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SUMMARY

Background: Baroreflex gain increase up closely to adult level during initial postnatal

weeks, and any interruption within this period will increase the risk of cardiovascular prob-

lems in later of life span. We hypothesize that this short period after birth might be critical

for postnatal development of vagal ganglion neurons (VGNs). Methods: To evaluate neu-

roexcitability evidenced by discharge profiles and coordinate changes, ion currents were

collected from identified A- and C-type VGNs at different developmental stages using

whole-cell patch clamping. Results: C-type VGNs underwent significant age-dependent

transition from single action potential (AP) to repetitive discharge. The coordinate changes

between TTX-S and TTX-R Na+ currents were also confirmed and well simulated by com-

puter modeling. Although 4-AP or iberiotoxin age dependently increased firing frequency,

AP duration was prolonged in an opposite fashion, which paralleled well with postnatal

changes in 4-AP- and iberiotoxin-sensitive K+ current activity, whereas less developmental

changes were verified in A-types. Conclusion: These data demonstrate for the first time

that the neuroexcitability of C-type VGNs increases significantly compared with A-types

within initial postnatal weeks evidenced by AP discharge profiles and coordinate ion chan-

nel changes, which explain, at least in part, that initial postnatal weeks may be crucial for

ontogenesis in visceral afferent reflex function.

Introduction

Vagal ganglion neurons (VGNs) including baroreceptor neu-

rons (BRNs) with cell bodies in the nodose ganglia comprise

two major types of neurons with distinct cellular excitability

properties and visceral afferent function [1–5]. Myelinated

A-type neurons, associated with low threshold and high-fre-

quency discharge including burst firing in response to sudden

onset of baroreceptor activity, are more responsible for barore-

ceptor sensitivity adjustment. In contrast, unmyelinated C-type

neurons are associated with high threshold and more tonic

discharge, and more responsibility for regulation of mean

blood pressure [6–9]. The third subpopulation of VGNs/BRNs

classified as myelinated Ah-types based on electrophysiological

markers [10] or fast CV has recently been documented in

adult female rats [5,11–13]. The neuroexcitability of Ah-types

is downregulated by ovariectomy and restored by 17b-estradiol
[11,14]. The baroreceptor reflex plays a crucial role in cardio-

vascular homeostasis by maintaining arterial blood pressure

[15]. It has been well documented that the arterial barorecep-

tor reflex, together with other cardiopulmonary reflexes,

undergoes considerable developmental changes during early

postnatal period [16,17]. Within the first two postnatal weeks,

the baroreflex gain increases nearly 4-fold up closely to adult

value [18]. Recent report shows that brain-derived neurotropic

factor plays an important role in the functional development

of arterial baroreceptor pathways [19]. Any interruption dur-

ing this critical postnatal period would affect sensory percep-

tion and increase the risk of cardiovascular problems in later

of life span [20,21]. As first-order neurons, VGNs play key

roles in visceral afferent reflex relay, and their neuroexcitabili-

ty might undergo dramatic changes during the initial postnatal

weeks. In this regard, action potential (AP) discharge profiles

and underlying ion current changes were evaluated by whole-

cell patch performed using identified VGNs isolated from neo-

natal rats at the ages of postnatal days 1–3 (Pd1–3) or postna-

tal days 7–10 (Pd7–10), and adult rats. Similar experiment

was also conducted on BRNs from adult rats as well. Our
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results show that the discharge capability is enhanced signifi-

cantly, especially seen in unmyelinated C-type VGNs, during

this initial postnatal period. This change in neuroexcitability

revealed by current-clamp recording is also supported by volt-

age-clamp and computer modeling study, manifested as corre-

sponding changes in TTX-sensitive and TTX-resistant voltage-

gated Na+ currents, as well as transient and BK (Ca2+-acti-

vated, large conductance K+ channel) currents. More impor-

tantly, the developmental changes in neuroexcitability and

ionic currents found in this study parallel the postnatal devel-

opment course of arterial baroreflex gain. It suggests that

changes in the Na+ and K+ channels in VGNs might be an

important mechanism underlying the postnatal increase in

arterial baroreflex gain.

