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Abstract
The rostral ventrolateral medulla (RVLM) plays a key role in mediating the development of stress-induced hypertension
(SIH) by excitation and/or inhibition of sympathetic preganglionic neurons. The voltage-gated sodium channel Nav1.6 has
been found to contribute to neuronal hyperexcitability. To examine the expression of Nav1.6 in the RVLM during SIH, a rat
model was established by administering electric foot-shocks and noises. We found that Nav1.6 protein expression in the
RVLM of SIH rats was higher than that of control rats, peaking at the tenth day of stress. Furthermore, we observed changes
in blood pressure correlating with days of stress, with systolic blood pressure (SBP) found to reach a similarly timed peak at
the tenth day of stress. Percentages of cells exhibiting colocalization of Nav1.6 with NeuN, a molecular marker of neurons,
indicated a strong correlation between upregulation of Nav1.6 expression in NeuN-positive cells and SBP. The level of
RSNA was significantly increased after 10 days of stress induction than control group. Compared with the SIHR,
knockdown of Nav1.6 in RVLM of the SIHR decreased the level of SBP, heart rate (HR) and renal sympathetic nerve
activity (RSNA). These results suggest that upregulated Nav1.6 expression within neurons in the RVLM of SIH rats may
contribute to overactivation of the sympathetic system in response to SIH development.
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Introduction

Stress-induced hypertension (SIH), which results from
central sympathetic nerve disorder, is the major aggravating
cause of social and psychological stress among adults [1].
Stress can activate a series of pathological molecular and
cellular alterations, leading to activation of sympathetic
neurons. Interestingly, several lines of experimental

evidence have indicated a key role for the sympathetic
nervous system in stress-mediated cardiovascular disease
[2]. For instance, neuronal activity and sympathetic over-
activity in the rostral ventrolateral medulla (RVLM) are
involved in the regulation of hypertension [3].

The RVLM is integral for vasomotion, and controls
arterial pressure and activation of the basal sympathetic
nerve [4]. Several studies have demonstrated that pre-
sympathetic neurons in the RVLM are responsible for
generating sympathetic drive to the cardiovascular system,
eventually regulating both cardiac output and vascular
resistance [5]. Recently, some interesting studies have
shown that neurons located in the RVLM, such as C1
adrenaline-synthesizing neurons, express phenylethanola-
mine-N-methyl transferase. Photostimulation of these ani-
mals increases sympathetic nerve activity and blood
pressure [6].

Voltage-gated sodium channels (VGSCs) play key roles
in controlling the excitability of neurons, as they are
indispensable to the propagation and initiation of action
potentials [7]. VGSCs, which are important cell membrane
components of a variety of excitable cell types, comprising
an α-subunit and one or more of four auxiliary β-subunits.
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The α-subunit is a principal structural component that forms
the ion-conducting pore responsible for activation and
inactivation of channel gating, while the four auxiliary β-
subunits modulate the gating kinetics of the α-subunit [8].
In mammals, the Nax gene encodes ten α-subunit family
members, Nav1.1−Nav1.9 [9]. Nav1.6 is the vital VGSC
subtype mediating continual Na+ currents into cells.
Moreover, resurgent Na+ currents contribute to the gen-
eration and transmission of neurotransmitters such as glu-
tamic acid, as well as high-frequency firing [10]. Nav1.6
facilitates increased neuronal hyperexcitability during the
development of epileptogenesis [11]. However, expression
patterns of Nav1.6 in SIH are unknown. Thus, the purpose
of this study was to investigate the expression and dis-
tribution of Nav1.6 in a rat model of SIH.

