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Abstract
Voltage-gated sodium (Nav) channels are responsible for initiation and propagation of action
potential in the neurons. To explore the mechanisms for chronic heart failure (CHF)-induced
baroreflex dysfunction, we measured the expression and current density of Nav channel subunits
(Nav1.7, Nav1.8, and Nav1.9) in the aortic baroreceptor neurons and investigated the role of Nav
channels on aortic baroreceptor neuron excitability and baroreflex sensitivity in sham and CHF
rats. CHF was induced by left coronary artery ligation. The development of CHF (6–8 weeks after
the coronary ligation) was confirmed by hemodynamic and morphological characteristics.
Immunofluorescent data indicated that Nav1.7 was expressed in A-type (myelinated) and C-type
(unmyelinated) nodose neurons but Nav1.8 and Nav1.9 were expressed only in C-type nodose
neurons. Real-time RT-PCR and western blot data showed that CHF reduced mRNA and protein
expression levels of Nav channels in nodose neurons. In addition, using the whole cell patch-
clamp technique, we found that Nav current density and cell excitability of the aortic baroreceptor
neurons were lower in CHF rats than that in sham rats. Aortic baroreflex sensitivity was blunted in
anesthetized CHF rats, compared with that in sham rats. Furthermore, Nav channel activator
(rATX II, 100 nM) significantly enhanced Nav current density and cell excitability of aortic
baroreceptor neurons and improved aortic baroreflex sensitivity in CHF rats. These results suggest
that reduced expression and activation of the Nav channels is involved in the attenuation of
baroreceptor neuron excitability, which subsequently contributes to the impairment of baroreflex
in CHF state.

Keywords
Aortic baroreceptor neuron; Baroreflex; Heart failure; Sodium channel

Chronic heart failure (CHF) affects over 5 million Americans with 660,000 new cases
diagnosed each year (Rosamond et al., 2008). CHF patients are susceptible to ventricular
arrhythmias and ventricular fibrillation, which serve as principal underlying causes of
sudden cardiac death (Obias-Manno and Wijetunga, 2004). Loss of baroreceptor reflex
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sensitivity is thought to mediate the decreased heart rate variability (Binkley et al., 1991),
which is a predictive risk factor for ventricular arrhythmia and sudden cardiac death (Kleiger
et al., 1987). A blunted baroreflex sensitivity is observed in CHF patients and animals
(Creager and Creager, 1994; Floras, 1993; Frenneaux, 2004; Pinna et al., 2005;
Ruttanaumpawan et al., 2008; White, 1981).

Arterial baroreflex is a homeostasic mechanism that alters heart rate and blood pressure in
response to changes in arterial wall tension detected by mechanosensory nerve terminals in
the carotid sinus and aortic arch. The arterial baroreflex includes an afferent limb
(baroreceptor neurons), a central neural component, and autonomic neuroeffector
components. Central autonomic pathways that mediate the baroreflex are altered and
contribute to impaired baroreflex function in CHF(Zucker et al., 1995; Zucker and Liu,
2000). However, a primary defect in the reflex pathway lies with a reduced sensitivity of the
baroreceptor afferent fibers (Dibner-Dunlap and Thames, 1989; Rondon et al., 2006; Wang
et al., 1990; Wang et al., 1991a; Wang et al., 1991b). Indeed, a recent study indicates that
chronic baroreceptor afferent activation enhances the survival rate in dogs with pacing-
induced HF (Zucker et al., 2007). Although blunted impulse activity of baroreflex afferents
is involved in the blunted baroreflex sensitivity in CHF patients and animals, the
mechanism(s) that impair baro-afferent input are still unclear.

Action potentials (electrical impulses) in the aortic baroreceptors (AB) are determined by
the voltage-gated sodium (Nav) channels because the Nav channels are responsible for the
initiation and propagation of action potentials in the neurons including primary
viscerosensory neurons (Ritter et al., 2009; Yu and Catterall, 2003). Until now, nine α
subunits (Nav1.1-Nav1.9) of the Nav channels have been functionally characterized and have
also been separated by their sensitivity to tetrodotoxin (TTX) into the low activation
threshold, fast activating, and inactivating TTX-sensitive (TTX-s) Nav channels (Nav 1.1,
Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.7) and the high activation threshold, slow
activating, and inactivating TTX-resistant (TTX-r) Nav channels (Nav1.5, Nav1.8, and
Nav1.9) (Catterall et al., 2005; Waxman et al., 1999; Yu and Catterall, 2003). Each Nav
channel subunit has a particular tissue localization, consistent with a distinct role for each
Nav channel subunit in mammalian physiology (Yu and Catterall, 2003). Nav1.7 (TTX-s),
Nav1.8 (TTX-r), and Nav1.9 (TTX-r) are abundantly expressed in the primary sensory
neurons such as the nodose ganglion (NG) neurons (Baker and Wood, 2001; Cummins et al.,
2007; Kwong et al., 2008; Waxman et al., 1999).