Materials and Methods

Drugs and Chemicals

Tetrodotoxin (TTX) and 4-AP were purchased from Sigma

(St. Louis, MO, USA). Iberiotoxin (IbTX) was purchased from

Alomone laboratories (Jerusalem, Israel). The final concentra-

tions were 1.0 lM for TTX to separate TTX-S and TTX-R Na+

currents, for isolating transient and BK-KCa K+ currents, and

5.0 mM 4-AP and 100 nM IbTX were diluted from stocks using

recording solutions just before the patch experiments. All tox-

ins and chemicals were applied through bath or local perfusion

(~1.0 mL/min). Papain (Sigma), trypsin, type II collagenase,

and dispase (Worthington, Lakewood, NJ, USA) were used for

enzymatically isolating vagal neurons. The retrograde fluores-

cent dye (Dil) for aortic depressive nerve (ADN) labeling was

purchased from Molecular probe (Eugene, OR, USA). Mg-ATP

and Na-GTP (Sigma) were used for preparing pipette solution.

All other cell culture agents and chemicals were ordered from

Fisher Scientifics or regular sources, otherwise specifically indi-

cated in this section.

Preparation of Isolated Vagal Ganglion Neurons
from Neonatal and Adult Rats

Sprague-Dawley rat pups at Pd1–10 and adult males (>250 g)

were used for the preparation of isolated VGNs/BRNs in all elec-

trophysiological studies. The procedures for bilateral dissection of

neonatal and adult rat vagal ganglia, enzymatic dispersion, and

plating of neurons have been previously described in detail

[3,4,10]. Briefly, surgical dissection of the vagal ganglia was car-

ried out under stereomicroscopy (940). The ganglia were imme-

diately placed in chilled support medium containing 90 mL

DME-F-12 medium (Sigma), 5 mL fetal bovine serum (HyClone,

Logan, UT, USA), 1.0 mL penicillin–streptomycin (Invitrogen,

Grand Island, NY, USA), and 100 lM of MITO + Serum Exten-

der (Collaborative Biomedical Products, Bedford, MA, USA). The

ganglia were then treated with the same solution by adding

10 units/mL of papain (Sigma) and incubated at 37°C for

20 min. The ganglia were then transferred to the support med-

ium containing 1.0 mg/mL type II collagenase and 2.5 mg/mL

dispase (Worthington) and incubated at 37°C for additional

30 min before mechanical dispersion, plating, and incubation of

the VGNs/BRNs in support media. Experimental protocols used

in this study were approved by the Institutional Animal Care

and Use Committee of School of Medical Science, Harbin Medical

University.

Fluorescent Labeling and Baroreceptor Neuron
Identification

In adult experiment, BRNs from all categories were also investi-

gated, which were identified by the fluorescence first and then

further verified by AP characters for the neuron classification.

The procedures for fluorescent Dil labeling followed the details as

described previously [22]. Briefly, following the anesthesia, the

surgical area was shaved, the skin was washed with benzalkoni-

um chloride, and a 2-cm incision was made along the left ventral

side of the neck. Under stereomicroscopy, a blunt dissection of

the underlying musculature exposed the left carotid artery and

surrounding nerve fibers. Under higher magnification, the left

ADN, which exclusively contains baroreceptor fibers arising from

the aortic arch, was identified. The ADN was separated from the

vagus and sympathetic nerves and placed in a 5-mm-long sterile

silicon trough. A few crystals of the lipophilic fluorescent dye DiI

was placed on the ADN. The nerve, dye crystals, and trough

were coated with 0.3 mL of a peripheral nerve encapsulant

(Kwik-Sil, WPI). The area was rinsed with sterile saline, and the

skin was closed using vicryl suture. The animal fully recovered

before returning to the animal facility. At least 3 weeks passed

before the animal was considered fully healed and available for

experimentation.

Electrophysiological Recordings

The whole-cell patch recordings were performed using Multi-

Clamp 700A or 700B amplifier (Axon Instruments, Union City,

CA, USA). Borosilicate glass pipettes (Sutter, Novato, CA, USA)

were pulled and polished down to 1.5–2.2 MΩ in normal saline.

Following the formation of a gigaohm seal, the pipette capaci-

tance was compensated. The total cell capacitance and electrode

access resistance were also compensated, generally to within 60–

80% for voltage-clamp study. All patch experiments were per-

formed with proper recording solutions (formula details see Data

S1) at room temperature (22–23°C). The recordings were low-

pass-filtered to 10 KHz and digitized at 50 KHz. Data collection

and analysis were carried out using pCLAMP 10.2 and the Digi-

data 1440A (Axon Instruments) operating on a PC platform.