Material and methods

Animals and experimental design

All animal procedures were approved by the Institutional
Animal Care and Use Committee (Department of Labora-
tory Animal Science, Shanghai University) and carried out
in full accordance with institutional animal care use proto-
cols of Laboratory Animals of Shanghai University. Adult
Sprague-Dawley rats (male, weight range: 250–300 g) were
used in all experiments. Animals were housed with 12-h
light/dark cycles and free access to food and water; room
temperature was maintained between 23 and 24 °C. The
stress-induced hypertensive rat (SIHR) model was estab-
lished as previously described [12]. Briefly, 20 animals
were randomly divided into two groups: normotensive
(control) and SIHR (n= 10 per group). Animals in the
SIHR group were placed in a cage (22 cm × 22 cm × 28 cm)
with a grid floor and subjected to electric foot-shocks.
Delivery of intermittent electric shocks (35–75 V, 0.5 ms in
duration) through the grid floor every 2–30 s was randomly
controlled by a computer. Noises (range: 88–98 dB) pro-
duced by a buzzer were given synchronously as a condi-
tioned stimulus. The computer program was designed to
provide two types of stimuli: noise plus electric foot-shock
or noise only, both of which were delivered randomly. On
day 5 when systolic blood pressure (SBP) and HR of
stressed groups increased to a nearly stable level, the
computer linked to the stressor apparatus was adjusted,
gradually decreasing electric foot-shock times and
prolonging the interval between shocks until only the noise
stimuli remained. The control group underwent sham stress,
i.e. they were put into the cage for the same period of time,
but were not subjected to foot-shocks or noises. Rats were
subjected to stress for 2 h twice daily for l5 consecutive
days. Two hours after being subjected to stress, SBP and

HR was consciously measured using the tail-cuff method.
Measurements were repeated three times and the average
value was taken as the SBP and HR.

Measurement of renal sympathetic nerve activity

We recorded renal sympathetic nerve activity (RSNA) in
SIHR. Briefly, rats were anesthetized (urethane 800 mg/kg,
alphachloralose 40 mg/kg, i.p.) and the left kidney was
exposed to the retroperitoneum through the left incision.
The sympathetic nerve was identified by running on or
beside the renal arteries and isolated. Then it was placed on
a pair of silver recording electrodes (Teflon 786500, A-M
System). Subsequently, Kwik-Sil gel (World Precision
Instruments) was used to cover the exposed nerves and the
electrodes. Grass P55C preamplifier was used to amplify
and filter (bandwidth: 100–3000 Hz) the RSNA signal
which was monitored on an oscilloscope when the gel had
hardened. The signal was rectified, integrated, sampled
(1 kHz),and converted to a digital signal to be displayed on
a computer by PowerLab system (AD Instruments, Aus-
tralia). The maximum nerve activity occurred 1–2 min after
the rat was overdosed for narcotic euthanasia. Background
noise levels for sympathetic nerve activity were recorded
15–20 min after the rat was euthanized. Using the unit
conversion of Powerlab Chart (AD Instruments) system,
baseline nerve activity was taken as percent of Max after the
noise level was subtracted [13].

Delivery of lentivirus in RVLM of SIHR

Lentiviral vectors have been applied for the delivery of
CRISPR/Cas9 system in vivo. A sequence-specific guide
RNA was designed to target the gene encoding Nav1.6 and
cloned into the lentiCRISPR-eGFP plasmid to knockdown
Nav1.6 [14]. We used the lentiviral vectors to deliver the
CRISPR/Cas9 system into the neurons in the RVLM. The
Nav1.6 gRNA lentivirus (Lv-CRISPR-eGFP-Scn8a-gRNA)
and nontargeting lentivirus (Lv-CRISPR-eGFP) were pro-
duced and purified by Shanghai Hanbio (Shanghai, China).
Sequences for gRNAs targeting Nav1.6 gene were as fol-
lows: gRNA: 5′-CAAAGGCGGATGGCAGCCAC-3′. In
this study, the rats were assigned to four groups (n= 6 per
group): control, stress, stress with GFP (Lv-CRISPR-eGFP)
and stress with gRNA (Lv-CRISPR-eGFP-Scn8a-gRNA).
Lentiviral vector (2.1×106 TU) was microinjected into the
RVLM of SIHR on the fifth day of stress.