It has been shown that intravenous administration of Nav channel enhancer restores impaired
baroreflex sensitivity in conscious dog with CHF (Shen et al., 2005). relatively little else is
known about the role of Nav channels in determining the activity of the baroreceptor
neurons and arterial baroreflex, especially in the CHF state although some studies have
investigated the role of Nav channels in the genesis of the action potential and neuronal
discharge in primary sensory neurons (Matsutomi et al., 2006; Patrick and Waxman, 2007;
Schild et al., 1994; Schild and Kunze, 1997; Yoshida, 1994). We hypothesize that CHF
reduces the expression and activation of Nav channels in the AB neurons. Therefore, our
goal in this study was to compare the expression and electrophysiological characteristics of
the Nav channels (Nav1.7, Nav1.8, and Nav1.9) in the AB neurons from sham rats with that
from CHF rats, and to determine whether the Nav channel dysfunction mediates the blunted
arterial baroreflex through attenuating the cell excitability of AB neurons.

MATERIALS AND METHODS
All experimental procedures were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee and were carried out in accordance with the
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National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the American
Physiological Society’s Guides for the Care and Use of Laboratory Animals.

CHF animal model
Male Sprague-Dawley rats weighing 180–200 g (6–8 week old) were assigned randomly to
one of two groups: CHF (n=44) and sham (n=45). The CHF rats were anesthetized with
isoflourane at 2% for surgical ligation of the left coronary artery, just below its exit from the
aorta, between the pulmonary artery outflow tract and left atrium. Sham rats underwent the
same surgery but the coronary artery was not tied, consistent with the procedure used by
other laboratories (Zheng et al., 2006; Zhu et al., 2004). All animals were anesthetized with
isoflourane at 2% and cardiac function was measured by echocardiography (VEVO 770,
Visual Sonics, Inc) 6–8 wk after coronary ligation or sham operation. In addition, on the day
of the terminal experiment, rat was anesthetized with a combination of urethane (800 mg.kg
−1, I.P.) and chloralose (80 mg.kg−1, I.P.), and a Millar pressure transducer (SPR 524; size, 3.5-
Fr; Millar Instruments, Houston, TX) was advanced through the carotid artery into the left
ventricle (LV) to determine LV end-diastolic pressure (LVEDP) and LV systolic pressure.
Then in one part of experiments, aortic baroreflex sensitivity was measured (see below). In
other part of experiments, both NGs in each rat were acutely removed for
immunofluorescent staining, molecular and electrophysiological measurements (see details
below). Finally the hearts of all rats were removed and the ratio of infarct area to whole LV
minus septum was measured.

Real time RT-PCR measurement of Nav channel mRNA
Total RNA of NGs was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA). After
extraction of mRNA, samples underwent reverse transcription (RT) for 40 min at 37°C in
the presence of 1.5 µM of random hexamers and 100 units of MMLV-RTase. Real time RT-
PCR measurements were carried out using the PTC-200 Peltier Thermal Cycler with
CHROMO 4 Continuous Fluorescence Detector (Bio-Rad). The protocol consisted of
denaturation (94°C for 10 min), amplification and quantification repeated 35 cycles (94°C
for 15 s, 56°C for 20 s, and 94°C for 20 s). The reaction mixture consisted of SYBR Green
Supermix (Bio-Rad), DEPC-treated H2O, the cDNA template of interest, and the primers
and probe. The design of primers and probes based on the cDNA sequences of rat Nav
channel subunits (Nav1.7, Nav1.8 and Nav1.9) with RPL19 as an internal control (Table 2);
and these primers and probes were synthesized in the Eppley DNA Synthesis Core Facility
on the campus of the University of Nebraska Medical Center. For quantification, the target
genes were normalized by the housekeeping gene RPL19. The data were analyzed by the
2−ΔΔCt method (Livak and Schmittgen, 2001).

Western blot measurement of Nav channel protein
NGs were rapidly removed, immediately frozen in liquid nitrogen, and stored at −80°C until
analyzed. Homogenates were prepared from the NG samples and the proteins were extracted
with a lysing buffer (10 mM Tris, 1 mM EDTA, 1% SDS; pH 7.4) plus protease inhibitor
cocktail (100 µl ml−1, Sigma). After centrifugation at 12,000 g for 20 min at 4°C, the
protein concentration in the supernatant was determined using a bicinchoninic acid protein
assay kit (Pierce, Rockford, IL). The protein samples were mixed with the same volume of
the loading buffer and heated at 100°C for 5 min. Equal amounts of the protein samples
were loaded and then separated on a 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide
gel. The proteins of these samples were electrophoretically transferred at 300 mA for 1.5 h
onto PVDF membranes. The membranes were blocked with 5% non-fat milk in tris-buffered
saline-tween 20, and probed at room temperature with rabbit primary antibodies against Nav
channel subunits (Alomone labs), respectively. After washing, the membranes were
incubated for 1 h with peroxidase-conjugated goat anti-rabbit secondary antibody (Pierce
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Chemical, Rockford, IL). The signal was detected using enhanced chemiluminescence
substrate (Pierce Chemical, Rockford, IL) and the bands were analyzed using UVP
bioimaging system. The blot was reprobed with mouse anti-GADPH antibody (Santa Cruz),
allowing normalization of target protein intensity to that of GADPH.

