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Abstract

Aim: To study the dominant role of parasympathetic inputs at cellular level of barore-
flex afferent pathway and underlying mechanism in neurocontrol of blood pressure
regulation.

Methods: Whole-cell patch-clamp and animal study were conducted.

Results: For the first time, we demonstrated the spontaneous activities from resting
membrane potential in myelinated A- and Ah-type baroreceptor neurons (BRNs, the
1st-order), but not in unmyelinated C-types, using vagus-nodose slice of adult female
rats. These data were further supported by the notion that the spontaneous synaptic
currents could only be seen in the pharmacologically and electrophysiologically de-
fined myelinated A- and Ah-type baroreceptive neurons (the 2nd-order) of NTS using
brainstem slice of adult female rats. The greater frequency and the larger amplitude
of the spontaneous excitatory postsynaptic currents (EPSCs) compared with the in-
hibitory postsynaptic currents (IPSCs) were only observed in Ah-types. The ratio of
EPSCs:IPSCs was estimated at 3:1 and higher. These results confirmed that the affer-
ent-specific spontaneous activities were generated from baroreflex afferent path-
way in female-specific subpopulation of myelinated Ah-type BRNs in nodose and
baroreceptive neurons in NTS, which provided a novel insight into the dominant role
of sex-specific baroreflex-evoked parasympathetic drives in retaining a stable and
lower blood pressure status in healthy subjects, particularly in females.

Conclusion: The data from current investigations establish a new concept for the role
of Ah-type baroreceptor/baroreceptive neurons in controlling blood pressure stabil-
ity and provide a new pathway for pharmacological intervention for hypertension
and cardiovascular diseases.

KEYWORDS
baroreflex afferent pathway, parasympathetic activity, sexual dimorphism, spontaneous

activity

The first two authors contributed equally to this work

CNS Neurosci Ther. 2018;24:1219-1230.

wileyonlinelibrary.com/journal/cns © 2018 John Wiley & Sons Ltd | 1219


https://core.ac.uk/display/222574503?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
www.wileyonlinelibrary.com/journal/cns
mailto:﻿
mailto:﻿
mailto:﻿
mailto:﻿
http://orcid.org/0000-0002-1853-0216
mailto:liby@ems.hrbmu.edu.cn
mailto:liby@ems.hrbmu.edu.cn
mailto:Qiaogf88@163.com

XU ET AL

ﬂLWl L EY_ C N S Neuroscience & Therapeutics
1 | INTRODUCTION

It has been widely accepted that the parasympathetic nerve activ-
ity plays a leading role against sympathoexcitation in the neuro-
control of circulation and stabilization of blood pressure.1 Despite
the close association of the baroreflex function with parasympa-
thetic activation?™* and having the extensive studies on baroreflex
at both afferent and efferent pathways,’ the underlying mecha-
nism at cellular and physiological level is still largely unknown
due to the difficulties in handling these tissues for proper phys-
iological measurements. Over the years, we have developed a
highly reliable approaches for electrophysiological recording using
vagus-nodose slice, which allows us demonstrating a critical fe-
male-specific Ah-type neurons in the nodose and their potential
role in neurocontrol of blood pressure.®*¢

It is well documented that the blood pressure is lower in females
than that in age-matched males.’” This notion is consistent with the

4,10,18

recent observations reported in rodent models, indicating that

females have a much higher parasympathetic activity than males'?-2*
and neuroprotective action of estrogen.25 Our previous observa-
tion has shown that, in adult female rats, there is a female-specific
subpopulation of myelinated Ah-type baroreceptor neurons (BRNs)

in nodose®?

and baroreceptive neurons in tractus nucleus of soli-
tary (NTS),'?” with which an important neuroanatomical structure
supports for a critical parasympathetic activity in baroreflex afferent
function in females. Based on electrophysiological properties, a low
firing threshold and high excitability strongly suggest that Ah-type
BRNs could be activated at a relatively lower blood pressure? due
presumably to higher levels of expression of KCa1.1,2% voltage-de-
pendent Na**®?8 and HCN1'*?° channels, which would make this
neuron type a key player in parasympathetic activation. However,
assumptive spontaneous discharge activities generated from this
neuron group have never been reported so far, which is a non-negligi-
ble factor in maintaining constant parasympathetic outflow through
baroreflex afferent pathway despite this activity has been shown
successfully in somatic sensory system/dorsal root ganglia‘30 To this
end, we launched our efforts to test the potential existence of these
critical spontaneous activities in the first-order BRNs in the nodose
and spontaneous synaptic currents in the second-order barorecep-
tive neurons in the NTS with afferent fiber type using vagus-nodose
slices® and brainstem slices.*® Here, we are able to successfully record
the spontaneous activities in the second-order BRNs and second-
order baroreceptive neurons, respectively, and provide our first-
handed evidences to support the critical physiological function of

Ah-BRNs in this unique sex-dependent baroreflex afferent pathway.