RNA isolation and quantitative real-time RT-PCR

Total RNA from the RVLM was extracted with Total RNA
extraction reagent (TaKaRa, Dalian, China). cDNA was
synthesized using High Capacity cDNA Reverse
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Transcription Kit (Applied Biosystems, ABI). Quantitative
real-time PCR was performed using Brilliant SYBR Green
QPCR Master Mix (TaKaRa, Japan). The specific primer
sequences for Nav1.6 were forward 5′-AGGATGTTAGCA
GCGAATCAGACC-3′ and reverse 5′-GGAGCTGGTATC
GTCCAGTTTATC-3′. The primers for reference gene were
as follows: beta-actin forward 5′-CGCGAGTACAACC
TTCTTGCAG-3′ and reverse 5′-TATCGTCATCCATGGC
GAACTGG-3′. Amplification and melting curves were
recorded using an ABI 7500 system (Bio-Rad, USA).

Western blot analysis

Total membrane protein extracted from RVLM homo-
genates with a ProteinExtTM Mammalian Membrane Pro-
tein Extraction Kit (TransGenBiotech, Beijing, China) was
used to analyze protein expression by western blot. Briefly,
proteins from RVLM were separated by 6% SDS-PAGE
and transferred onto PVDF membranes (0.45 μm; Millipore,
Billerica, USA). Membranes were placed in QuickBlock
Blocking Buffer for western blot (Beyotime, Beijing,
China) for 30 min to block nonspecific binding sites before
incubating overnight at 4 °C with primary antibody solu-
tion, and then 1 h at room temperature with secondary
antibody solution. The primary antiserum used for western
blot analysis included rabbit polyclonal antiserum to Nav1.6
(1:200; Abcam, Cambridge, UK), mouse polyclonal anti-
serum to GAPDH (1:1000; TransGenBiotech, Beijing
China), goat anti-rabbit IgG-HRP (1:10,000; Santa Cruz
Biotech, Santa Cruz, CA), and goat anti-mouse IgG-HRP
(1:10,000; Santa Cruz Biotech). Fluorescent signals were
detected using ECL detection reagents (WBKLS0050;
Millipore) with a fully automatic chemiluminescence image
analysis system (Tanon-5200; Tanon Science & Technol-
ogy, Shanghai, China).

Immunofluorescence

Rats were anesthetized with chloral hydrate and perfused
through the ascending aorta with 200 ml of heparinized
saline followed by 200 ml of freshly prepared 4% paraf-
ormaldehyde in 0.1 M phosphate-buffered saline (PBS, pH
7.4). Brain tissues were removed and post-fixed in the same
fixative for 12 h, then brain tissues were placed in 20%
sucrose at 4 °C until they sunk to the bottom. After that,
brain tissues were placed in 30% sucrose at 4 °C until they
sunk to the bottom. Frozen 20-μm coronal sections were cut
using a cryostat (Microm, Germany). First, sections were
incubated in 0.2 mg/ml pepsin (Biotech Well) at 37 °C for
10–15 min according to the procedure developed by Lor-
incz [15], and then washed three times with 0.01M PBS for
5 min. Sections were incubated for 30 min with 5% goat
serum in 0.01M PBS to block nonspecific binding sites,

and then sections were incubated with primary antibodies
overnight at 4 °C. The following day, sections were rinsed
with 0.01M PBS and incubated for 2 h with secondary
antibodies at room temperature. Finally, coverslips were
applied after sections were rinsed. The primary antiserum
used for immunofluorescence analysis included rabbit
polyclonal antiserum to Nav1.6 (1:300; Abcam), mouse
polyclonal antiserum to NeuN (1:400; Abcam), goat poly-
clonal antiserum to Iba1 (1:400; Abcam), mouse polyclonal
antiserum to GFAP (1:500; Abcam), donkey anti-rabbit IgG
H&L Alexa Fluor 555 (1:500; Abcam), donkey anti-goat
IgG H&L Alexa Fluor 488 (1:500; Abcam), and donkey
anti-mouse IgG H&L Alexa Fluor 594 (1:500; Abcam).

