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Abstract

Evidence has shown gender differences regarding the critical roles of histamine in the prevalence of
asthma, anaphylaxis, and angina pectoris. Histamine depolarizes unmyelinated C-type neurons
without any effects on myelinated A-type vagal ganglion neurons (VGNs) in male rats. However,
little is known if VGNs from females react to histamine in a similar manner. Membrane depolar-
ization and inward currents were tested in VGNs isolated from adult rats using a whole-cell patch
technique. Results from males were consistent with the literature. Surprisingly, histamine-induced
depolarization and inward currents were observed in both unmyelinated C-type and myelinated A-
and Ah-type VGNs from female rats. In Ah-type neurons, responses to 1.0 uM histamine were
stronger in intact females than in males and significantly reduced in ovariectomized (OVX) females.
In C-type neurons, histamine-induced events were significantly smaller (pA/pF) in intact females
compared with males and this histamine-induced activity was dramatically increased by OVX.
Female A-types responded to histamine, which was further increased following ovariectomy.
Histamine at 300 nM depolarized Ah-types in females, but not Ah-types in OVX females. In
contrast, the sensitivity of A- and C-types to histamine was upregulated by OVX. These data
demonstrate gender differences in VGN chemosensitivity to histamine for the first time. Myelin-
ated Ah-types showed the highest sensitivity to histamine across female populations, which was
changed by OVX. These novel findings improve the understanding of gender differences in the
prevalence of asthma, anaphylaxis, and pain. Changes in sensitivity to histamine by OVX may ex-
plain alterations in the prevalence of certain pathophysiological conditions when women reach a
postmenopausal age.

Key words: chemosensitivity, histamine, vagal afferent neuron, membrane depolarization, inward
current, whole-cell patch.

Introduction
Histamine is an organic nitrogen compound in-  neurocontrol of circulation (3-6). Histamine is also
volved in local immune responses (1) that can regu-  involved in many pathophysiological situations, such

late physiological functions in the gut (2) and act as  as vasospastic or pre-infarction angina (7, 8), neuro-
neurotransmitters to play a functional role in the  pathic pain or inflammation (9-12), ischemic heart
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disease (13, 14), hypertension (15, 16), and allergic
reactions (17, 18). Increasing evidence has shown sig-
nificant gender differences in the incidence and clini-
cal management of angina and asthma (19-23). How-
ever, underlying mechanisms at the cellular and mo-
lecular levels in the visceral afferent nerve system are
not yet understood because most of the published
data have been collected from male animals or ani-
mals with unspecified gender. Early studies demon-
strated that nearly 25% of unmyelinated C-type no-
dose neurons from male cats respond to histamine,
but that myelinated A-type neurons do not (24). Sim-
ilarly, recent observations have shown that vagal no-
dose esophageal C-fibers from male guinea pigs can
be excited by histamine (25) and that more than 20%
of neurons within the nucleus of the tractus solitaries
(NTS) in male rats were depolarized by histamine
(26). Controversial responses to histamine have pre-
viously been reported in cardiac afferent neurons in
the nodose ganglion of guinea pigs of unknown sex
(27). Consistently, histamine receptors (H1) have been
identified in both the nodose ganglion (28) and NTS
(6). The reason why scientists have not been able to
fully understand the possible gender differences may
be due in large part to the predominant use of male
animals. The present study explored gender differ-
ences in histamine-induced activity in myelinated and
unmyelinated vagal ganglion neurons (VGNs) from
adult age-matched male and female (with ovaries
intact and surgically removed) rats under current-
and voltage-clamp modes using a whole-cell patch
technique. Because compelling evidence in the litera-
ture has shown that the prevalence of asthma is sig-
nificantly higher in boys than girls and that this pat-
tern reverses in adulthood (29, 30), VGNs isolated
from neonatal rats were also evaluated with histamine
to better understand the underlying mechanisms of
these clinical observations. The novel findings from
the present study provide the first direct electro-
physiological and pharmacological evidence demon-
strating gender differences in chemosensitivity of
neurons to histamine, which may partially explain
gender differences in autonomic reflex function or
dysfunction and the incidence of clinical disorders,
such as angina, asthma, allergies, and neuropathic
pain.