Identification of Vagal Ganglion Neurons

Enzymatic dispersion separates the axon from the cell body, and

thus, cell types are no longer classified based upon measure of

afferent fiber CV. Using an intact ganglion preparation for CV

measurement, we recently developed a reliable and robust meth-

odology for classification of an isolated neuron as either a myelin-

ated A-type or an unmyelinated C-type VGNs/BRNs through

cluster analysis of a selected set of AP waveform characteristics

[5,10] conjugated with visualized microscopic structural charac-

teristics [13]. In addition, the following three parameters were

used for identifying the cell type of a particular cell: AP firing
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threshold (APFT), AP upstroke velocity measured at 50% peak-to-

peak excursion (UVAPD50), and AP downstroke velocity (DVAPD50),

respectively.

Data Acquisition and Analysis

In this experiment, all discharge characters were measured from a

single AP elicited by a brief pulse. The repetitive discharge of AP

was elicited by depolarization currents in the range from 50 to 300

pA varied according to the cell types. For each tested cell, hyper-

polarization current-induced HVS was also evoked by a hyperpo-

larization current of �120 pA. The resting membrane potentials of

vast majority of myelinated and unmyelinated VGNs/BRNs tested

in this experiment were below �60 mV, ranging from �59 to

�78 mV. For comparison of the neuronal excitability of VGNs/

BRNs, small positive current was injected into cells during record-

ings in the most cases to maintain the RMP at �60 mV. The details

with regard to recording protocols of Na+ and K+ currents were

exactly the same as previously described [10,19,23]. In the present

study, all recordings were analyzed using Clampfit (Axon Instru-

ments). Pooled statistics were calculated using Excel (Microsoft,

Seattle, WA, USA). Data were expressed as mean � SD. Compari-

sons were performed using t-test, chi-square test, or ANOVA

where appropriate. A P value of 0.05 or less was considered

statistically significant.

Results

Developmental Changes in Discharge Pattern of
Myelinated A-Type and Unmyelinated C-Type
Neurons

Compared with C-types, less significant developmental changes in

the peak of AP, the duration (APD50), and downstroke velocity

(DVAPD50) were observed (Table 1) in A-types. APD50 became

narrower with a faster DVAPD50 in both Pd7–10 and adult groups.

The discharge frequency of tested A-type VGNs/BRNs was

increased in Pd7–10 (P = 0.056) and adult (P < 0.05) groups. By

contrast, dramatic developmental changes were observed in either

AP waveform or discharge frequency in C-types, manifested by a

brief AP duration, lower AP firing threshold (APFT), fast upstroke

(UVAPD50), and DVAPD50 along with the age (Table 1). Interest-

ingly, the percentage of repetitive discharge significantly increased

during this initial postnatal development (Table S1), a clear transi-

tion of single AP to repetitive discharge with significantly reduced

stimulus intensity in both Pd7–10 and adult groups (P < 0.05 or

P < 0.01).

Interestingly, the current data indicated significant changes in

AP profiles and repetitive discharge properties during develop-

ment, particularly in unmyelinated C-type VGNs. This phenome-

non raises a question of what ion channel mechanisms underlie

this developmental change in neuroexcitability during initial post-

natal weeks. Based upon the changes in upstroke and downstroke

velocity of AP (Table 1), the alternations in current density and

voltage-dependent properties of multiple channels, such as volt-

age-gated Na+ and K+ channels, were highly expected. These

changes might vary depending upon the cell type.

Developmental Change in Na+ and K+ Currents in
Myelinated A-type Neurons

Tetrodotoxin-S Na+ channel is the only Na+ channel functionally

expressed on myelinated A-types. Among all three age groups, the

current densities were not altered, and the peaks appeared at

�25 mV (Figure 1). Voltage-dependent properties, such as half

activation or inactivation voltage (V1/2) and slope (S1/2) at V1/2,

were not shifted (Table S2), except for open-state inactivation

time constant that was slightly reduced in Pd7–10 and adult than

Table 1 Developmental changes in action potential (AP) discharge characteristics of myelinated A-type and unmyelinated C-type vagal ganglion

neurons (VGNs) and baroreceptor neurons (BRNs) in nodose from different age groups. All AP parameters of either A-types or C-types were

generated from single AP elicited by a brief pulse, and the maximal frequency of repetitive discharge was determined by suprathreshold step

depolarization current injection on the same tested neurons. The average data were expressed by mean � 1 SD, *P < 0.05 and **P < 0.01 versus