2 | METHODS

2.1 | Animals

All protocols about animals used in experiments were preapproved
by Institutional Animal Care and Use Committee of Harbin Medical

University, which are in accordance with the recommendations of the
Panel on Euthanasia of the American Veterinary Medical Association
and the National Institutes of Health publication “Guide for the Care
and Use of Laboratory Animals” (https://www.nap.edu/readingroom/
books/labrats/). Age-matched Adult male, ovaries intact (OVI) fe-
male and ovariectomized (OVX) female Sprague-Dawley (SD) rats
(12-14 weeks weighing 220-250 g) were used in this study for no-
dose or brainstem slices preparations, as well as a long-term blood
pressure and baroreceptor sensitivity measurements in vivo. Rats
were directly purchased from Wei Tong Li Hua Experimental Animal
Technology Co, Ltd, Beijing, China, with SPF grade and licensed under
SCXK (Beijing) 2012-0001. All rats were maintained at the animal fa-
cility of School of Pharmacy, Harbin Medical University with a 12/12-

hour light cycle for 3 days before they were used for experiments.

2.2 | Chemicals

Capsaicin (Cap, a TRPV1 agonist) was purchased from Sigma (St
Louis, MO, USA); cyclothiazide (CTZ, a modulator of AMPA recep-
tor for removing rapid desensitization at postsynaptic terminals),
2,3-Dihydroxy- 6-nitro-7-sulfamoyl-benzo(F) quinoxaline (NBQX,
antagonist for non-NMDA), and iberiotoxin (IbTX, a selective blocker
for a large conductance of Ca®*- activated-K" channel, KCa1.1) were
purchased from Sigma; stock solutions were stored at -20°C and di-
luted using the bath solution right before experiments. During the
experiment, drugs or toxins were applied through bath perfusion or
micro-perfusion right on the patched neuron at flow rate no more
than 1.0 mL/min.

2.3 | Vagus-nodose slice preparation

Adult female Sprague-Dawley rats were used for the preparation
of nodose ganglion slices to study myelinated A- and Ah-type neu-
rons as well as unmyelinated C-type nodose neurons.” The bilateral
dissection of the vagal ganglia each with ~ 2.0 cm of their vagus
nerve attached, ganglia slicing, and enzymatic digestion have been
described elsewhere. Briefly, after dissection and digestion, the
slices were then transferred to a Petri dish filled with 5.0 mL of Earls
Balanced Salt Solution (Sigma) containing 1.0 mg/mL of type-Il col-
lagenase (Worthington Biochemical, Lakewood, NJ, USA) and incu-
bated at 37°C for 45 min followed by fresh support medium with
5.0 mg/mL trypsin (Worthington Biochemical) at 37°C for an ad-
ditional 25 minutes. The enzyme solution was then repeatedly re-
placed with chilled (~4°C) recording solution prior to transferring to

the recording chamber.

2.4 | Horizontal brainstem slice preparation

Horizontal brainstem slices of the NTS region using adult male and
age-matched female Sprague-Dawley rats were obtained follow-
ing procedures described in details previously.s'w'31 Briefly, slices
were obtained from adult female and ovariectomized (OVX) fe-
male rats. Synaptic currents were evoked through stimulation from
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a concentric bipolar electrode (FHC, Bowdoin, ME) placed on the
solitary tract, approximately 1-3 mm from the medial NTS record-
ing site. Synaptic characterization of NTS neurons was performed
using five stimuli bursts of 200-us duration delivered at 50 Hz, with
a three second interval between each sweep. Stimulus intensity was
gradually increased until excitatory postsynaptic currents (EPSCs)
were repeatedly evoked.

Additionally, 50 nmol/L NBQX was applied to identify that this
excitatory neurotransmission is mediated by rapid AMDA recep-
tor activated by glutamate at the postsynaptic terminal, which is a
crucial mechanism to ensure the effective neurotransmission under
physiological condition.