Tissue analysis

Confocal images were obtained using a laser scan confocal
fluorescence microscope (LSM710; Carl Zeiss, Jena, Ger-
many) and saved as 16-bit TIFF files. Images from identical
regions and layers of RVLM in control and SIHR (5, 10, and
15 days of stress) rats (n= 4–6 per group) were processed.
Images were integrated and processed to enhance contrast
using Nikon software (NS-Elements BR 4.2.00) with iden-
tical settings for different conditions. For quantification of
Nav1.6-immunoreactive (Nav1.6-ir) cells and colocalization
ratios between Nav1.6 and other cell markers in the RVLM,
sections including the RVLM were assigned to levels from
−12.00 to −12.48 mm from bregma according to Paxinos
[16]. The number of animals in each group is the same.
Colocalization ratios between Nav1.6 and other proteins
including NeuN, GFAP, and Iba1 in six continuous RVLM
sections were analyzed using Image-Pro Plus software 6.0.
Numbers of Nav1.6-ir cells were counted in a 300 μm× 300
μm grid laid over the GCC in six continuous sections using
Image-Pro Plus software 6.0 [17]. All data were collected by
an investigator blinded to the treatment of each group.

Statistical analysis

SPSS 22.0 was used for statistical analyses. Statistical
significance was assessed using one-way ANOVA followed
by a post hoc Least Significant Difference test. Correlations
were analyzed using Spearman’s correlation test. All values
are expressed as mean ± standard error of the mean, with a
level of 0.05 as a threshold for statistical significance.

Results

Effects of chronic stress on SBP and HR

Rats were stimulated for 2 h daily for 15 consecutive days.
Tail SBP and HR were measured in conscious rats after
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daily stress. Obvious behavioral and physiological changes
occurred in the SIHR group after the first 3–5 days of daily
stress induction. Compared with the control group, the
SIHR group exhibited increased anxiety in performance
tests and significantly increased SBP and HR (Fig. 1a, c);
however, animals in the SIHR group weighed less (Fig. 1b).
Thus, it appears that stress has a significant effect on blood
pressure, HR, and weight of rats. On the tenth day, SBP
exhibited its peak increase after stress (from 100 ± 5 mmHg
to 155 ± 8 mmHg; Fig. 1a), which was maintained over the
next few days of stress induction. Thus, the tenth day was a
very important day. It is noteworthy that the weight of rats
in the SIHR group was significantly lower than that in the
control group. Surprisingly, the weight of rats in the SIHR
group was increased after the 12th day of stress compared
with the control group (Fig. 1b). The SIHR group experi-
enced a significant increase in SBP, HR and slowed growth
for 15 consecutive days. These data supported the reliability
and accuracy of our SIHR model.

Dynamic expression of Nav1.6 in the RVLM of SIHR

Western blotting was performed to investigate Nav1.6
expression at protein level in SIHR and control group.
Nav1.6 protein levels were altered at numerous time points
including 5, 10, and 15 days after stress induction. A sig-
nificant difference in Nav1.6 expression in the RVLM was
observed between the SIHR and control group. Expression
of Nav1.6 protein was significantly higher in the SIHR group
on the 10th and 15th days compared with the control group
(Fig. 2a, b), with Nav1.6 protein levels within the RVLM
peaking on the tenth day of stress (Fig. 2b). One possible

explanation for this phenomenon is that the development of
SIH results from the activation of Nav1.6 in the RVLM.

Immunofluorescence experiments were used to reveal the
distribution and expression of Nav1.6 in the RVLM of
SIHR and control group. Numbers of Nav1.6-immunor-
eactive (ir) cells in the RVLM of the SIHR group on the
tenth day of stress was significantly higher than observed
for control group rats (Fig. 2c, d). A previous study revealed
that Nav1.6 immunoreactivity was located within the axonal
initial segment and nodes of Ranvier, but was very sparse in
the CPU and the cortex [18]. Interestingly, we observed the
similar results that Nav1.6 immumoreactivity (ir) is sparse
in the RVLM of control group rats, while in great amount in
the SIHR group.

Colocalization of increased Nav1.6 with NeuN in the
RVLM of SIHR

Double-immunofluorescence staining was used to ascertain
the type of neural cells in which Nav1.6 is localized. NeuN is
a prototypical marker for immunohistochemical identification
of neurons, while GFAP is a specific protein marker of
astrocytes, and Iba1 is considered to be a prototypical marker
of microglia. The RVLM is located at 1.2 mm lateral to the
midline, 5.3mm ventral to the dorsal surface of the brain, and
1.9mm caudal to lambda (Fig. 3a). In the SIHR group, a large
number of NeuN and Nav1.6 double-positive cells were
observed in the whole oblongata (Fig. 3b), and expression of
Nav1.6-positive neurons in the RVLM was significantly
increased compared with the control group (Fig. 3c).