Pd1–3

Parameter

n

Myelinated A-type neurons Unmyelinated C-type neurons

Adult BRNs

7

Adult VGNs

29

Pd7–10

38

Pd1–3

41

Adult BRNs

12

Adult VGNs

48

Pd7–10

51

Pd1–3

56

RMP �62.2 � 2.9 �63.5 � 2.3 �62.7 � 1.30 �62.0 � 2.9 �62.8 � 3.8 �62.4 � 3.3 �63.5 � 2.21 �63.4 � 3.7

APFT �47.4 � 5.6 �46.3 � 4.6 �44.4 � 4.02 �42.6 � 3.3 �35.2 � 4.5** �33.4 � 4.1** �31.2 � 3.4** �27.0 � 2.8

APFFMAX �45.7 � 6.6* �44 � 3.6* �33.4 � 4.02 �28.1 � 3.6 9.1 � 2.4** 7.2 � 1.6** 5.4 � 1.5** 1.52 � 0.3

APD50 0.72 � 0.08* 0.75 � 0.12* 0.78 � 0.19* 0.88 � 0.12 2.12 � 0.7** 2.24 � 0.4** 2.42 � 0.7** 3.31 � 0.8

APPEAK 56.8 � 2.3** 55.4 � 4.3** 51.2 � 3.5* 40.6 � 3.4 56.7 � 3.6** 58.4 � 2.9** 54.6 � 3.0** 45.7 � 3.7

AHPPEAK �65.3 � 0.89 �66.0 � 1.19 �65.6 � 1.26 �65.1 � 1.32 �64.8 � 2.11 �66.2 � 3.1 �65.5 � 2.7 �65.4 � 3.4

AHP80 22.6 � 7.8 26.7 � 9.8 28.7 � 10.4 29.4 � 14.6 83.3 � 20.7 78.8 � 18.5 75.1 � 24.1 89.4 � 29.4

UVAPD50 244 � 31 238 � 24 241 � 19 211 � 26 95.3 � 25.7** 93.3 � 22.4** 85.8 � 19.1* 55.6 � 23.7

DVAPD50 �197 � 27** �191 � 19** �178 � 24** �114 � 12 �51.6 � 7.2** �49.3 � 6.5** �43.6 � 5.9* �27.3 � 5.3

RMP, Resting membrane potential (mV); APFT, AP firing threshold (mV); APFF, AP firing frequency (Hz); APD50, AP duration at 50% deflection (ms);

APPeak, AP peak (mV); AHPPeak, peak deflection after hyperpolarization (mV); AHP80, time for 80% recovery to RMP after AHP (ms); UVAPD50, upstroke

velocity at APD50 (mV/ms); DVAPD50, downstroke velocity at APD50 (mV/ms).
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Pd1–3 group (P < 0.05, data not shown). In addition, larger total

K+ currents were observed in A-types, and the current density

measured at peaks was increased dramatically compared with

steady status (SS) during development (Figure 1), suggesting an

age-dependent increase in transient component of K+ currents.

With these corresponding changes in TTX-S Na+ and transient K+

components, slight changes in discharge profiles in A-types are

highly expected along initial postnatal weeks (Table S1).

Developmental Change in TTX-S and TTX-R Na+

Currents in Unmyelinated C-type Neurons

Compared with myelinated A-types, significant developmental

changes in discharge profiles were observed in C-types (Table 1).

In this regard, voltage-dependent Na+ currents were recorded

from three age groups, and TTX-S and TTX-R components were

separated by 1.0 lM TTX (Figure 2A–C). The results showed that

even though the total current density (TTX-S + TTX-R, black

traces) was not changed among groups, but TTX-R Na+ compo-

nent (red traces) was tremendously increased (P < 0.01) in adult

and Pd7–10 than Pd1–3 group (Figure 2D). The ratios (%) of

TTX-R/TTX-S + TTX-R were increased from 21.4 � 19.4% in

Pd1–3 to 72.7 � 32.5% in Pd7–10 (P < 0.01) and 87.7 � 31.5%

(P < 0.01) in adult rats. The total charges of Na+ ion flowing

through the activated channels were almost doubled (P < 0.01) in

Pd7–10 and adult compared with Pd1–3 group (Figure 2E). As

developmental changes in TTX-R component, the peaks were

shifted to more depolarized direction. The time to peaks was

increased in age-dependent fashion (Figure 2F), and the voltage-

dependent profiles were rightward-shifted (Table S2) with marked

reduction in open-state inactivation time constants (tau1 and

tau2) of total Na+ currents (Figure 2G).