Immunofluorescent staining for Nav channel protein
Immunofluorescent staining was taken in sham (n=7) and CHF (n=7) rats. Each rat was
perfused transcardially with 50 ml heparinized saline followed by 150 ml of freshly prepared
4% paraformaldehyde in 0.1 M PBS. Both NGs in each rat were rapidly removed and
postfixed in 4% paraformaldehyde in 0.1 M PBS for 12 h at 4°C, followed by soaking the
NGs in 30% sucrose for 12 h at 4°C for cryostat protection. Each NG was serially cut into
10 µM-thick cross sections and then mounted on precoated glass slides for
immunofluorescent staining.

Experiment 1: In order to determine the population and distribution of A-type and C-type
neurons in the NGs from sham and CHF rats, the NG cross sections were incubated with
10% goat serum for 1 h followed by incubation with mouse anti-RT 97 antibody [an A-type
neuron marker (Perry et al., 1991), Abcam, Cambridge, MA, USA] overnight at 4°C. Then
the sections were washed with PBS and incubated with fluorescence-conjugated secondary
antibody (Santa Cruz, CA), Alexa FluorR 488 conjugated isolectin-B4 [IB4, a C-type
neuron marker (Wang et al., 1994), Invitrogen, CA], and DAPI (a nucleus marker, Santa
Cruz, CA) for 1 h at room temperature. After 3 washes with PBS, slides were observed
under a Leica fluorescent microscope with corresponding filters. Pictures were captured by a
digital camera system. No staining was seen when PBS was used instead of the primary
antibody in the above procedure. Since the slices were 10 µM thick, and the NG neuron
soma ranged about 20–50 µM, a same neuron could be double-counted. Therefore, we
skipped 7 slices every count to avoid this miscount.

Experiment 2: In order to identify the localization of Nav channels, the colocalization of
Nav1.7, Nav1.8, or Nav1.9 channel subunit and RT-97 or IB4 were measured using the same
procedure in experiment 1. No staining was seen when PBS was used instead of the primary
antibodies or when the mixture of Nav channel antibodies (Alomone labs, Jerusalem, Israel)
and appropriate control antigen (Alomone labs, Jerusalem, Israel) was added in the above
procedure.

Labeling of AB neurons and isolation of NG neurons
AB neurons in the NGs were selectively retrograde-labeled by a transported fluorescent dye,
DiI (red color, Molecular Probes, Eugene. OR) as described previously (Li et al., 2008; Li et
al., 1997). Briefly, under sterile condition, rats were anesthetized with isoflourane at 2% for
a thoracotomy at the 3rd intercostal space, and DiI (2 µl) was injected into the adventitia of
the aortic arch with a fine-tipped glass pipette. After the application of the dye, the surgical
incision was closed. After a one-week recovery period to allow the dye to diffuse to the AB
neurons in the NGs, the NG neurons were isolated by two-step enzymatic digestion protocol
(Li et al., 2008). The isolated cells were resuspended in culture medium and plated onto
culture wells. The culture medium consisted of a 50/50 mixture of Delbecco’s modified
Eagle’s medium (DMEM) and Ham’s F12 medium supplemented with antibiotics and 10%
fetal bovine serum. The NG cells were cultured at 37°C in a humidified atmosphere of 95%
air-5% CO2 for 4–24 h before the patch clamp experiments.

Recording of Nav currents and action potential
Only DiI-labeled NG neurons (AB neurons) were selected for the recording of Nav currents
and action potential. Nav currents and action potential were recorded by the whole cell
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patch-clamp technique using Axopatch 200B patch-clamp amplifier (Axon Instruments,
Inc).

In the voltage-clamp experiments, resistance of the patch pipette was 1–3 MΩ when filled
with the following solution (in mM): 105 CsCl, 25 TEA, 1 CaCl2, 10 HEPES, 10 EGTA, 5
MgATP, and 25 glucose (pH 7.3; 320 mosm L−1). The extracellular solution consisted of (in
mM): 70 NaCl, 10 CsCl, 60 choline-Cl, 0.1 CdCl2, 10 TEA, 4 MgCl2, 10 HEPES, and 10
glucose (pH 7.4; 330 mosm L−1). 70 mM Na+ in extracellular solution was used because
normal extracellular Na+ (140 mM) is sufficiently large to saturate the patch clamp amplifier
(Ikeda et al., 1986). Series resistance of 5–13 MΩ was electronically compensated 30–80%.
Junction potential was calculated to be +9.9 mV using pCLAMP 10.2 software and all
values of membrane potential given throughout were corrected using this value. Current
traces were sampled at 10 kHz and filtered at 5 kHz. The holding potential was −100 mV
and current-voltage (I-V) relationships were elicited by 10 mV step increments to potentials
between −90 and 40 mV for 40 ms. Peak currents were measured for each test potential and
current density was calculated by dividing peak current by cell membrane capacitance (Cm).
In order to separate TTX-s and TTX-r, the cell was exposed to 1 µM TTX in the
extracellular bath and the test protocol was repeated. The Nav current inhibited by TTX was
defined as TTX-s and the remaining Nav current as TTX-r.