MATERIALS and METHODS

Animals

All experimental animals used in this study, in-
cluding adult male and intact and ovariectomized
(OVX) female Sprague Dawley (SD) rats, were ob-
tained from the animal facility at Harbin Medical
University in China or purchased from Harlan La-

boratories (Indianapolis, IN, USA). Experimental
protocols were pre-approved by the Institutional
Animal Care and Use Committee of School of Medical
Science at Harbin Medical University and Indiana
University.

Drug and chemical agents

Histamine was purchased from Tocris (Ellisville,
MO, USA). Histamine stock solution at 100 uM was
prepared using recording solution and stored at 4°C.
Histamine was applied through bath perfusion (~1.0
ml/min). Papain (Sigma, St. Louis, MO), type 1I col-
lagenase (Worthington Biochemical, Lakewood, NJ),
and dispase (Roche, Mannheim, Germany) were used
for enzymatic isolation of vagal neurons from rats.
Mg-ATP and Na-GTP (Sigma, St. Louis, MO) were
used to prepare the pipette solution. Earle’s balanced
salt solution (Sigma) was selected to dissolve en-
zymes. All other cell culture reagents and chemicals
were obtained from Fisher Scientific or other sources
as specified.

Preparation of isolated vagal ganglion neurons
from adult rats

All procedures followed the protocols described
previously (31). Briefly, after both sides of the nodose
ganglia were surgically removed, they were immedi-
ately placed into chilled (~4°C) recording solution.
Connective tissue around the ganglia was carefully
removed and each ganglion was cut into small pieces
under a surgical microscope (x40). Ganglion tissue
was transferred to an enzyme solution containing 20
units/ml of papain in a 15 ml centrifuge tube and
digested at 37°C in a moisturized environment with
95% COz and 5% Os for 20 min. The ganglion tissue
was transferred to another enzyme solution contain-
ing 1.0 mg/ml type II collagenase and 2.0 mg/ml
dispase and incubated under the same conditions for
additional 30 min. After digestion, the enzyme solu-
tion was completely removed and 1.0 ml of warm
(~37°C) nodose complete medium (NCM) was added
and gently triturated with a glass aspiration pipette
until the ganglion tissue disappeared. The cell sus-
pension was then placed onto a poly-D-lysine coated
cover slip (10x10) and incubated for at least 60 min for
patching. NCM contained 90 ml F-12, 100 pl Mito™ +
serum extender (v/v, 1:20), 5.0 ml FBS, and 1.0 ml
PSN. F-12 medium contained 1000 ml D-MEM/F-12,
1.2 g NaHCO;, and 7.5 mmol/L HEPES with pH ad-
justed to 7.60 using 1.0 mol/L NaOH.

Preparation of isolated vagal ganglion neurons
from neonatal rats

To isolate neonatal VGNs, 4-7-day-old rat pups
were used. Six neonatal pups of each gender were
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used for isolated cell preparations (2 pups for each
preparation), and gender was verified surgically by
either testis or ovary immediately after the bilateral
ganglia were removed. All procedures (31) were
identical to the isolation of adult VGNs except for the
enzyme used (5 mg/ml trypsin-3X; Worthington,
Lakewood, NJ, USA) and incubation time (20 min).

Neuron identification

Because all patch-clamp recordings were per-
formed on nodose neurons isolated from adult or
neonatal rats, neuron/fiber type classification could
not be determined by the afferent fiber conduction
velocity. All tested neurons were identified as mye-
linated A- and Ah- and unmyelinated C-types based
on validated standard AP parameters (Fig. 1), which
were established based on data collected from slice
preparation (32) combined with morphologic charac-
teristics observed under a light microscope (33).
Briefly, a combination of 4 parameters in our vali-
dated standard are useful for neuron classification,
such as the action potential (AP) firing threshold,
maximal upstroke velocity, AP duration measured at
50% height of amplitude (APDsg), and the repolariza-
tion “hump”. In this experiment, neurons that showed
a negative AP firing threshold < -40 mV, maximal
upstroke velocity (UVmax) > 250 mV/ms, and APDsg
< 1.0 ms without a repolarization “hump” were defi-
nitely classified as myelinated A-type VGNs (Fig. 1A
& D). Neurons that showed a negative AP firing
threshold < -35 mV, UVmax > 250 mV/ms and APDsy
< 2.0 ms with a dramatic repolarization “hump” were
classified as myelinated Ah-type VGNs (Fig. 1B & E).
Neurons that showed a negative AP firing threshold >
-35 mV with a depolarization speed <200 mV/ms and
APDso > 2.0 ms with a significant “hump” over the
time course of repolarization were classified as un-
myelinated C-type VGNs (Fig. 1C & F). Morphologi-
cal parameters (33) may be necessary to more accu-
rately and efficiently classify neurons prior to ob-
taining electrophysiological recordings.