2.5 | Aortic depressive nerve labeling

To verify the afferent modality of baroreceptor afferents, the aortic
depressive nerve (ADN) was fluorescently labeled with Dil in a co-
hort of female rats (75-100 g) at least 4 weeks prior to electrophysi-
ological experimentation to ensure having enough time for lipophilic

dye to transport to NTS region.“'32

2.6 | Electrophysiological recording

Baroreceptor neurons in intact vagus-nodose slice and the loca-
tion of NTS in the horizontal brainstem slices were determined
as previously described.!®'? Spontaneous and evoked discharges
of AP were recorded using intact vagus-nodose slices.®'® The
spontaneous synaptic currents were recorded using horizontal
brainstem slice.?*2% All electrophysiological experiments were
conducted using a standard whole-cell patch-clamp technique.”
Spontaneous synaptic current were also recorded on the second-
order NTS-baroreceptive neurons using the standard whole-cell
patch-clamp technique. After each test, 100 nmol/L of capsaicin
(Cap, Sigma) was applied to further confirm the afferent fiber type
of tested neurons.

2.7 | Recording solutions

For vagus-nodose slice recording, extracellular and intracellular so-
lutions were exactly same as our previously described.”®

To mimic the physiological Ca?" in rat CSF and to prevent sat-
uration of neurotransmitter release, experiments used 1 mM
[CazJ']O.ss'34 Low calcium (1 mmol/L) ACSF has the same composition
as ACSF as used in previous studies, with the exception of 1 mmol/L
CaCl, and 2 mmol/L MgCl, in place of 2 mmol/L CaCl, *3! Sensitivity
to 100 nmol/L of the TRPV1 agonist capsaicin (Cap) enables us to
reliably identify synapses associated with unmyelinated (C-type), or
myelinated (A- and Ah-types) visceral afferents.

2.8 | Neurons identification

According to measured conduction velocity (CV) at cell-at-

7,15

tached configuration using vagus-nodose slice, those
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neurons showing fast CV > 10 m/s without the repolarization
hump were classified as myelinated A-types, those showing
faster CV >4 m/s with repolarization hump were classified
as myelinated Ah-types, while, those neurons showing slow
CV < 1/s with significant repolarization hump at room tempera-
ture were classified as unmyelinated C-types.” The baroreflex
modality of the first-order neurons were also verified by the
fluorescence at cell body*! with Dil transported along with the
afferent fibers.

Only synapses that meet the following criteria were consid-
ered as the second-order NTS neurons and used for further study:
jitter (SD of latency) <200 ps and the amplitude plateau of ex-
citatory postsynaptic currents (EPSCs) with increases in stimulus
intensity.>®3> After a synapse is identified as the 2nd order, the
stimulus intensity is fixed at a level 1.5-2.5X threshold through-
out the experiment. The second-order baroreceptive neurons
were identified via surrounding fluorescence that is boutons
formed by the synapse raised from the first-order baroreceptor

neurons.>?16:31

2.9 | Arterial Baroreflex sensitivity

The arterial was cannulated to connect the physiological pressure
transducer (AD Instruments MLT 844, Norway), which was used
for measuring the change of mean arterial blood pressure (MABP)
and heart rate (HR) automatically at the same time. Phenylephrine
(PE; Sigma Chemical) or sodium nitroprusside (SNP; Sigma Chemical)
were injected by indwelling venous catheter to induce transient in-
crease or decrease in BP with three different doses (2, 5, and 10 pg/
kg) respectively.®® The averaged ratio of HR and MABP (AHR/
AMABP) was designed as the symbol of BRS, which is applied to
each dose of PE and SNP. All the data processing was applied using
the software of Labchart 7 (AD Instruments, Bella Vista, Australia).

2.10 | Surgical ovariectomy

The surgery was performed following protocols described in
details previously.®”*® Briefly, anesthetized animals (combina-
tion of xylazine 10 mg/kg and ketamine 75 mg/kg) were placed
in a lateral position, and both flanks were shaved and cleaned
using chlorhexidine scrub and disinfected with 70% ethanol
and povidone iodine (7.5%). A 2.0-cm incision was made on the
left lateral side along a line spanning from the 2nd to the 5th
lumbar vertebra, using a scalpel blade. The left ovary and as-
sociated fat were located and externalized by gentle retraction.
After removal of the bilateral ovaries, peritoneal cavity, muscle
layers, and skin were closed successively with 4-0 absorbable
sutures and then penicillin (80 000 Units) was given via intra-
muscular injection. Four weeks after ovariectomy, a part of
them were administrated 17p-estradiol (17p-E2) via subcutane-
ous injection (10 pg/kg, once daily) delivered in 200 pL sesame
0il®? for another 3 weeks, which were sacrificed for experimen-

tal use.
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2.11 | Data analyses

Clampfit (Molecular Devices; Sunnyvale, CA, USA) was used for
initial data readings and excel for statistical analysis (Microsoft,
Northampton, MA, USA). Trace filtering and data graphing were
accomplished by origin (Microsoft). A paired or unpaired t-test and
ANOVA were applied where appropriate. “n” is the numbers of com-
pletely recording from vagus-nodose slice and brainstem slice prepa-
rations. The averaged data were presented as mean = SD. The P

value of equal or less than 0.05 was considered statistically different.