The following procedures were used to isolate Nav1.8 from Nav1.9 in TTX-r currents
(Kwong et al., 2008). The patch pipette solution was composed of (in mM): 140 CsF, 10
NaCl, 10 HEPES, 10 EGTA and 2 MgATP (pH 7.3; 320 mosm L−1). The bath solution was
composed of (in mM): 70 NaCl, 10 CsCl, 60 choline-Cl, 0.1 CdCl2, 10 TEA, 4 MgCl2, 10
HEPES and 10 glucose (pH 7.4; 330 mosm L−1). Total TTX-r currents were recorded with
80 ms voltage steps from −90 mV to 40 mV from a resting potential of −100 mV in the
presence of 1 µM TTX. To isolate the Nav1.8 current, the same voltage protocol was used
but with a prepulse of −50 mV for 500 ms prior to the voltage steps for inhibiting Nav1.9
current. Subtraction of the Nav1.8 current from the total TTX-r Nav current yielded the
Nav1.9 current.

In the current-clamp experiments, action potential was recorded at current injection of 10–
350 pA. The patch pipette solution was composed of (in mM): 145 K-aspartate, 5 NaCl, 1.95
CaCl2, 5 HEPES, 2.2 EGTA, 2 MgCl2, and 10 glucose (pH 7.3; 320 mosm L−1). The bath
solution was composed of (in mM): 137 NaCl, 5.4 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES and
10 glucose (pH 7.4; 330 mosm L−1) (Li et al., 2008). P-clamp 10.2 program (Axon
Instruments) was used for data acquisition and analysis. All experiments were done at room
temperature.

Recording of aortic baroreflex sensitivity (Fan and Andresen, 1998)
The rat is a useful animal model for the study of baroreflex sensitivity because rat aortic
depressor nerve contains only baroreceptor afferent fibers and no chemoreceptor afferent
fibers to transmit the chemoreceptor information (Fan et al., 1996; Kobayashi et al., 1999;
Sapru et al., 1981; Sapru and Krieger, 1977).

Rat was anesthetized with a combination of urethane (800 mg kg−1, I.P.) and chloralose (80
mg kg−1, I.P.), with supplements of chloralose (10 mg kg−1, I.P.) per 2 h. After a ventral
midline incision was made in the neck, the trachea was cannulated, and rat breathed
spontaneously. Catheters were implanted into the femoral artery and vein for arterial blood
pressure and heart rate measurements and drug administration, respectively. The blood
pressure and heart rate were recorded by LabChart 6 (ADInstruments, Colorado Springs,
CO).
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A 3–5 mm segment of the left aortic depressor nerve was isolated near its junction with the
superior laryngeal nerve. The nerve was placed on the stimulating electrodes (bipolar) and
covered with mineral oil. All other nerves were intact. Unilateral aortic depressor nerve
stimulation was imposed using 10 s of constant-frequency stimulation with 0.1 ms pulse
duration and intensity of 18 V, 1–10 Hz (activating C-type) and 10–100 Hz (activating A-
and C-type) (Fan and Andresen, 1998). Reflex changes in blood pressure and heart rate
related to different stimulating parameters were used as the indices of baroreflex sensitivity
for the A- and C-type baroreflex. The effect of Nav channel activator (rATX II) on the
baroreflex sensitivity was measured after rATX II (100 nM, 50 nl) was microinjected into
NG using a glass micropipette connected to a microinfusion pump (Picospritzer II).

Materials
rATX (Alomone labs) was dissolved in distilled water. We chose the effective concentration
of rATX (100 nM, closing to the EC50) in the present study, which was measured in our
preliminary experiment for enhancing Nav currents.

Data analysis
All data are presented as means ± SE. SigmaStat 3.5 was used for data analysis. Statistical
significance was determined by student’s unpaired t test for hemodynamic and
morphological characteristics, and expression of Nav channel subunits. A two-way ANOVA,
with a Bonferroni procedure for post hoc was used in comparisons of Nav currents, action
potential, and aortic baroreflex sensitivity. All data were confirmed by the Kolmogorov-
Smirnov test to fit reasonably within normal distribution and equal variance was confirmed
by the Levene test. Statistical significance was accepted when p<0.05. A power analysis was
conducted to assess whether the sample size was sufficient to ensure p<0.05.

RESULTS
Hemodynamic and morphological characteristics of sham and CHF rats

Table 1 summarizes the hemodynamic and morphological characteristics of sham and CHF
rats. In the CHF rats, a gross examination revealed a dense scar in the arterior ventricular
wall and the mean infarct size was 38.1 ± 2.7% of the left ventricular area. In addition, the
heart weight and lung weight-to-body weight ratios were significantly higher in CHF rats
than that in sham-operated rats, suggesting cardiac hypertrophy and substantial pulmonary
congestion in the CHF state. Left ventricular end diastolic pressure was significantly
elevated and LV dP/dtmax was decreased in the CHF rats compared with sham rats.
Fractional shortening and ejection fraction were attenuated in CHF rats, indicating the
development of CHF. However, there were no significant differences in the arterial blood
pressure and heart rate between sham and CHF rats.

Population and distribution of A-type and C-type neurons in the NGs from sham and CHF
rats

Number of NG neurons and ratio of A-type/C-type neurons in the cross-sectional area of the
NGs in sham and CHF rats were measured by the A-type and C-type neuron markers (RT-97
and IB4). We found that there was no co-localization for RT-97 and IB4, and all nuclei of
the NG neurons (DAPI, a nucleus marker) nearly merged with the staining of RT-97 plus
IB4 (Fig. 1A). These data indicate that it is feasible for using RT-97 and IB4 to separate A-
type and C-type neurons in the NGs.