Myelinated  Ah-type = VGNs are gen-
der-specifically distributed primarily in adult female
rats and are rarely observed in adult male rats (34). To
compare histamine-induced responses for each classi-
fication between male and female rats, an extensive
effort was made to locate Ah-type VGNs in adult
males. Although more than 90 selected recordings
from 11 male rats were investigated throughout the
entire experiment, only 5 recordings fell into the
Ah-type category (Table 1).

A B C

D E F
JK/ I 100 vis
| " 20ms

G H I
H/U . 200 ms

Figure I: Representative recordings of action potential (AP) and the
pattern of repetitive discharge across populations of visceral ganglion
neurons (VGNE) isolated from adult female rats. A — C: AP recordings
elicited by a brief pulse from myelinated A-, Ah-, and unmyelinated C-type
VGN:s, respectively; D — F: derivatives over the time course of APs shown
in (A — C). G — I: Repetitive discharge evoked by the depolarization step
(100 pA for A-type, 150 pA for Ah-type, and 300 pA for C-type) from the
same VGN (shown in A — C). The vertical scale bars shown in (C) and (F)
also applies to (A), (B), and (G) through (I) and (D) & (E), respectively; the
horizontal bar shown in (F) also applies to (A) through (E).

Electrophysiological techniques

The whole-cell patch technique (35) was used for
voltage- and current-clamp recording protocols using
an Axoclamp 700A or 700B. Borosilicate glass pipettes
(Sutter) were pulled and polished down to a re-
sistance of 1.2-1.6 MQ. Following correction for all
offsets, a giga-ohm seal was formed and the pipette
capacitance was compensated. Total cell capacitance
(30-50 pF) and electrode access resistance (3-5 MQ)
were also compensated (60-80%). For current-clamp
recordings, a single AP was elicited using a 500-us
current pulse delivered through the patch electrode,
while step depolarizing currents were used to evoke
repetitive discharge. After recording a single AP and
repetitive discharge for neuron classification, the re-
cording protocol was switched to either a cur-
rent-clamp or voltage-clamp gap-free protocol to rec-
ord histamine-induced membrane depolarization and
inward currents. For histamine-induced membrane
depolarization or inward current recordings, cells
were maintained at a resting membrane potential near
-60 mV or near zero currents by holding the voltage at
-60 mV. When membrane potentials or currents were
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stable in amplitude, a final concentration of 1.0 uM
histamine was applied to the cell through bath perfu-
sion, and recordings were collected at least 1.0 sec
after histamine administration. Recordings were low
pass filtered to 10 KHz and digitized at 50 KHz. Ex-
perimental protocols, data collection, and preliminary
analysis were performed using pCLAMP 10.3 and
Digidata 1440A (Axon Instruments). Corrections for
liquid junction potentials were taken into considera-
tion before final data analysis.

Recording solution

AP, membrane depolarization, and inward cur-
rents were investigated using the same extracellular
solution composed of the following (in mM): 137
NaCl, 5.4 KCl, 1.0 MgCly, 2.0 CaCly, 10 glucose, and 10
HEPES with pH adjusted to 7.35 using 1.0 N NaOH.
The pipette solution for the recordings contained the
following (in mM): 140 potassium aspartate, 3.0
MgCl,, 4.0 BAPTA-K, 10 HEPES, and 0.25 CaCl; for a
final buffered intracellular calcium concentration of
100 nM with pH adjusted to 7.3 using 1.0 N KOH. Just
before recording, 2.0 mM Mg-ATP was added to the
pipette solution from a stock solution. Osmolarities of
extracellular and pipette solutions were adjusted us-
ing D-mannitol (Sigma) to 310 and 290, respectively.
A 100 pM histamine stock solution was prepared fresh
each day and applied using bath perfusion. All re-
cordings were performed at room temperature
(20-23°C).