Developmental Change in Total K+ Currents and
Transient Component in Unmyelinated C-type
Neurons

The transient (4-AP-sensitive or IA + ID) of outward K+ currents is

a key player in regulating neuroexcitability and discharge pattern

of VGNs/BRNs. Therefore, total K+ currents and 4-AP-sensitive

(A) (B) (C)

(D) (E) (F)

Figure 1 Developmental change in ion channel current recorded from myelinated A-type vagal ganglion neurons (VGNs) and baroreceptor neurons

(BRNs). Voltage-clamp recordings were performed on myelinated A-type vagal ganglion neurons isolated from Pd1–3, Pd7–10, and adult rats,

respectively. (A) the representative traces of TTX-sensitive Na+ currents from P3, P10, and adult rats. The cell was held at �80 mV and stepped from

�70 mV to +40 mV with 5 mV increment, 60 ms duration, and 1.0 second step interval. (B) The representative traces of total K+ currents and transient

component/4-AP-sensitive K+ currents from P3, P10, and adult rats. The cell was held at �80 mV and increased from �70 mV to +40 mV with 5 mV

increment, 400 ms duration, and 1.0 second step interval. 4-AP-sensitive component of K+ currents were subtracted from the currents remaining in the

presence of 5.0 mM of 4-AP from the total K+ currents. (C,D) The average data in current density and inactivation time constant of TTX-sensitive Na+. (E,F)

The average data in current density of K+ currents measured at peak and steady status (SS). The average data were presented as mean � SD, n = 7–14

recordings. *P < 0.05 and **P < 0.01 versus Pd1–3.
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components were investigated from all age groups (Figure 3A–C).

Averaged data showed that the normalized peak of total K+ cur-

rents was identical (Fig. 3D), but the remarkable trend of

increases in 4-AP-sensitive components was observed during

development (P < 0.05 or P < 0.01), and the percentage of 4-AP-

sensitive IA (rapid inactivation) and ID (slow inactivation) compo-

nents calculated based on total K+ currents were 24.9 � 9.39%

and 21.3 � 8.56% in Pd1–3 (n = 6); 49.8 � 10.0% and

40.35 � 8.66% in Pd7–10 (n = 6); and 75.7 � 12.4% and

52.7 � 10.6% in adult (n = 7) groups. The ratio of IA versus ID

was also dramatically enhanced from 1.175 for Pd1–3 to 1.233 for

Pd7–10 and 1.438 for adult VGNs. Although total current density

was not altered, the total charges (Fig. 3E) flowing through the

activated K+ channels were declined (P < 0.05 or P < 0.01) during

the development, while the total charges for 4-AP-sensitive

(IA + ID) components were increased in either Pd7–10 (P < 0.05)

or adult (P < 0.01) group.

Effects of 4-AP on Action Potential and
Discharge Pattern of Unmyelinated C-type
Neurons

4-AP-sensitive K+ component modulates AP profiles and repeti-

tive discharge [24–27]. To verify whether the overall changes in

4-AP-sensitive component (Fig. 3) impact on neuronal develop-

mental change in neuroexcitability, a brief pulse- and step depo-

larization-elicited APs in C-type VGNs were recorded in all groups

with and without 5 mM 4-AP. Averaged data indicated that

APD50 reduced during development, consistent well with previous

recordings (Table 1 and Figure S1), whereas it was dramatically

prolonged in the presence of 4-AP by 46% in Pd7–10 (P < 0.01)

and 49% in adult (P < 0.01), respectively, compared with 24% in

Pd1–3 VGNs. By blocking transient K+ component, the firing fre-

quency was also dramatically increased (P < 0.01, Table 2) in all

age groups, particularly in Pd7–10 and adults from single or burst

AP without increasing the stimulus intensity.