The total neuron number and ratio of A-type/C-type neurons were calculated in 16 slices
from 4 rats for each group. There is no difference in either total neuron number of nodose
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neurons (55 ± 6 cells/slice in sham rats and 57 ± 7 cells/slice in CHF rats; p>0.05) or the
ratio of A-type/C-type neurons (Fig. 1B) in the NGs between sham and CHF rats.

mRNA and protein expression levels of Nav channel subunits in NGs from sham and CHF
rats

Using real time RT-PCR and western blot analyses, we observed that the mRNA and protein
expression levels of Nav channel subunits (Nav1.7, Nav1.8, and Nav1.9) were lower in NGs
from CHF rats than that from sham rats (Figs. 2 and 3A, p<0.05 vs. sham rats). From
immunofluorescent double-staining data, we additionally found that in the sham animals, A-
type and C-type NG neurons labeled for the Nav1.7 subunit (Figure 3B), whereas only C-
type NG neurons labeled for the Nav1.8 and Nav1.9 subunits (Figure 3C and 3D). In the
CHF rats, the protein expression of Nav1.7, Nav1.8, and Nav1.9 subunits in the NG was
lowered, compared to the sham rats (Fig. 3B–D).

Nav currents in A- and C-type AB neurons in sham and CHF rats
Nav currents were recorded in the AB neurons selectively labeled by DiI (Fig. 4A). The AB
neurons were separated into A-type and C-type neurons by their sensitivity to TTX (Schild
and Kunze, 1997).

In the A-type AB neurons, Nav current was completely blocked by 1 µM TTX in sham and
CHF rats, which was named as TTX-s Nav current (Figure 4B). There was no significant
difference in whole cell Cm of the A-type AB neurons between sham and CHF rats (49.8 ±
1.3 vs. 51.6 ± 1.5 pF, n=17 cells from 10 sham or 9 CHF rats). Whole-cell Nav current
density (pA/pF) in the A-type AB neurons from CHF rats was smaller than that from sham
rats (Fig. 4B–D). A Nav channel activator (rATX II, 100 nM) partially increased Nav current
density in the A-type AB neurons from CHF rats (Fig. 4D).

In the C-type AB neurons, Nav current was partially decreased by 1 µM TTX in sham and
CHF rats, in which the Nav current inhibited by TTX was defined as TTX-s Nav current and
the remaining Nav current as TTX-r Nav current (Fig. 5A). Furthermore, TTX-r Nav current
was separated into Nav1.8 and Nav1.9 currents by the electrophysiological method (see
detail in Methods). There was no significant difference in whole cell Cm of the C-type
baroreceptor neurons between sham and CHF rats (37.7 ± 0.8 vs. 38.6 ± 0.9 pF, n=18 cells
from 10 sham or 10 CHF rats, p>0.05). All components (Nav1.7, Nav1.8, and Nav1.9) of
Nav current density were lowered in the C-type AB neurons from CHF rats, compared with
that from sham rats (Fig. 5B–D). rATX II (100 nM) markedly enhanced Nav current density
(including Nav1.7, Nav1.8, and Nav1.9) in the C-type AB neurons from CHF rats. However,
Nav current density was not recovered to the level seen in sham rats (Fig. 5D).

rATX (100 nM) also increased Nav current density in the A- and C-type AB neurons from
sham rats (data not shown).

Cell excitability in A- and C-type AB neurons from sham and CHF rats
Using the ramp current-clamp, we measured current-threshold for inducing action potential.
We found that the current-threshold in the A-type AB neurons (31.6 ± 5.8 pA) was different
from that in the C-type AB neurons (163.6 ± 13.6 pA) from sham rats. In the CHF rats, the
current-threshold in A- and C-type AB neurons was increased (48.7 ± 7.8 and 290 ± 15.6
pA, p<0.05, Fig. 6D), compared with that from sham rats.

The number of action potentials was measured in current-clamp (1-sec, 50 pA for A-type
neurons and 300 pA for C-type neurons). CHF significantly reduced the number of action
potentials in the A- and C-type AB neurons (Fig. 6A–C).
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Treatment of rATX (100 nM) markedly decreased the current-threshold, and increased
action potential frequency in the A- and C-type AB neurons from CHF rats (Fig. 6C and 5D)
and sham rats (data not shown).

Aortic baroreflex sensitivity in sham and CHF rats
Reflex changes in blood pressure and heart rate related to different electrical stimulation of
aortic depressor nerve were used as the indices of aortic baroreflex sensitivity. Reflex
decreases in blood pressure and heart rate evoked by unilateral steady-frequency aortic
depressor nerve stimulation were blunted in anesthetized CHF rats, compared with that in
sham rats. Local application of rATX II (100 nM) to the NG enhanced the responses of
blood pressure and heart rate to aortic depressor nerve stimulation in CHF and sham rats
(Fig. 7). However, local injection of vehicle into the NG did not affect the aortic baroreflex
sensitivity in sham and CHF rats.