Data acquisition and analysis

In each data set, pulse-elicited single APs and
step depolarization evoked repetitive discharge were
sequentially recorded, and membrane depolarization
or inward currents were observed in the same cell in
the presence of histamine. Inward currents were
normalized by whole-cell capacitance and described

as the current density (pA/pF, Table 1). For statistical
analysis, specific types from each animal were aver-
aged to yield one value per animal, which was en-
tered as n = 1 in the statistics package. Data from a
minimum of 5 animals were included in this study.
All averaged data for APs, firing frequency, and cur-
rent density were expressed as the mean + SD, and
statistical significance was evaluated using the f-test
between groups. A two-tailed paired f-test was used
to assess statistical significance (P < 0.05) of changes in
current density before and after application of hista-
mine. P values less than 0.05 were considered signifi-
cantly different.

RESULTS

AP parameters, such as AP firing threshold
(APFT), maximal upstroke velocity (UVmax), AP du-
ration (APDsg), and discharge character of AP firing
frequency (APFF), are summarized in Table 1. These
data show that AP parameters and discharge patterns
were not significantly different between males and
females (Fig. 1 and Table 1). However, AP duration
(APDsp) was shorter (P < 0.01) with a faster down-
stroke velocity (DVarpso, P < 0.05) in OVX females
than intact females (Table 1). Changes in other pa-
rameters were not confirmed. Although ovariectomy
did not affect the behavior of myelinated A- and un-
myelinated C-type VGNs, the neuroexcitability of
myelinated Ah-type VGNs was dramatically de-
creased in OVX females. Importantly, we showed that
myelinated Ah-type VGNs are a gender-specific
subpopulation in females and are rarely observed in
males. For comparison, 91 VGNs were tested from 11
adult male rats and only 5 were identified as myelin-
ated Ah-types. The vast majority was myelinated
A-type and fewer were unmyelinated C-type in
males.

Table I: Discharge action potential parameters recorded from isolated adult male, female, and OVX female rats. Data
are presented as the mean * SD, n = the number of rats. *P < 0.05 and **P < 0.01 vs adult female. 5 Ah-type neurons were observed in

more than 90 selected recordings from | | adult male rats.

Adult Male Adult Female Adult OVX Female

A-type Ah-type C-type A-type Ah-type C-type A-type Ah-type C-type
RMP -622+1.6 -63.0£19 -612+£22 -618+20 -622+19 -61.0+21 -627+11 -629x14 -60.7 £2.3
APFT -433+31 -415+£23 -288+33 -419%27 -434+22 -286+23 420+24 434zx12 -27.8+24
APFF 38.6+34 16.7+34 24+14 39.8+45 185+3.6 25+04 373+57 3.7 £1.7% 1.58+1.1
APDso 081+014 1.73+0.3 2.63+04 0.78+023 1.67+0.3 259+03 0.78+0.3 1.34 £0.3** 252+04
APreak 53.1+3.0 60.2+29 60.7 £2.7 55.4£2.6 62127 62.0+24 53.7+4.0 613+24 624+20
AHPso 16.2+2.6 97.4+16 108 +19 18451 51411 106 £11 22136 54.6 £10 114 +17
AHPrpeax -65.0+1.7 -651+15 -654%22 -655+15 -653+18 -655+084 -652+15 -654+1.2 -65.1+1.1
UV arpso 214 +18 108 +14 543 +15 215+ 14 113 +14 59.2+9.2 210+12 116 +14 53.7+77
DV arpso 87.3+£9.6 -591+£6.1 -331+£51 115+18 -614+42 -357+32 111+13 73.8 £3.1* -37.0+5.2
n 5 11t 5 5 6 5 5 5 5

Definitions: RMP: Resting membrane potential (mV). APFT: AP firing threshold (mV). APFF: AP firing frequency (Hz). APDso: AP duration at 50% deflection (msec).
APrea: AP peak (mV). AHPpeak: Peak deflection of after-hyperpolarization (mV). AHPs: Time for 80% recovery to RMP after AHP (msec). UV arpso: Upstroke velocity at