Double-immunostaining demonstrated a steady increase
in the number of Nav1.6 and NeuN double-positive cells as

Fig. 1 Changes of systolic blood
pressure (SBP), heart rate (HR),
and weight between
normotensive (control) and
stress-induced hypertensive rat
(SIHR) group during the
observation period (0–15 days).
Compared with the control
group, the SIHR group exhibited
increased anxiety in
performance tests and
significantly increased SBP and
HR (Fig. 1a, c); however,
animals in the SIHR group
weighed less (Fig. 1b).
*P < 0.05, **P < 0.01 vs. control
group. Values represent mean
± standard error, n= 8.
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days of stress increased, reaching a peak at the tenth day
(Fig. 4a, b). We found that the number of NeuN-positive
soma exhibiting colocalization with Nav1.6 decreased with
increasing days of stress (Fig. 4a). Interestingly, in the
RVLM, increased colocalization of Nav1.6 with NeuN and
increased protein expression of Nav1.6 both positively
correlated with increased days of stress and changes in SPB.
In addition, we double-immunolabeled Nav1.6 with GFAP
and Iba1 in the RVLM of rats, and induced stress in these

animals for 10 days. Activation of microglia and astrocytes
was not observed in the RVLM at the tenth day (Fig. 5).

Changes of SBP and RSNA by microinjection of Nav
1.6 gRNA lentiviral vector in RVLM

Nav1.6 gRNA lentiviral vector and nontargeted lentiviral
vector (2.1×106 TU of purified vector) was microinjected to
RVLM of the SIHR on the fifth day of stress [19]. Western

Fig. 3 Colocalization of Nav1.6 (red) with NeuN (green) in the rostral
ventrolateral medulla (RVLM) of stress-induced hypertensive rat
(SIHR) and normotensive (control) group. a, b Representative

photomicrograph of the whole medulla oblongata in control and SIHR
group at the tenth day of stress. c Colabeling of Nav1.6 and NeuN is
indicated by yellow

Fig. 2 Western blot analysis of Nav1.6 expression in the rostral ven-
trolateral medulla (RVLM) of normotensive (control) and stress-
induced hypertensive rat (SIHR) group at different time points after
stress. a, b Optical band density analysis revealed that Nav1.6 protein
levels increased significantly at the 10th and 15th day after stress, and
reached a peak at the tenth day. Bars represent mean ± standard error.

*P < 0.05, vs. control group, n= 3. c, d Statistical analysis of the
number of Nav1.6-ir cells in the RVLM of control and SIHR group at
the tenth day of stress showed a significant increase in the number of
Nav1.6-ir cells in the RVLM of the SIHR group on the tenth day of
stress compared with the control group. Bars represent mean ± stan-
dard error. ***P < 0.001, vs. control group, n= 4
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blotting was performed to investigate Nav1.6 expression at
protein level in control group, SIHR, Stress+ Lv-CRISPR-
eGFP group and Stress+ Lv-CRISPR-gRNA group. Com-
pared with stress group, there was discernible difference in
Nav1.6 protein level of the SIHR, Stress+ Lv-CRISPR-
eGFP group and Stress+ Lv-CRISPR-gRNA group. How-
ever, Nav1.6 protein levels of Stress+ Lv-CRISPR-gRNA
group were significantly decreased than the SIHR and
Stress+ Lv-CRISPR-eGFP group, but still higher than the
control group (Fig. 6a, b).

Level of SBP, HR, and RSNA began to significantly
increase after 10 days of daily stress induction (Fig. 7a−c).
The microinjection of Lv-CRISPR-eGFP to RVLM of the
SIHR did not affect the level of SBP and RSNA compared
with the stress group. The level of SBP, HR, and RSNA
was significantly decreased in the Stress+ Lv-CRISPR-
gRNA group by microinjection of Lv-CRISPR-gRNA than
the SIHR and Stress+ Lv-CRISPR-eGFP group, but still
higher than the control group (Fig. 7a−c).