DISCUSSION
This is the first study to assess the role of Nav channels in the AB neuron excitability and
baroreflex sensitivity in CHF state. The present study showed that: (1) expression of Nav
channel mRNA and protein was lower in the NGs from CHF rats than that from sham rats.
(2) Nav current density and cell excitability were reduced in A- and C-type AB neurons from
CHF rats, compared with that from sham rats; (3) CHF attenuated the aortic baroreflex
sensitivity; (4) Nav channel activator (rATX II) significantly enhanced the Nav current
density and cell excitability of AB neurons, and improved the baroreflex sensitivity in CHF
rats. These results suggest that CHF-induced low expression and hypoactivation of Nav
channels mediate the depressed AB neuron excitability and subsequently contribute to the
blunted aortic baroreflex sensitivity.

Morphological study has demonstrated that there is no difference in total fiber density, A-
type fiber density, C-type fiber density, and ratio of A-/C-type fiber density in carotid sinus
nerve between sham and CHF dogs (Wang et al., 1996). Our present study also suggests that
there is no change in either total neuron number or the ratio of A-type/C-type neurons in the
NGs from CHF rats, compared with those in sham rats. These results provide the important
information that the depressed baroreflex in CHF might be not due to the structural changes
in the AB neurons but most likely reflect functional changes at the cellular and molecular
levels.

In general, the sodium channels in primary afferent neurons can be separated into TTX-s and
TTX-r Nav channels. In the dorsal root ganglia, only the TTX-s Nav channels carry the Nav
currents in larger diameter low-threshold mechano-sensitive neurons, whereas the TTX-s
and TTX-r Nav channels are expressed in smaller diameter nociceptive neurons (Arbuckle
and Docherty, 1995; Caffrey et al., 1992; Tate et al., 1998). In the present study, we sought
to measure whether the three Nav channel subunits (Nav1.7, Nav1.8, and Nav1.9) mainly
expressed in the NG (Kwong et al., 2008) were also differentially distributed in the A-type
and C-type NG neurons. The immunofluorescent double-staining is a unique tool to qualify
the protein colocalization although it is not reliable enough to perform a quantitative
measurement. The results from immunofluorescent and electrophysiological observations
indicate that TTX-s Nav channels (Nav1.7) are expressed in A-type and C-type NG neurons
but TTX-r Nav channels (Nav1.8 and Nav1.9) are located only in C-type NG neurons. More
importantly, CHF significantly decreased the mRNA and protein expression levels of three
Nav channel subunits (Figs. 2 and 3) and subsequently blunted the Nav currents in the AB
afferent neurons (Figs. 4 and 5).
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The mechanisms responsible for mediating afferent sensitivity of barosensitive neurons to
pressure are complex and not thoroughly understood. The process of translating changes in
arterial wall tension into impulse traffic to the nucleus tractus solitarii (the first site of
baroreceptor neuron contacting with central nervous system) involves two broad functional
steps: 1) mechanotransduction which is governed by the properties of mechanosensitive ion
channels in the nerve terminal and the mechanical properties of the coupling of the arterial
wall to the sensory terminal; and 2) spike initiation which is governed by the excitability of
membrane voltage sensitive ion channels that influence the electrical (cable) properties of
the axonal projection and cell body. All of these factors could be (and likely are) altered in
CHF. It is generally assumed that the blunted sensitivity results from an impairment of
mechanotransduction at the sensory terminals. In the present study, we observed that the
mRNA and protein expression levels and the current density of Nav channels were reduced
in the AB neurons from CHF rats. The cell excitability of AB neurons was also suppressed
in CHF rats, and a Nav channel activator (rATX II) significantly increased the Nav current
density and cell excitability of AB neurons from CHF rats (Figs. 4–6). Based on these
results, we can assume that CHF-lowered expression and activation of Nav channels
contributes to the suppressed cell excitability of AB neurons in CHF state (the second
process above).

Many studies have used the responses of blood pressure and heart rate to electrical
stimulation of baroreceptor-containing nerve for the evaluation of the baroreflex sensitivity
in rats (Fan and Andresen, 1998; Salgado et al., 2007; Tang and Dworkin, 2007). Electrical
Stimulation of the rat aortic depressor nerve has several advantages to examine the
baroreflex function in the present study. First, the rat aortic depressor nerve contains only
baroreceptor afferent fibers and no chemoreceptor afferent fibers to transmit the
chemoreceptor information (Fan et al., 1996; Kobayashi et al., 1999; Sapru et al., 1981;
Sapru and Krieger, 1977); secondly, the baroreflex induced by stimulating rat aortic
depressor nerve is measured without the baroreceptor ending in the reflex arc, which allows
us to specifically examine the role of electrical excitability of AB in the baroreflex function
(second process above); thirdly, by varying the frequency of stimulus, one can differentially
activate A- and C- afferent fibers, and thus evaluate the relative contribution of each to the
altered Nav channel and baroreflex function in CHF. In the present study, the baroreflex
responses of blood pressure and heart rate to the electrical stimulation of the baroreceptor
nerve are significantly depressed in CHF rats (Fig. 7). In addition, our present study also
found that microinjection of rATX II (Nav channel activator) into the NG significantly
improved the baroreflex sensitivity induced by aortic depressor nerve stimulation in CHF
rats (Fig. 7). The fact is that nodose neurons are found to influence the conduction and
frequency of the electrical impulses in the baroreceptor central axons projecting to the
central nervous system when electrical signals in the baroreceptor peripheral axons reach the
nodose neurons (Ducreux et al., 1993). One recent review paper (Browning, 2003) has
concluded that the excitability of vagal afferent neurons has dramatic consequences for the
regulation and modulation of vago-vagal reflex. Furthermore, Devor has reported that
electrical excitability of the soma in the dorsal root ganglia may be required to insure the
reliable afferent electrical impulses transmitted to the spinal cord (Devor, 1999). These
results, taken together, demonstrate that the Nav channel dysfunction of AB neurons
contributes to the blunted baroreflex sensitivity through attenuating the AB neuron
excitability in CHF rats, which is indirectly confirmed by the finding that rATX also
increases the baroreflex sensitivity induced by aortic depressor nerve stimulation in sham
rats (Fig. 7B).