APDsp (mV/msec). DV arpso: Downstroke velocity at APDsy (mV /msec).
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Figure 2: Histamine-induced membrane depolarization and inward currents in myelinated A-type vagal ganglion neurons (VGNs) isolated from adult male
(black) and female (red) rats. A: representative action potentials (AP) elicited from A-types by a brief pulse; B: 1.0 uM histamine-induced membrane
depolarization from resting membrane potential (RMP) near -60 mV observed on the same neurons shown in (A) using the gap-free protocol under
current-clamp mode; C: 1.0 uM histamine-induced inward currents using the gap-free protocol with holding potential at -60 mV under voltage-clamp mode;
(A) represents the starting points of bath-perfusion of histamine. Horizontal scale bar shown in (C) also applies to (B).

Histamine-induced membrane depolarization
and inward currents in myelinated A-type
VGNs isolated from adult rats

Seven myelinated A-type VGNs from males (n =
5) and females rats (n = 5) were tested with 1.0 pM
histamine (Fig. 2A). None of the A-types from males
were depolarized by histamine (Fig. 2B) and almost
no inward currents were confirmed in the presence of
histamine (Fig. 2C). This observation from male rats is
consistent with reports in the literature (24). Surpris-
ingly, all myelinated A-type VGNs from intact fe-
males tested responded to the same concentration of
histamine under the same experimental conditions.
Membrane depolarization (Fig. 2B) and inward cur-
rents (Fig. 2C) were both clearly observed upon ad-
ministration of histamine. Average peak inward cur-
rents (pA/pF) in female A-types were dramatically
larger (8.74 £3.29, P < 0.01) than in males (0.17 £ 0.09),
and nearly doubled (18.8 + 3.47, P < 0.01) in OVX fe-
males (Fig. 3A).

Histamine-induced membrane depolarization
and inward currents in myelinated Ah-type
VGNs isolated from adult rats

Only 5 VGNs out of 91 recordings in 11 males
were confirmed as the Ah-type (Fig. 4A red and Table
1), while 9 Ah-type VGNs were observed (Fig. 4A
black and Table 1) from intact females (n = 6). Inter-
estingly, all Ah-type VGNs from females and males
were depolarized up to ~-30 mV from the resting
membrane potential (RMP, ~-60 mV), and a burst AP
was observed in the initial phase of depolarization by
histamine in some of the recordings (Fig. 4B). Imme-
diately after running brief pulse and step depolariza-

tion under current-clamp configuration, a gap-free
voltage-clamp protocol was performed to record in-
ward currents in the presence of histamine (Fig. 4C).
Averaged data (Fig. 3A) showed that the peak inward
currents (pA/pF) of the Ah-types were slightly larger
in females (9.96 + 3.66 pA/pF, n = 6) compared with
males (4.25 + 2.17 pA/pF, n = 5), but the difference
was not significant (P = 0.056) due perhaps to the
lower number of observations in males. In OVX fe-
males, the membrane potential was depolarized by
histamine, whereas the histamine-induced peak in-
ward current was significantly down-regulated (2.75
+ 1.16 pA/pF, n = 5P < 0.05) compared with intact
females (Fig. 3A).

A F I Male B [ Neonatal male
[ Female | ] Neonatal female
[ ovx
™ 30 |- ™
S, s- 30
s o ®
2 £
s g
E15 t
= = 15
(&) (&) i
-
g =
Q
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®) (8

A-type Ah-type C-type A-type Ah-type C-type

Figure 3: Summary data of histamine-induced inward currents from
myelinated A-, Ah, and unmyelinated C-type vagal ganglion neurons
(VGNs) isolated from adult (A) and neonatal (B) rats. Current density was
normalized by whole-cell capacitance and expressed as pA/pF. Average
data are presented as the mean * SD, *P < 0.01 vs male, *P < 0.05 and P
< 0.0l vs male. The number in the bracket shown in each column repre-
sents the total number of rats.
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Figure 4: Histamine-induced membrane depolarization and inward currents in myelinated Ah-type vagal ganglion neurons (VGNs) isolated from adult male
(black) and female (red) rats. A: representative action potentials (AP) elicited from Ah-type APs by a brief pulse; B: 1.0 uM histamine-induced membrane
depolarization from resting membrane potential (RMP) near -60 mV observed on the same neurons shown in (A) using the gap-free protocol under
current-clamp mode; C: 1.0 uM histamine-induced inward currents using the gap-free protocol with holding potential at -60 mV under voltage-clamp mode;
(A) represents the starting points of bath-perfusion of histamine. The horizontal scale bar shown in (C) also applies to (B).