3 | RESULTS

Our extensive studies performed using either isolated nodose neu-
rons or nodose slice preparations have showed that myelinated
A- and unmyelinated C-type baroreceptor neurons (BRNs) were ob-
served in both adult male and female rats with no significant dif-
ference in electrophysiological characters,®® so, to simplify the test,
the adult female rats were used to prepare the vagus-nodose slices
and brainstem slices. To the concern of the effect of estrus cycle of
adult female rats on the recordings, the control study was also con-
ducted as the routine with OVXrats.

3.1 | Evoked action potential (AP) in baroreceptor
neurons (BRNs) of nodose

On vagus-nodose slices,” electrophysiological analyses were per-
formed on evoked AP to establish a proper condition for later
recordings of spontaneous activities. A giga- seal/cell-attached
condition was reached in BRNs'® with voltage-clamp protocol. The
conduction velocities (CVs) at room temperature (22-23°C) were
evaluated according to the responses evoked by vagal stimulation
(indicated as dash dot line in Figure 1) as myelinated A- (averaged at
15.4 £ 3.17 m/s ranging from 12 ~ 16 m/s, n = 13), Ah- (averaged at
11.6 + 7.89 m/s ranging from 5 ~ 21 m/s, n = 17), and unmyelinated
C-type (averaged at 0.72 £0.21 m/s ranging from 0.3 ~0.8 m/s,
n=77) BRNs (Figure 1B-D), respectively, with a superthreshold
stimulus intensity under cell-attached configuration.®® Apparently,
the repolarization humps as the waveform signature (indicated by
arrowheads in Figure 1C,D) were clearly observed in both identified
Ah- and C-type BRNs (Figure 1C,D). Although CVs in either A- or
Ah-types were within the range of myelinated afferents, the repolar-
ization humps was only seen in Ah-types. Collectively, these experi-

mental procedures”®*?

allowed us to accurately identify the afferent
fiber types in real-time right before current- or voltage-clamp re-

cordings with proper intracellular and extracellular solutions.

3.2 | Spontaneous events of BRNs at cell-attached
condition under voltage-clamp mode

Despite the spontaneous synaptic currents were demonstrated in the

second-order NTS neurons, the spontaneous activities generated from

XU ET AL
A
w ) Seal pulse start
Q
® Q- T T TR ——
S Pulse end
uise en
& —100 |
o
CV>10m/s
i
i
o i
n !
c © CV > 10 m/s
o
o 0
2 N
2 50}
D 100
= E I
S i
> !
1] !
@ | CV<1.0m/s
0
=20+ ! »
: 10 ms
—40 |
FIGURE 1 Identification of afferent fiber type based upon the

conduction velocity conjugated with repolarization hump under the
cell-attached condition. (A) A typical Giga- seal using the voltage-
clamp protocol with 1 mV test pulse and 80-ms duration holding
at 70 mV; (B-D) Evoked response and measured conduction
velocity (CV) to identify myelinated A- (CV > 10 m/s with smooth
repolarization), Ah- (CV > 10 m/s with clear repolarization hump
indicated as arrow head), and unmyelinated C-type (CV < 1.0 m/s
clear repolarization hump indicated as arrow head) baroreceptor
neurons (BRNs) of nodose ganglion slice prepared using adult
female rats, respectively; CV was evoked by vagal stimulation at
room temperature under the current-clamp configuration before
rupturing the cell membrane. Dash dot line represents the artifact
of vagal stimulation. The horizontal scale bar in (D) also applied for
(A-C)

visceral afferent neurons-nodose neurons (the first-order neurons) was
not reported. By reviewing our recordings with nodose slice conjugated
with aortic depressive nerve (ADN) labeling technique (n =20 slice

preparations), 11323

interestingly, we were able to capture the sponta-
neous events generated from BRNs at cell-attached and voltage-clamp
condition, rather than nonlabeled/general population of neurons of
nodose. Considering the waveform signature (Figure 2, indicated by
arrowheads) and CV, these spontaneous events were originated from
myelinated A- (Figure 2A, n=13) and Ah-type BRNs (Figure 2B,C,
n = 17), but none of them were from unmyelinated C-types (data not
shown). The percentages of myelinated A- (12.14%), Ah- (15.88%), and
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unmyelinated C-type (71.96%) among the total population were con-
sistent with the previous reports.®*? Notably, the spontaneous activi-
ties were only seen in recordings using tissue slices but not the isolated
neurons of nodose, suggesting that the recording using vagus-nodose
slice is more relevant to the physiological condition.