We do realize, however, that a disadvantage of the electrical stimulation technique is that it
does not represent a physiological substrate for baroreceptor activation. Thus results from
reflex experiments evoked by the electrical stimulation needed to be tempered by this
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limitation. In future, we will further address this issue using baroreflex evoked by changes in
arterial blood pressure. However, we also understand that a major limitation to this approach
(blood pressure-mediated baroreflex sensitivity) is that possible alterations in the
mechanotransduction process at the baro-sensory nerve terminal may also play a role in the
suppressed baroreceptor function in response to pressure changes.

Although rATX II significantly increased Nav current density and cell excitability of AB
neurons, and improved aortic baroreflex sensitivity in CHF rats, it did not completely
normalize these functions towards the level seen in sham rats. Modulating ion channel
function usually includes acutely influencing the activation of ion channels and chronically
altering the expression of ion channels. Our present study showed the low mRNA and
protein expression levels of Nav channels in nodose neurons from CHF rats (Figs. 2 and 3),
which could explain the above results because of the inability of rATX to improve the
expression of Nav channels. In addition, it is not possible to identify the contribution of the
various Nav channel subunits to the cell excitability and baroreflex sensitivity from the
present study because no specific Nav channel activators are available for Nav1.7, Nav1.8,
and Nav1.9. Further study is needed to explore these outstanding issues.

From the findings that the expression of the three Nav channel subunits is decreased in A-
type and C-type nodose neurons from CHF rats (Fig. 3), we cannot clearly confirm the low
expression of the Nav channels in the AB neurons from CHF rats due to the limitation of the
method (DiI labelling was lost from cells during the immunofluorescent staining procedure
and could not be used as a marker of AB neurons with immunofluorescent staining).
However, it is reasonable to assume that the protein expression of the Nav channels are
lowered in the AB neurons from CHF rats because the AB neurons are a part of the nodose
neurons and the whole cell patch-clamp data indicate that the Nav current density is reduced
in A-type and C-type AB neurons from CHF rats (Figs. 4 and 5).

In the present study, the Nav currents were recorded in the isolated primary AB neurons
cultured in the medium for 4–24 h. It is possible that the culture conditions (such as nerve
growth factor in the medium) altered the electrophysiological characteristics of the Nav
channels in the AB neuron cells. However, this is not likely because our preliminary data
have found that the Nav currents recorded in the acutely dissociated neurons are same as that
obtained in the AB neurons cultured in the medium at 24 h regardless of sham or CHF rats,
which is consistent with data from Kwong’s study (Kwong et al., 2008).

The mechanism(s) responsible the down-regulation of the Nav channel expression and
function in the AB neurons from CHF rats are not understood. One possible candidate is
angiotensin II (Ang II)-superoxide-nuclear factor kappa B (NFκB) signaling pathway. CHF
elevated endogenous Ang II levels in animal models and in humans (Li et al., 2006; Roig et
al., 2000; Schunkert et al., 1993). Ang II can induce superoxide production in many cell
types through NADPH oxidase activation and mitochondrial dysfunction (Touyz and Berry,
2002; Zhang et al., 2007). Recent study has shown that reactive oxygen species down-
regulates cardiac Nav1.5 channel expression via NFκB activation (Shang et al., 2008).
Further study is needed to explore how the Nav channel expression and activation are
reduced in the AB neurons from CHF rats.

In conclusion, our results suggest that reduced expression and activation of Nav channels
mediates the suppressed cell excitability of AB neurons and subsequently contributes to the
blunted baroreflex sensitivity in CHF state. The results of this study provide important
information that improving the Nav channel function in the baroreceptor neurons is a new
therapeutic strategy for the baroreflex impairment in CHF.
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Figure 1.
Ratio of A-type neurons and C-type neurons in NG from sham and CHF rats. The
representative (A) and summary (B) data for A- and C-type neuron densities. Caliberation
bar: 100 µm. RT-97, A-type neuron marker; IB4, C-type neuron marker; DAPI, cell nucleus
marker. Yellow arrows indicate NG neuron nucleus in DAPI staining. Data are mean ± SE,
n=16 slices from 4 rats in each group. *P<0.05 vs. sham rats.
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Figure 2.
Expression of Nav channel subunit mRNA in NG from sham and CHF rats. Data are mean ±
SE, n=6 rats in each group. *P<0.05 vs. sham rats.