Effects of Iberiotoxin on Action Potential and
Discharge Pattern of Unmyelinated C-type
Neurons

BK-KCa is another critical contributor to repolarization phase of

AP in sensory neurons and closely impacts on the modulation of

neuroexcitability and neurotransmission [28]. To elucidate the

contribution of BK-KCa, similar sets of current-clamp recordings

with 100 nM IbTX were conducted in identified C-types. Intrigu-

ingly, APD50 was prolonged by more than 60% in Pd1–3, but only

less than 20% of widening was confirmed in Pd7–10 and adult

(A)

(D) (E) (F) (G)

(B) (C)

Figure 2 Coordinated change in TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) Na+ currents of unmyelinated C-type vagal ganglion neurons (VGNs) and

baroreceptor neurons (BRNs) during the development. Voltage-clamp recordings were performed on unmyelinated VGNs/BRNs isolated from Pd1–3, Pd7–

10, and adult rats, respectively. The cell was held at �80 mV and increased from �70 mV to +40 mV with 5 mV increment, 60 ms duration, and

1.0 second step interval. TTX-R Na+ current was isolated by subtracting the current remaining in the presence of 1.0 lM of TTX from total Na+ currents.

(A–C) The representative traces of total Na+ currents (black) and TTX-R components (red) from Pd-3, Pd-9, and adult rats, respectively. (D) Changes in

current density. (E) Changes in total charge passing through channels. (F) Changes in time to peaks. (G) Changes in inactivation time constant (tau value)

best described by two exponential fitting. The average data were presented as mean � SD, n = 7–14 recordings. *P < 0.05 and **P < 0.01 versus Pd1–3

for total Na+ currents. #P < 0.05 and ##P < 0.01 versus Pd7–10 for TTX-R components. Scale bars in (C) also applied for (A) and (B).
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C-types (P < 0.01). The corresponding changes in DVAPD50 were

also observed, respectively. For further testing effect of IbTX on

discharge profile, threshold step depolarization was selected in

control and test recordings. Results showed that 100 nM IbTX

induced repetitive discharges in all tested C-type VGNs of each

group, and the firing frequency in the presence of IbTX was signif-

icantly increased (P < 0.01) to 3.02 � 0.41 Hz in Pd1–3,

13.6 � 2.1 Hz in Pd1–7, and 15.6 � 3.4 Hz in adult VGNs

(Table 2).

Ontogenesis of BK-type Ca2+-Activated K+ (BKCa)
Currents in Unmyelinated C-type Neurons

Based on our current-clamp data with IbTX, the developmental

reductions in functional expression of BK-KCa are highly

expected. To further confirm this observation, IbTX-sensitive cur-

rents were isolated (Figure 4B), and results indicated that the

current density of IbTX-sensitive component was more than

2-fold larger in Pd1–3 (86.9 � 18.6 pA/pF) than those observed in

Pd7–10 (43.4 � 9.1 pA/pF, P < 0.01) and adult (40.7 � 6.9 pA/

pF, P < 0.01) C-types without alternation of total K+ current den-

sity. The current–voltage relationship (I-V curve) showed that the

activation voltage was at least 5 mV more depolarized in Pd1–3

(~-25 mV) than those in Pd7–10 (~�35 mV) and adult

(~�40 mV) groups (Figure 4C).

Discussion

Vagal ganglion neurons in the nodose, for example, barorecep-

tor neurons (BRNs, the first-order neurons of baroreflex),

process and encode mechanosensitive information by generat-

ing sequences of APs [29]. It has long been known that AP

spike is initiated and shaped by several voltage-gated ion chan-

nel currents, like voltage-gated Na+, K+, and Ca2+ currents and

their subtypes. Any one of them changed during initial postna-

tal weeks, the coordinative changes in AP waveshape would be

expected, and the neuroexcitability would be modulated, paral-

leled with those changes [30–34]. Our previous data demon-

strate that VGNs/BRNs functionally express all major voltage-

gated ion channels [25,35–37] that are involved in regulation

of neuroexcitability [37,38]. However, little is known regarding

neuroexcitability change and underlying ion channel mecha-

nisms during initial postnatal development, particularly the

changes within the first two postnatal weeks. That may better

(A)

(D) (E)

(B) (C)

Figure 3 Developmental changes in total K+ currents and transient/4-AP-sensitive component of unmyelinated C-type vagal ganglion neurons (VGNs) and

baroreceptor neurons (BRNs). Voltage-clamp recordings were performed on unmyelinated C-type VGNs/BRNs isolated from Pd1–3, Pd7–10, and adult

rats, respectively. The cell was held at �80 mV and increased from �70 mV to +40 mV with 5 mV increment, 400 ms duration, and 1.0 second step

interval. The 4-AP-sensitive component of K+ currents was isolated by the subtraction of currents remained in the presence of 5.0 mM of 4-AP from total

K+ currents. (A–C) The representative traces of total K+ currents (Black) and 4-AP-sensitive components (Red) from Pd1–3, Pd7–10, and adult, respectively.