Histamine-induced membrane depolarization
and inward current in unmyelinated C-type
VGNs isolated from adult rats

Similar to myelinated Ah-type VGNs, all unmy-
elinated C-type VGNs identified from males (Fig. 5A),
intact females (Fig. 5A), and OVX females (data not
shown) responded to 1.0 uM histamine, manifested as
membrane depolarization (Fig. 5B). Depolarization
induced by histamine was almost twice as large in
males (up to ~-20 mV) than intact females (up to ~-40
mV). This was equivalent to the effect of histamine on
inward currents (Fig. 5C), manifested as significant
peak inward current in males (>25 pA/pF average,
Fig. 3A). The peak inward current in females was 5
times (~5 pA/pF average) lower compared with that
observed in males (P < 0.01, Fig. 3A). In OVX females,
histamine-induced peak inward currents were par-
tially restored (~20 pA/pF) compared with males (P >
0.05) and dramatically increased compared with intact
females (P < 0.01, Fig. 3A).

Changes in histamine-induced responses of
myelinated and unmyelinated VGNs isolated
from OVX female rats

In OVX females, AP parameters and discharge
patterns in myelinated A- and unmyelinated C-type
VGNs were not altered, although the APDsp was re-
duced (P < 0.01) and DV appso was increased (P < 0.05)
compared with intact females (Table 1). There was a
significant reduction in discharge frequency of
Ah-type VGNs from ~20 Hz in intact females down to
less than 5.0 Hz in OVX females (P < 0.01, Table 1).
These data are consistent with our previous observa-
tions (34, 36, 37). In addition, 1.0 pM histamine in-
duced membrane depolarization of myelinated A-,
Ah-, and unmyelinated C-types (data not shown).
Histamine-induced peak inward currents observed

across all VGN populations were markedly altered in
OVX females compared with intact females. Averaged
peak inward currents (pA/pF) increased overall (Fig.
3A) in both myelinated A- (P < 0.05) and unmyelin-
ated C-type VGNs (P < 0.01), while the peak inward
currents of myelinated Ah-types in OVX females were
only about one-fourth the average current density
(2.75 £ 1.16 pA/pF, P < 0.05) compared with intact
females (9.96 £ 3.66 pA/pF) (P <0.05, Fig. 3A).

OVX alters histamine sensitivity across all
VGN populations isolated from adult intact
and OVX female rats

As shown, 1.0 uM histamine induced membrane
depolarization from the resting membrane potential
across all VGN populations in intact females. Because
a determination as to which type of VGN is more
sensitive to histamine cannot be made based on this
observation, a lower concentration of histamine (300
nM) was applied to another set of VGNs (Fig. 6) iso-
lated from intact and OVX females. Membrane depo-
larization induced by 300 nM histamine was only
confirmed in myelinated Ah-type VGNs (Fig. 6B),
with an average depolarization of 14.5 £ 3.24 mV (n =
5). Similar responses were not observed in either my-
elinated A- (n = 5) or unmyelinated C-type VGNs (1 =
5) (Fig. 6A & C). A similar test was performed on all
VGN types isolated from OVX females. Membrane
potentials in both myelinated A- (n =5 OVX; Fig. 6A,
red) and unmyelinated C-type VGNs (n = 6 OVX; Fig.
6C) were significantly depolarized by 300 nM hista-
mine up to ~-40 mV from resting stages (P < 0.01). The
membrane potential in myelinated Ah-types was only
slightly depolarized (-58.2 £ 2.3 mV with histamine, n
=50VX vs. -62.6 £ 1.6 mV before histamine, P > 0.05)
under the same experimental conditions (Fig. 6B) and
was dramatically lower in magnitude compared with
intact females (Fig. 6B).
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Figure 5: Histamine-induced membrane depolarization and inward currents in unmyelinated C-type vagal ganglion neurons (VGNs) isolated from adult
male (black) and female (red) rats. A: representative action potentials (AP) elicited from C-type VGNs by a brief pulse; B: 1.0 uM histamine-induced
membrane depolarization from resting membrane potential (RMP) near -60 mV observed on the same neurons shown in (A) using the gap-free protocol
under current-clamp mode; C: 1.0 uM histamine-induced inward currents using the gap-free protocol with holding potential at -60 mV under voltage-clamp
mode; (A) represents the time points of bath-perfusion of histamine. The horizontal scale bar shown in (C) also applies to (B).
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Figure 6: High sensitivity of Ah-type vagal ganglion neurons (VGNs) to histamine and down-regulation in ovariectomized (OVX) female rats. Myelinated
A-, Ah-, and unmyelinated C-type VGNs were first identified and membrane depolarization was observed in the presence of 300 nM histamine using the
gap-free protocol under current-clamp mode on the same neuron. A — C: represents 300 nM histamine-induced membrane depolarization in A-, Ah-, and
C-type VGN:s, respectively, from intact (black) or OVX female (red) rats; (A) represents the starting points of bath-perfusion of histamine.