3.3 | Spontaneous events of BRNs at cell-attached
condition under current-clamp mode

We were also able to observe the spontaneous events at cell-attached
condition when switching recording from voltage-clamp to current-
clamp mode. These spontaneous events with higher frequency were
confirmed in A-type (Figure 2E) BRNs (20 + 9 Hz) compared with the
lower frequency in Ah-types (Figure 2G) BRNs (12+ 6 Hz, P <0.01
vs A-type) without vagal stimulation. The afferent fiber-types were
also verified by the waveform signatures (Figure 2E,G, insets) and CVs
evoked by superthreshold vagal stimulation. Intriguingly, the spontane-
ous events were also seen in both A- and Ah-type BRNs with stimu-
lus intensity below threshold (Figure 2F,H, insets indicated by black

(8)
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—200+
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triangle), suggesting that these spontaneous events were not associ-
ated with the vagal stimulation, as they appeared either right before
or far behind the stimulation. Even so, these spontaneous events
(Figure 2) were significantly reduced in Ah-types after ovariectomy
(data not shown) without changing the waveform signature, indicating
that these spontaneous events are closely related to the excitability of

this neurogroup.

3.4 | Spontaneous discharges of BRNs at whole-cell
configuration

Although we were able to see the spontaneous activities under
cell-attached mode (without rupturing cell membrane), we were
curious of the status under the whole-cell current-clamp condition
(with rupturing cell membrane). As expected, the spontaneous
discharges generated from the resting membrane potential were
clearly seen in both A- (Figure 3A,C) and Ah-type (Figure 3B,D)
BRNSs, but not in C-types and Ah-types of OVX (data not shown).
The spontaneous discharges observed from both A- and Ah-types

© (D)
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FIGURE 2 Spontaneous events (S) observed in myelinated A- (A) and Ah-type (B-D) baroreceptor neurons (BRNs) of nodose slice
preparation using adult female rats under the giga-seal condition with voltage-clamp protocol before rupturing the cell membrane. Arrow
heads represent the repolarization hump. The horizontal scale bar in (A) also applied for (A-C). Dash-dot line represents the seal pulse start
and the end. Spontaneous events (S) recorded on myelinated A- (E) and Ah-type (G) baroreceptor neurons (BRNs) under the current-clamp
mode without vagal stimulation and holding potential before rupturing the cell membrane; Spontaneous events (S) recorded on myelinated
A- (F) and Ah-type (H) BRNs under the current-clamp mode with vagal stimulation (stimulus intensity below threshold) and without holding
potential before the rupturing the cell membrane. Insets present the expended timescale to clearly demonstrate the repolarization hump
(indicated as the arrowheads), black triangles present the time of vagal stimulation
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(A)
30|

Spontaneous discharges

FIGURE 3 Spontaneous discharges of myelinated A- (A and C) and Ah-type (B and D) baroreceptor neurons (BRNs) nodose slice
preparation of adult female rats from resting membrane potential (RMP) under the whole-cell current-clamp configuration

were irregular, likely suggesting the instantaneous change in BP
fluctuation in vivo. The averaged frequency was overlapped be-
tween A- and Ah-types with slightly higher in A-types (9.21 + 4.77
ranging from 3 to 16 spike/min) compared with Ah-types
(7.47 + 4.18 ranging from 2 to 10 spike/min, P > 0.05 vs A-type)
at similar resting membrane potential. This result implies that my-
elinated BRNs are more critical to initiate parasympathetic drives
through baroreflex. More importantly, due to its female-specific
distribution,®!? the Ah-type BRNs are likely the key players in re-

taining relatively potent parasympathetic drives in females.*°

3.5 | Spontaneous synaptic currents of
baroreceptive neurons of nucleus tractus solitarius
(NTS)

Previously, we have shown the spontaneous synaptic currents in NTS neu-
rons of adult male rats.>*! Here we carried out similar experiments using
brainstem slice of adult female rats. The afferent fiber type of barorecep-
tive neurons of NTS can be recognized by their different responses to Cap
(100 nmol/L).>¢ Myelinated A-type is a Cap-insensitive neurons without
delay of excitation (Figure 4A); myelinated Ah-types are a similarly Cap-in-
sensitive neurons that show a slightly delay of excitation (Figure 4B) and ex-
press a large conductance of Ca?*-activated potassium channels (KCa1.1).X¢
Unmyelinated C-type baroreceptive neurons are Cap-sensitive with sig-
nificant delay of excitation (Figure 4C). Interestingly, the robust spontane-
ous synaptic currents were only observed in A- (Figure 4D) and Ah-type
(Figure 4E) baroreceptive neurons of NTS, but not in C-types (Figure 4F),
consistent well with the observation seen in BRNs in the nodose.