(D) Changes in current density. (E) Changes in total charges passing through channels. The average data were presented as mean � SD, n = 9–16

recordings. *P < 0.05 and **P < 0.01 versus Pd1–3 in all cases. The scales bars in (B) and (C) also apply for others.

Table 2 Effects of 4-AP and iberiotoxin (IbTX) on action potential (AP)

and firing frequency in unmyelinated C-type vagal ganglion neurons

isolated from Pd1–3, Pd7–10, and adult rats. Single AP and repetitive

firings (Hz) were evoked by brief pulse and step depolarization,

respectively, before and after 4-AP or IbTX. Average data were

expressed as mean � SD. *P < 0.05 and **P < 0.01 versus control

Groups

5.0 mM 4-AP, n = 6 100 nM IbTX, n = 7

Control Test Control Test

Pd1–3 1.12 � 0.23 5.01 � 1.4* 1.07 � 0.32 3.02 � 0.41*

Pd7–10 1.45 � 0.58 8.6 � 3.1** 1.39 � 0.37 13.6 � 2.1**

Adult 1.94 � 0.81 d10.3 � 4.4** 1.66 � 0.65 15.6 � 3.4**
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explain why the baroreflex gain upregulates during this typical

window.

Ontogenesis of Myelinated A-type Vagal
Ganglion Neurons

Myelinated A- and unmyelinated C-type VGNs/BRNs play differ-

ent roles in visceral afferent reflex. By looking at repetitive dis-

charge capability, unlike C-types, the obvious increase in firing

frequency was only observed in adult rats, suggesting that this

developmental formation of myelination in A-type neurons may

be the key for this delayed postnatal change [39,40] compared

with unmyelinated C-type neurons. Additionally, the facts that

mean BP increases up closely to adult level during initial postnatal

life and unmyelinated C-types are more important for regulation

of mean blood pressure [6–9] support the notion that myelinated

A-type neurons may play a less role in early postnatal develop-

ment of visceral afferent reflex function and baroreflex gain dur-

ing initial postnatal weeks.

Ontogenesis of Unmyelinated C-type Vagal
Ganglion Neurons

Compared with A-types, C-type neurons undergo dramatic post-

natal changes in discharge profiles and show a clear transition

from single/burst AP in Pd1–3 to repetitive discharge with less

stimulation required in older rats. Analyzed current-clamp data

demonstrate that the features related to neuroexcitability such as

APFT, UVAPD50, and DVAPD50 (Table 1) are significantly shifted

toward more excitable direction during postnatal development.

Thus, coordinative change in channel/s underlying this functional

alternation in unmyelinated C-type VGNs/BRNs is highly

expected.

The alternation of APFT and UVAPD50 in C-types strongly

implies that either current density or voltage-dependent proper-

ties of Na+ channels may change during initial postnatal life. The

present study clearly demonstrates that the ratios of TTX-R/TTX-

S+TTX-R and TTX-R components were significantly increased in

Pd7–10 to an identical level of adult group, whereas the current

density of total Na+ currents remained unchanged, suggesting a

coordinate change between TTX-S and TTX-R Na+ channels, and

consequently enhances the neuroexcitability, which is further

supported by our computer modeling study (Figures S2–S4). TTX-

S Na+ channel is more responsible for setting APFT and [28,37].