Developmental changes and gender differ-
ences in histamine-induced inward currents in
VGNs isolated from neonatal rats

The prevalence of asthma has been shown to be
higher in younger boys than girls, with a reversal
pattern after adolescence. This led to questions re-
garding differences in the chemosensitivity of VGNs
to histamine in neonatals compared to adults. Recent
findings have shown that myelinated Ah-types are
equally distributed in both neonatal male and female
rats (32, 34). Comparing histamine-induced inward
currents of VGNs between neonatal male and female
rats and data observed in adults was performed. Re-
sults (Fig. 3B) indicated that very small but detectable
depolarizations (data not shown) were observed in
A-types from both sexes with no difference (P > 0.05)
in current density. Histamine definitely induced
larger inward currents of Ah-types in either male or
female rats with identical amplitudes (P > 0.05).

However, significant larger inward currents (29.1 +
7.71 pA/pF, n = 6) were confirmed in male C-types,
which were 5 times larger than in female C-types (5.63
+ 4.2 pA/pF, n = 6, P < 0.01). The patterns of hista-
mine-induced inward currents in all neonatal VGN
populations were quite different from adults (Fig.
3A).

Discussion

Gender differences in chemosensitivity of va-
gal ganglion neurons to histamine in adult rats

Using VGNs isolated from adult rats and an es-
tablished rat model of experimentally induced post-
menopausal estrogen deficiency (38) combined with
electrophysiological and pharmacological approach-
es, we show for the first time significant gender dif-
ferences in the chemosensitivity of VGNs to hista-
mine. With regard to adult males, our observations
are consistent with results in the literature (24) in
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which histamine induced membrane depolarization
in all of the unmyelinated C-type VGNs tested and
none of the myelinated A-type VGNSs. In contrast in
adult female rats, not only unmyelinated C-types, but
also myelinated A-types and gender-specific subpop-
ulations of myelinated Ah-type VGNs (32, 34) re-
sponded to histamine, as suggested by significant
membrane depolarization and marked inward cur-
rents in the presence of histamine. These major find-
ings may explain, at least in part, that histamine could
be a key player in gender-based differences in auto-
nomic reflex function under physiological and disease
conditions (5, 6). Consistent with our previous ob-
servation (34), a very low percentage of likely mye-
linated Ah-type neurons from male rats were verified
using standard validation (32) and morphological
parameters (33) in this investigation. However, male
Ah-types do not follow the same pharmacological
tendency (34) as female Ah-types regarding positive
reactivity to ap-methyl-adenosine triphosphate and
negative reactivity to capsaicin. Although male
Ah-types showed a similar but less potent response to
histamine, the functional roles of this class of neurons
may not be significant.