3.6 | The dynamics of excitatory postsynaptic
currents and inhibitory postsynaptic currents in
baroreceptive neurons of NTS

The spontaneous synaptic currents contain excitatory (EPSCs)
and inhibitory postsynaptic currents (IPSCs). The outcome of
baroreflex function is dependent upon which of these two domi-

nates the spontaneous activity. The dynamic changes in rise time,

decay time, and mean amplitude are significantly differ between
EPSCs and IPSCs, which can be used as electrophysiological signa-
ture to define them.®Based on these signatures, we analyzed the
dynamic properties of all tested myelinated A- (Figure 5A), Ah-
(Figure 5, ;) and unmyelinated C-type (Figure 5B) baroreceptive
neurons of NTS (Table 1), which include the dynamic changes in
rise and decay time. Apparently, even though the rise and decay
time differed between EPSCs and IPSCs in each categorized neu-
ron, the significant difference of these two parameters was not
reached among all 3 categories. However, the afferent-specific
difference of mean amplitude of EPSCs in Ah- and C-types, but
not in A-type baroreceptive neurons, was significantly higher
(more than doubled) than that of IPSCs, suggesting that the ex-
citatory neurotransmitter-glutamate released from its terminals is
dominant in baroreflex. To evaluate if the dynamic changes the
rise time, decay time, and the amplitude of EPSCs and IPSCs, the
similar observations were also conducted using OVX female rats
and the results showed that those parameters of EPSCs and IPSCs
significantly changed to the levels of unmyelinated C-type like
(data not shown).

3.7 | Afferent-specific high frequency of
spontaneous EPSCs in myelinated Ah-type
baroreceptive neurons of NTS

As we shown above, the mean amplitude of EPSCs in Ah-types is
significantly larger than that of IPSCs. However, the more meaning-
ful impact for the potent sympathoinhibition is dependent upon the
frequency of the dominant afferent-specific events of spontaneous
EPSCs. We therefore analyzed the ratio of EPSCs and IPSCs frequen-
cies in each category of baroreceptive neurons in NTS. Remarkably,
the frequency of spontaneous EPSCs (Figure 5D, at least 69 events
as indicated with black triangle) was significantly higher than that of
IPSCs (Figure 5D, maximal 22 events as indicated with black filled
circle) recorded in the same Ah-type baroreceptive neurons. The av-
eraged events per recording (five traces from T, ;) was 64.8 + 18.4
and 20.3 + 7.24 for EPSCs and IPSCs (P < 0.01, n = 6 recordings),
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FIGURE 4 Spontaneous synaptic currents from identified myelinated A-, Ah- and unmyelinated C-type baroreceptive neurons of nucleus
tractus solitarius (NTS). Baroreceptive modality was verified by the fluorescence around the neurons through aortic depressive nerve
(ADN) labeling with Dil; baroreceptive fiber type was identified by capsaicin (Cap) and delay excitation; (A-C) representative recordings

of myelinated A-type (Cap-insensitive, without delay excitation), myelinated Ah-type (Cap-insensitive, with slight delay excitation), and
unmyelinated C-type (Cap-sensitive, with dramatic delay excitation), respectively; (D), three examples of spontaneous synaptic currents
from A-type baroreceptive neurons; (E), three examples of spontaneous synaptic currents from Ah-type baroreceptive neurons; (F), three
examples of spontaneous synaptic currents from C-type baroreceptive neurons. Scale bars in (C) also applied for (A) and (B); scale bars in (F)

also applied for other spontaneous synaptic current recordings

respectively. The ratio of EPSCs:IPSCs was estimated at least 3:1. In
stark contrast, the ratio of EPSCs:IPSCs was close to 1:1 in both my-
elinated A- (around 85 events for EPSCs and IPSCs, Figure 6A) and
unmyelinated C-type (around 11 events for EPSCs and 10 events for
IPSCs, Figure 6B) baroreceptive neurons of NTS. Itis worth mention-
ing that the frequency of both of EPSCs and IPSCs obtained from
Ah-types of intact female rats was markedly declined to the level of
C-type baroreceptive neurons with the ratio of EPSCs/IPSCs close
to 1:1 after the OVX procedure (data not shown).