Discussion

In this study, protein expression of the VGSC subtype
Nav1.6 was significantly increased in the RVLM of the
SIHR group, reaching its highest level at the tenth day of

stress. Moreover, the majority of Nav1.6-ir was located in
neurons rather than astrocytes or microglia. Furthermore,
SBP levels and numbers of Nav1.6-ir cells were dynami-
cally altered with continued daily induction of stress. A
remarkable increase in Nav1.6 expression was observed on
the tenth day of stress, the same time SBP reaches its
highest level. The level of RSNA was significantly
increased after 10 days of stress induction than the control
group. Compared with the SIHR, knockdown of Nav1.6 in
RVLM of the SIHR decreased the level of SBP, HR, and
RSNA. Our results demonstrate that Nav1.6 expression in
RVLM neurons contributes to the development of SIH, a
feature that has not been previously reported.

Previous studies have reported that stress is a state of
physical and mental tension that occurs because of various
unexpected demanding factors and/or circumstances [2].
Stress causes depression with increasing SBP and sympa-
thetic activity, which leads to increased appetite for food
intake, resulting in the increased body weight [20, 21]. In
previous studies, we used a stressor apparatus consisting of
electric foot-shocks combined with noise, which resulted in
elevated SBP and HR associated with SIH [12, 22, 23].
Activation of sympathetic neural pathways plays a key role
in mediating cardiovascular diseases such as acute and
chronic SIH [19, 22, 23]. The RVLM is the major location
for maintenance of sympathetic vasomotor activity by

Fig. 4 Changes of Nav1.6-ir cells colocalized with NeuN in the rostral
ventrolateral medulla (RVLM) of rats during consecutive days of
stress. a Colocalization of Nav1.6 (red) with NeuN (green) in the
RVLM at different time points after stress in stress-induced hyper-
tensive rat (SIHR) and normotensive (control) group. b Quantitative
analysis of numbers of Nav1.6-immunoreactive (ir) cells colocalized

with NeuN. Note a remarkable increase in Nav1.6-ir cells within the
RVLM on the 5th, 10th, and 15th day after stress, ***P < 0.001. The
rate of colocalization of Nav1.6-ir with NeuN is higher on the tenth
day after stress than at other time points, #P < 0.05, n= 4. Bars
represent mean ± standard error
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premotor neurons [24]. Increased sympathetic tone from
RVLM outflow to the peripheral vasculature contributes to
neural mechanisms of hypertension [25].

Baroreflex suppression is the key factor to induce a series
of physiological changes, and repetitive psychogenic stress,
obesity, or high sodium intake can lead to increased sym-
pathetic activity [26]. Evidences from various studies

suggested that the slowing down of HR was due to the
inhibitory effect of baroreflex when blood pressure rises.
Baroreflex dysfunction is an important and common char-
acteristic of arterial hypertension, closely related to sym-
pathetic hyperactivity and activation of tissue and plasma
renin-angiotensin systems [27–29]. Therefore, we think that
baroreflex should be worsened in SIH.

Fig. 5 Colocalization of Nav1.6 (red) with Iba1 (green) and GFAP (green) in the rostral ventrolateral medulla (RVLM) of normotensive (control)
rats and stress-induced hypertensive rat (SIHR) group at the tenth day of stress. a, b Nav1.6 is seldom coexpressed with the microglia marker Iba1
or astrocyte marker GFAP
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Prior investigations have demonstrated the importance of
VGSCs for controlling the spread of action potentials and
neuronal excitability. Increased expression of Nav1.6
results in the polarization of neuronal membrane potential,
which induces overactivation of neurotransmitters (such

as glutamate) and synaptic transmission [7, 8, 30].
Nav1.6 plays a key role in determining neuronal excitability
within the nervous system; neuronal network hyperexcit-
ability and spontaneous epileptiform activity arise from
nervous system dysfunction in epilepsy [11]. Our present