Gender differences in chemosensitivity of va-
gal ganglion neurons to histamine in neonatal
rats

Clinical evidence has shown that asthma is more
common in boys than in girls, although the prevalence
switches in adults or after adolescence (29, 30, 39-42).
This pattern raised questions about changes in the
chemosensitivity of VGNs to histamine over time. In
this regard, sensitivity to histamine was tested using
VGNs isolated from male and female neonatal rats.
Compared with adult rats, myelinated A-, Ah-, and
unmyelinated C-type VGNs were equally distributed
in both neonatal males and females (32). Using this
model, we can easily compare and evaluate chemo-
sensitivity to histamine across all neuronal popula-
tions and predict the impacts of different neurons
with histamine function during the early stages of life.
On average, histamine-induced inward currents in A-
and Ah-types from neonatal males were equivalent
with those observed in neonatal females, while the
current density of C-types induced by histamine was
at least 5 times larger in neonatal males than neonatal
females. This suggests that the patterns of hista-
mine-induced events are dramatically different com-
pared with data from adult rats and that C-type VGNs
may play a dominant role, especially in neonatal male
rats. This observation, in combination with current
data from adult animals, strongly supports the notion
that the prevalence of asthma is higher in boys than
girls (43) in childhood and may partially explain the

reversal pattern of asthma prevalence during the
lifespan.

Coordinated changes in chemosensitivity to
histamine in neuronal populations in females
following ovariectomy

Menopausal transition is a critical time period
during the lifespan of a woman. Gender differences in
histamine sensitivity involved in pathophysiological
and disease conditions are well recognized, and as
such, changes during the menopausal transition pe-
riod are expected. To fully understand the plausible
mechanisms underlying this transition, the rat model
in which bilateral ovaries are removed was selected to
simulate the transition to menopause. Unlike male
rats, histamine induced equivalent responses in all
types of VGNs from intact females, as shown by cur-
rent density measurements (P > 0.05 by ANOVA).
These data are the first direct evidence from female
rats indicating that myelinated and unmyelinated
VGNs may contribute equally to histamine-related
functions, while C-types are the only hista-
mine-related neurons that play a role in males, sug-
gesting that this may be a major factor leading to
gender differences in histamine-related functions and
diseases. Interestingly, the present data demonstrate
that the sensitivity of female VGNs to histamine
changed following an ovariectomy, manifested as a
significant decrease in histamine-induced current
density in Ah-types (Fig. 3A), but increase in C-types
with a marked reduction in neuroexcitability shown
by repetitive discharge profiles (36). The fashion of
current density of Ah- vs C-types in OVX female rats
became more like those observed in A- vs C-types in
males, implying that histamine-related physiological
functions change in female rats following OVX. In-
volvement of histamine as a nonadrenergic and
noncholinergic factor (44) at the level of neurocontrol
of circulation may partially explain why blood pres-
sure in postmenopausal women becomes identical to
age-matched men (6, 45). In this study, A- and
Ah-type VGNSs are both myelinated neurons; howev-
er, histamine-induced current density was enhanced
in A-types, rather than reduced as in Ah-types by
OVX. This observation may be explained as compen-
sation for down-regulation of histamine-related ac-
tivity in Ah-types after OVX.

To further verify changes in sensitivity to hista-
mine across populations of VGNs from female rats,
lower concentrations of histamine were applied. Un-
der the same experimental conditions, membrane
depolarization was only confirmed in Ah-type VGNs
without significant changes in both A- and C-types.
After surgically and bilaterally removing the ovaries,
histamine-induced membrane depolarization
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dropped to near resting (-60 mV) instead of increasing
in both A- and C-types. These data further indicate
that myelinated Ah-type VGNs are more sensitive to
histamine and may play major roles in female reflex
functions and that this activity may be lost due to lack
of female hormone support.

Future study

Histamine receptor subtypes in each neuron
category are currently under investigation using
pharmacological testing with selective agonists or
antagonists for histamine. Molecular approaches,
such as single-cell RT-PCR, to evaluate messenger
RNA expression in single neurons is another possible
experiment to avoid contamination from other neuron
types in the ganglion tissue. Pharmacological and
molecular investigations together with immuno-
histochemical analysis using specific antibodies
would be used to further confirm these conclusions.

Conclusion

This study provides the first evidence demon-
strating gender differences in chemosensitivity of
vagal ganglion neurons to histamine, which may be a
major contributor to gender differences in reflex
functions, cardiovascular regulation, asthma, and
neuropathic nociception.
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