3.8 | Dominant parasympathetic activity evaluated
by blood pressure and baroreceptor sensitivity

Taken all electrophysiological data from this observation together,
spontaneous discharge in female-specific distribution of myelinated
Ah-type BRNs and baroreceptive neurons could initiate a strong

parasympathetic drives to maintain relatively lower BP and higher

baroreceptor sensitivity (BRS). In order to further confirm this hypoth-
esis, BP and heart rate (HR) of adult male, age-matched female and
ovariectomized (OVX) female rats were monitored for 6 consecutive
weeks using tail-clamp procedure10 and these data showed that BP and
HR maintained consistent levels during the observation. Intriguingly,
in intact females, the BP was lower and the HR was higher from the
2nd week (P < 0.05 or P < 0.01 vs. male; Figure 7A,B). The changes in
BP and HR measured by tail-clamp technique were almost identical
to those measured directly by the cannulation of femoral artery (data
not shown). Apparently, both BP and HR observed in OVX rats were
reached to the equivalent levels of those seen in males (P > 0.05 vs.
male). Whether or not these differences in the BP and HR were domi-
nated by the baroreflex afferent function, the BRS (AHR/AMARBP, the
mean arterial BP) 8 was also tested in the presence of phenylephrine
(PE) or sodium nitroprusside (SNP) and the results indicated that the
BRS in intact female was dramatically higher than those in male and
OVX at all tested concentration of PE and SNP (P < 0.05; Figure 7C,D).
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These in vivo data were strongly supported by the notions that the
dynamic parameters of EPSCs and IPSCs, as well as the ratio of EPSCs/
IPSCs changed by lacking of estrogen.

4 | DISCUSSION

4.1 | The major finding

The derangement of sympathetic and parasympathetic cardio-
vascular regulation is one of the most widely accepted and tested

FIGURE 5 Representative traces of
excitatory postsynaptic currents (EPSCs)
and inhibitory post-synaptic currents
(IPSCs) from identified myelinated A-
(A), Ah- (C, ;) and unmyelinated C-type
(B) baroreceptive neurons of nucleus
tractus solitarius (NTS). The dynamic
changes in rise time, decay time, and
mean amplitude were quantified in

each tested afferent-specified neurons
and the differences between EPSC and
IPSC in each category neurons were
described in Table 1. 20 pmol of NBQX
and 100 pmol of Bicuculline were applied
for selectively block the EPSCs and
IPSCs, respectively. The representative
recordings (D) of spontaneous synaptic
currents from electrophysiologically and
pharmacologically identified myelinated
Ah-type baroreceptive neuron of NTS.
EPSCs and IPSCs were indicated as ¥
and e, respectively; T, ; presented as five
consecutive episodes of recordings with
3-sec interval. The scale bar in T, also
applies for T, T

hypotheses for cardiovascular diseases. An increased sympathetic
nerve activity and a reduction in vagal cardiac tone are associ-
ated with and largely responsible for the appearance of the dis-
ease state high blood pressure.*°*? The sympathetic hyperactivity
is likely to be accompanied by an impaired vagal influence on the
heart,*® in which baroreflex mechanism is thought to be relatively
more important in stabilizing blood pressure when compared to its
other functions, such as the determination of the average levels of
blood pressure.** The multiple lines of evidences have supported a
causal role of autonomic dysfunction in hypertension, showing that
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TABLE 1 The comparison of the
properties of spontaneous synaptic
currents of excitatory (EPSCs) and
inhibitory postsynaptic currents (IPSCs)
recorded from pharmacologically and
electrophysiologically identified
baroreceptive neurons of nucleus tractus
solitarius (NTS) using adult female rats

FIGURE 6 Therepresentative
recordings of spontaneous synaptic
currents from electrophysiologically and
pharmacologically identified myelinated
A-type (A) and C-type (B) baroreceptive
neuron of NTS. EPSCs and IPSCs were
indicated as ¥ and e, respectively; Ts
presented as 5 consecutive episodes of
recordings with 3-s interval. The scale bar
shown in T, also applied for T, g
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Rise time/ms Decay time/ms Mean amplitude/pA

EPSCs IPSCs EPSCs IPSCs EPSCs IPSCs
A-type 1.24+04 25+£07* 6.2+42 36%17** 57 +17 54+ 15
Ah-type  1.27+0.6 2.8+0.5" 58+39 39+18* 54 +12§ 22 + 16* ##8§
C-type 1.28+0.7 2.8+0.9* 71+51 42 £ 16** 23+8 13+ 6*

The rise time, decay time, and the mean amplitude of EPSCs and IPSCs were analyzed and compared
between EPSCs and IPSCs, or each of them among the different groups of neurons. The averaged
data were presented as mean + SD.