Tu et al. Page 16

J Neurosci Res. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A, expression of Nav channel subunit protein in NG from sham and CHF rats, measured by
western blot. Data are mean ± SE, n=6 rats in each group. *P<0.05 vs. sham rats. B–D,
colocalization of Nav channel subunits (Nav1.7, Nav1.8, and Nav1.9) and RT 97 or IB4 in
NG from sham and CHF rats. RT97, A-type neuron marker; IB4, C-type neuron marker.
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Figure 4.
A, DiI-labeled AB neurons with red color in fluorescent light (lower) and cells in the same
field under regular light (upper). B and C, representative Nav current recording and current
density-voltage curves in A-type AB neurons from sham and CHF rats. D, effect of rATX II
(100 nM) on Nav current density in A-type AB neurons from CHF rats. Data are mean ± SE,
n=9 neuron cells from 9 rats in each group. *P<0.05 vs. sham; #p<0.05 vs. CHF.
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Figure 5.
A and B, representative Nav current recording and current density-voltage curves in C-type
AB neurons from sham and CHF rats. Data are mean ± SE. *P<0.05, CHF total vs. sham
total; #p<0.05, CHF TTX-s vs. sham TTX-s; †p<0.05, CHF TTX-r vs. sham TTX-r. C,
representative Nav1.8 and Nav1.9 current recording in C-type AB neurons. D, effect of
rATX II (100 nM) on Nav current density in C-type AB neurons from CHF rats. Data are
mean ± SE, n=10 neuron cells from 10 rats in each group. *P<0.05 vs. sham; #p<0.05 vs.
CHF.
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Figure 6.
A and B, representative action potential recording in A-type AB neurons from sham and
CHF rats. C and D, mean data for number of action potentials and current-threshold for
inducing action potential in A- and C-type AB neurons from sham and CHF rats. Data are
mean ± SE, n=8 neuron cells from 8 rats in each group. *P<0.05 vs. sham; #p<0.05 vs. CHF.
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Figure 7.
Representative tracings (A) and average data (B) showing reflex ΔMAP (mean blood
pressure) and ΔHR (heart rate) in response to different frequencies of ADN (aortic depressor
nerve) stimulation in anesthetized sham and CHF rats. ABP: arterial blood pressure. Data
are mean ± SE, n=6 rats in each group. *P<0.05 vs. sham; #p<0.05 vs. CHF.
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Table 1

Hemodynamic and morphological characteristics of sham and CHF rats

Sham (45) CHF (n=44)

Body weight (g) 389 ± 8 401 ± 8

Heart weight (g) 1.41 ± 0.04 2.23 ± 0.05*

Lung weight (g) 2.20 ± 0.06 3.24 ± 0.07*

Heart weight/body weight (mg/g) 3.86 ± 0.08 5.80 ± 0.08*

Lung weight/body weight (mg/g) 5.75 ± 0.09 8.12 ± 0.13*

Infarct size (% of left ventricle) 0 37.9 ± 2.6*

MAP (mm Hg) 92.1 ± 2.9 90.6 ± 3.5

Heart rate (beats/min) 346 ± 7 365 ± 11

LVEDP (mmHg) 1.9 ± 0.6 17.0 ± 1.2*

LVSP (mmHg) 125.5 ± 6.3 98.4 ± 5.7*

LV dP/dtmax (mmHg/s) 8732 ± 382 5318 ± 427*

LVESD (mm) 4.0 ± 0.1 7.8 ± 0.2*

LVEDD (mm) 7.2 ± 0.2 10.3 ± 0.2*

Fractional shortening (%) 44.7 ± 1.1 24.1 ± 1.2*

Ejection fraction (%) 82.6 ± 2.1 41.6 ± 2.9*

Data are means ± SE. CHF, chronic heart failure; MAP, mean arterial pressure; LVEDP, left ventricular end-diastolic pressure; LVSP, left
ventricular systolic pressure; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter.

*
P<0.05 vs. sham.
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Table 2

Primer sequences for Real-time RT-PCR

Gene Bank
Accession No.

Primer name Primer sequence

NM 133289 Nav1.7 Forward: ATCGCTGTCATCCTGGAGAAC

Reverse: ACCTCGTAGAACATCTCAAAGTCG

   Probe: CGCCACCGAAGAGAGCACTGAGCC

NM 017247 Nav1.8 Forward: CGAGCCCGATGACTGTTTCAC

Reverse: GCCCAAGGAGACTTGCTAGTATTC

   Probe: CACTCGCCGCTGTCCCTGCTGC

NM 019265 Nav1.9 Forward: CGCAGATAGCCGTCGTCTAC

Reverse: GAAGATTTCAAAGTCGTCCTCTCC

   Probe: CCTCGCTCTCCTCCGTGGCTGTGT

NM 031103 RPL19 Forward: CTGAAGGTCAAAGGGAATGTGTTC

Reverse: TTCGTGCTTCCTTGGTCTTAGAC

   Probe: TGCGAGCCTCAGCCTGGTCAGCC
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