
tion of pressure-sensitive afferents by stretch baroreceptor terminal 
endings would increase glutamate release at presynaptic terminals 
to relay the baroreflex and compromise the elevated BP.36 However, 
activation of ascending spinal neurons from the cervical dorsal horn 
by contraction-sensitive skeletal muscle afferents induces pressor 
response by selectively inhibiting arterial baroreceptor signaling in 
the NTS via SP-mediated activation of a GABAergic mechanism.35,59 
Controversial findings of a depressor response evoked by the direct 
activation of NTS with SP exist.60,61

4.7 | Clinical relevance

Substance P is a neuropeptide acting as a neurotransmitter and 
neuromodulator associated with neuro-inflammation and pain 
after its release from the terminals of specific sensory nerves. The 
vasodilation property of substance P not only promotes inflamma-
tory cells’ migration but also increases fluid extravasation during 
brain injury. The vasodilation-mediated blood pressure reduction 
of substance P is likely to be synergistically enhanced by its di-
rect baroreceptor activation, causing an unusual blood pressure 
reduction. The current, novel observations have confirmed that 
substance P clearly modifies the baroreflex afferent function 
through estrogen-specific expression of NKRs in both nodose 
and NTS under physiological and hypertensive disease conditions. 
Therefore, modifications of substance P release from sensory 
terminals including baroreceptor afferents and protein expres-
sion of NKRs in baroreflex afferent pathway will have important 
implications in the clinical management of hypertension in those 
patients with neuro-inflammation and brain injury. To gain a de-
tailed picture into the ion channel mechanism of SP-NKRs under-
lying neuroexcitability, an electrophysiological study needs to be 
conducted at both the levels of baroreceptor neurons in the NG 
and baroreceptive neurons in the NTS.

5  | CONCLUSION

Our findings suggest that estrogen-dependent NKRs’ expression, 
particularly NK1R in the NG, contributes significantly to SP-mediated 
BP reduction under both physiological and hypertensive conditions.
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