‘P <0.05and

“P<0.01vs EPSC;

##p < 0.01 vs A-types;

$p < 0.05 vs C-type, n = 5, 6, and 8 for A-, Ah-, and C-types.
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FIGURE 7 Changes in systolic blood pressure (SBP), heart rate (HR), and baroreceptor sensitivity (BRS) in adult male, age-matched female
and ovariectomized (OVX) female rats. SBP and HR were collected from tail-clamp technique; phenylephrine (PE) and sodium nitroprusside
(SNP) were applied through femoral artery catheterization; BRS was presented as by AHR/AMABP that were collected in the presence

of 2, 5, and 10 pg/kg of PE or SNP (A and B): BP and HR measurements during 6 consecutive weeks; (C and D): BRS Changes during 6 wk.
Averaged data were expressed by mean = SD, n = 6 for male and OV X rats, n = 7 for female rats. *P < 0.05 and **P < 0.05 vs male, #p < 0.05

and #P < 0.05 vs OVX

hypertensive individuals and those in the early stages of hyperten-
sion have an increased sympathetic and a reduced cardiac vagal
drive.122% All above observations have clearly pointed out that the
predominant role of parasympathetic tone for blood pressure regu-
lation in healthy subjects.*® However, the underlying mechanism by
which the dominant role of parasympathetic activity in stabilizing
blood pressure remains largely unknown.

This study provides three major direct evidences to support a
higher parasympathetic activity in female rats. Firstly, the sponta-
neous discharge of APs has been confirmed in the female-specific
subpopulation of Ah-type baroreceptor neurons as well A-types;
secondly, a similar pattern of spontaneous synaptic currents has
also been discovered in the female-specific subpopulation of
Ah-types baroreceptive neurons of NTS; finally and the most im-
portantly, a significantly higher frequency of EPSC events when
compared to IPSC events has been only seen in Cap-insensitive
Ah-type baroreceptive neurons in NTS, rather than A- and C-types.

Taken all these major findings together, we have confirmed for the

first time that the spontaneous discharge at the first-order Ah-type
baroreceptor neurons triggers more glutamate release from its
terminals. This finding is supported by the notion of the dominant
EPSC events observed in the second-order Ah-type baroreceptive
neurons of NTS. Moreover, these relayed events at baroreflex af-
ferent pathway lead to an increased level of parasympathetic drives
through the efferent loop of baroreflex, which helps to stabilize the
blood pressure and maintain a relatively lower blood pressure in the

normal females.

4.2 | Crucial role of female-specific
distribution of myelinated Ah-type baroreceptor
neuron in baroreflex afferent function and
neurocontrol of circulation

In a series of recent studies, it has been shown that women exhibit
higher parasympathetic activity during normal condition when com-

pared to age-matched men. In addition, females have normally lower
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systolic blood pressure but more variability of heart rate, a specific
indication of a more dominant parasympathetic activity.“”ﬂ*m'24
These findings in human are in line with previous studies in ro-
dents showing lower systolic blood pressure due mainly to a more
prominent baroreflex afferent function in adult female rats.2%¢%”
The obvious question has been why females demonstrate a higher
parasympathetic activity when compared to males.*”*® It can be ex-
plained partly by the female-specific distribution of myelinated Ah-
type baroreceptor/baroreceptive neurons in both NG and NTS
likely due to their relatively higher parasympathetic activity at cel-
lular level.2 However, it is not clear whether this mechanism is sup-
ported by the spontaneous discharge of baroreceptor neurons of NG
and the spontaneous synaptic currents of NTS among myelinated A-,
Ah, and unmyelinated C-type afferents. Our current study provides
the first-handed evidences to support the hypothesis and have fur-

ther defined the mechanism.

4.3 | Clinical relevance

Baroreflex is the fast and most efficient feed-back control of homeo-
stasis in the neurocontrol of blood pressure. The sexual dimorphism
in baroreflex afferent function has extensively been studied in our
series of investigation, in which the female-specific distribution of
myelinated Ah-type baroreceptor and baroreceptive neurons in no-
dose and NTS is the key player. The spontaneous activity of these
Ah-neurons triggers the significant release of glutamate in their pr-
esynaptic terminal leading to the dominant parasympathetic effer-
ents within the baroreflex in females. This result provides further
solid evidence to support the notion that a lower blood pressure and
less prevalence of hypertension are more common in women com-
pared with the age-matched man. Apparently, these data will open
a new view for novel therapeutic strategies against hypertension.

5 | CONCLUSION

Our finding not only revealed the cellular and physiological mech-
anism of this critical parasympathetic drive in healthy subjects,
but also confirmed the important role of the female-specific my-
elinated Ah-type baroreceptor/baroreceptive neurons in neuro-
control of circulation and blood pressure regulation. The current

6,8-10,12,14,16

data strongly supported our previous findings and sug-

gested a new potential pathway and cellular targets for pharma-
cological intervention for hypertension and related cardiovascular

diseases.
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