Even though the current density is reduced during postnatal

development, more negative APFT may require less Na+ channel

activation to accelerate membrane potential to the activation win-

dow. TTX-R Na+ currents contribute to AP repolarization [37,41],

particularly the formation of repolarization hump (Figure S3),

and closely impact on the repetitive discharge capability [37]. Our

data clearly demonstrate that the increase in the frequency of

repetitive discharge parallels well with the increase in TTX-R Na+

components and GNa1 in computer simulation (Figure S4)

because the reactivation rate of TTX-R Na+ channels is more than

10-fold faster compared with TTX-S Na+ channels [37]. Addition-

ally, although neonatal C-types express large proportion of TTX-S

Na+ components compared with adult group, only <20% of TTX-S

Na+ channels are available at near resting membrane potential

(RMP) [37]. However, the availability of TTX-S Na+ channels in

adult rat is about 50–60% of total near RMP because the V1/2 of

inactivation for both TTX-S and TTX-R Na+ currents in adult

VGNs/BRNs occurred at more depolarized voltage than that of

activation on neonatal; therefore, the activation window becomes

larger in adult compared with neonatal rats [35], which means

that the more Na+ channels within activation window are opened

dynamically, resulting in postnatal upregulation in neuroexcit-

ability of C-types. The postnatal change in TTX-R is consistent

with molecular evidence that the expression of Nav1.8 (TTX-R

component) increases with age and reaches adult levels by postna-

tal day 7 [42].

Among voltage-gated K+ channels, both transient 4-AP-sensi-

tive K+ (IA + ID) [24,43] and BK-KCa (IbTX-sensitive)

(A) (B) (C)

Figure 4 Effects of 100 nM iberiotoxin (IbTX) on BK-type Ca2+-activated K+ (BK-KCa) currents of unmyelinated C-type vagal ganglion neurons (VGNs) and

baroreceptor neurons (BRNs) isolated from Pd1–3, Pd7–10, and adult rats. C-type VGNs/BRNs were identified by the action potential waveform characters

conjugated with the repolarization “hump” just before the voltage-clamp recordings. After complete bath perfusion with extracellular K+ recording

solution, the whole-cell K+ currents were recorded with holding potential of �80 mV and the depolarization stepped from �70 to +40 mV with 400 ms

duration and 5 mV increments. (A) The representative K+ currents recorded from unmyelinated C-types BRNs of adult rats; (B) IbTX-sensitive component

of K+ currents were subtracted from the remaining portion in the presence of 100 nM IbTX from total K+ currents shown in (A); (C) The current–voltage

relationships (I-V curve) of total K+ and IbTX-sensitive components from unmyelinated C-type VGNs/BRNs of different age groups. Scale bars in (A) or (B)

also apply for all.
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[24,25,38,44,45] play critical roles in shaping AP waveform over

the course of repolarization and neuroexcitability. Our voltage-

clamp data indicate that the current density of total K+ currents in

C-types was not changed, but 4-AP-sensitive K+ component and

the ratio of IA versus ID enhanced coordinately with the reduction

in IbTX-sensitive K+ currents over the course of postnatal develop-

ment. These results demonstrated that transient 4-AP-sensitive

component may play more important roles to shape AP in later

postnatal stage. These data also suggested that the increase in tran-

sient K+ component may be compensated by the loss of BK-KCa

currents along initial postnatal weeks. This coordinative change in

transient K+ and BK-KCa components may contribute, at least in

part, to maintain the firing capability and the transition from sin-

gle AP to repetitive discharge over the course of the development.

Clinical Relevance

Increasing evidence demonstrates that initial postnatal weeks are

critical for the postnatal development of visceral afferent reflex

function, such as baroreflex and cardiopulmonary reflex. Early-

life stressors that may program blood pressure control mechanisms

and modify the adaptation process of cardiopulmonary reflex will

definitely increase the risk of cardiovascular (hypertension)

[46,47], pulmonary (COPD and asthma) [48], and cardiometabol-

ic diseases (obesity and type II diabetes) [49] in later life. The effi-

cient and high afferent reflex gain observed in this short period

after birth may play an important role in preventing or attenuat-

ing increases in cardiovascular and cardiopulmonary systems in

response to pathophysiological stresses. Modifications of early

postnatal development will have important implications for future

risks throughout life. This view represents a fundamental change

in current pathophysiological and therapeutic concepts and holds

the potential to develop novel preventative and therapeutic strate-

gies. However, for the successful development of such approaches,

a clear understanding of underlying mechanisms of early postna-

tal development in visceral afferent reflex function and the valida-

tion of relevant preclinical models are keys to facilitate

translational research.

Conclusion

These data demonstrate for the first time that ion channel coordi-

nation between voltage-gated Na+ and K+ channels and their sub-

types contributes largely to initial postnatal development of

neuroexcitability, especially in unmyelinated C-type neurons.

These data also provide a novel insight into underlying ion chan-

nel mechanisms of afferent reflex gain within the first two postna-

tal weeks.
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