Fig. 6 Western blot analysis of Nav1.6 expression in the rostral ven-
trolateral medulla (RVLM) of different group. a, b Optical band
density analysis revealed that Nav1.6 protein levels increased sig-
nificantly at stress-induced hypertensive rat (SIHR) group at the tenth
day of stress, Stress+ Lv-CRISPR-eGFP group and Stress+ Lv-
CRISPR-gRNA group. However, the expression levels of Nav1.6

channel were significantly reduced in the Stress+ Lv-CRISPR-gRNA
group compared with the SIHR group at the tenth day of stress and the
Stress+ Lv-CRISPR-eGFP group. Bars represent mean ± standard
error. ***P < 0.001, *P < 0.05, vs. control group, #P < 0.05, vs. SIHR
group and Stress+ Lv-CRISPR-eGFP group, n= 3

Fig. 7 Cardiovascular changes in the Stress+ Lv-CRISPR-gRNA
group with control group, the stress-induced hypertensive rat (SIHR)
group at the tenth day of stress and the Stress+ Lv-CRISPR-eGFP
group. a−c Representative original tracings of SBP, HR, and RSNA in
four groups. Maximum and background noise levels of RSNA were
measured after rats were euthanized. The level of SBP, HR, and RSNA

was remarkably decreased in the Stress+ Lv-CRISPR-gRNA group
compared with the SIHR group at the tenth day of stress and the Stress
+ Lv-CRISPR-eGFP group, but still higher than the control group.
**P < 0.01, vs. control group, #P < 0.05, vs. SIHR group at the tenth
day of stress and the Stress+ Lv-CRISPR-eGFP group, n= 3. Bars
represent mean ± standard error
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study shows low levels of Nav1.6 expression in RVLM
neurons in the control group rats and high expression in
the SIHR group. In addition, an important role of Nav1.6
has been reported in sympathetic sprouting and sensory
nerve activation [31]. Thus, excessive sympathetic activa-
tion by increased Nav1.6 expression in RVLM neurons may
contribute to the development of SIH, as a result of nervous
system dysfunction.

In addition, Nav1.6 is considered to be an important
VGSC for its role in transferring action potentials, as neu-
rons express Nav1.6. However, the limitation of prior stu-
dies is that the relationship between excessive Nav1.6
activation and SIH was not investigated. Previous reports
suggest that the opening of VGSCs in response to increased
intracellular Na+ levels can increase the volume of Ca2+

because the Na+/Ca2+ exchanger operates in reverse [32].
Excess import of Na+ leads to neuronal activation, while
increased Ca2+ induces a cascade of reactions that can
damage and/or induce necrosis of nerve cells [33]. Our prior
study demonstrated that neuronal damage or necrosis results
in inflammation, which induced microglia dysfunction.
Functionally degenerative microglia are unable to remove
damaged neurons, resulting in sympathetic overactivity
in SIH [19].

Dampney et al. have demonstrated that baroreceptor
afferent fibers terminate within the nucleus tractus solitarius
(NTS) and excite second-order neurons via a glutamatergic
synapse. The sympathoexcitatory neurons in RVLM
are activated by receiving baroreceptor signals from NTS.
Sympathetic-adrenal medulla system is activated and the
level of RSNA increases. The changes of RSNA from
kidney project back to the RVLM and initiate a vicious
circle [2, 24]. Our present study shows decreased levels
of SBP and RSNA by knocking down the Nav1.6 in
RVLM in the SIHR group. Thus, Nav1.6 may act as a key
factor regulating neuronal hyperexcitability in the RVLM
and contribute to the development of SIH.

Conclusion

The present study shows that Nav1.6 expression at protein
level was significantly increased in RVLM neurons
after stress induction compared to the control group; a
dynamic, prominent increase of Nav1.6 immunoreactivity
in neurons was observed in RVLM of SIHR. Furthermore,
the upregulation of Nav1.6 expressed in RVLM neurons
was strongly correlated with the SBP after stress induction.
Furthermore, compared with the control group, the level
of SBP and RSNA was decreased by knocking down
the Nav1.6 in RVLM in the SIHR group. These
findings suggest that Nav1.6 expression in RVLM
neurons may contribute to the development of SIH.

Further investigation will be performed to clarify the role
of Nav1.6 expressed in different kind of neurons in RVLM
in response to SIH.
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