C N S Neuroscience & Therapeutics

ORIGINAL ARTICLE

Neuroscience &
Therapeutics

CN

Na*-Ca?** Exchanger, Leak K* Channel and Hyperpolarization-
Activated Cyclic Nucleotide-Gated Channel Comediate the
Histamine-Induced Excitation on Rat Inferior Vestibular Nucleus

Neurons

Lei Yu, Xiao-Yang Zhang, Shu-Liang Cao, Shi-Yu Peng, Deng-Yu Ji, Jing-Ning Zhu & Jian-Jun Wang

State Key Laboratory of Pharmaceutical Biotechnology, Department of Biological Science and Technology, School of Life Sciences, Nanjing University,

Nanjing, China

Keywords
H1 receptors; H2 receptors; Histamine;
Inferior vestibular nucleus; lonic mechanisms.

Correspondence

Jing-Ning Zhu, School of Life Sciences,
Nanjing University, 163 Xianlin Avenue,
Nanjing 210023, China.

Tel.: +86-25-89682714;

Fax: +86-25-89682705;

E-mail: jnzhu@nju.edu.cn

and

Jian-Jun Wang, School of Life Sciences,
Nanjing University, 163 Xianlin Avenue,
Nanjing 210023, China.

Tel.: +86-25-89682714;

Fax: +86-25-89682705;

E-mail: jjwang@nju.edu.cn

Received 6 June 2015; revision 11 August
2015; accepted 14 August 2015

doi: 10.1111/cns.12451

The first two authors contributed equally to
this work.

Introduction

SUMMARY

Aims: Antihistaminergic drugs have traditionally been used to treat vestibular disorders in
the clinic. As a potential central target for antihistaminergic drugs, the inferior vestibular
nucleus (IVN) is the largest subnucleus of the central vestibular nuclear complex and is con-
sidered responsible for vestibular-autonomic responses and integration of vestibular, cere-
bellar, and multisensory signals. However, the role of histamine on the IVN, particularly the
underlying mechanisms, is still not clear. Methods: Using whole-cell patch-clamp record-
ings on rat brain slices, histamine-induced effect on IVN neurons and the underlying recep-
tor and ionic mechanisms were investigated. Results: We found that histamine remarkably
depolarized both spontaneous firing neurons and silent neurons in IVN via both histamine
H1 and histamine H2 receptors. Furthermore, Na*~Ca®* exchangers (NCXs) and back-
ground leak K* channels linked to H1 receptors and hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels coupled to H2 receptors comediate the histamine-induced
depolarization on IVN neurons. Conclusion: These results demonstrate the multiple ionic
mechanisms underlying the excitatory modulation of histamine/central histaminergic sys-
tem on IVN neurons and the related vestibular reflexes and functions. The findings also sug-
gest potential targets for the treatment of vestibular disorders in the clinic, at the level of
ionic channels in central vestibular nuclei.

related diseases and their associated symptoms, such as imbalance,
vertigo, motion sickness, nausea, and nystagmus [1,7,9-11]. The

In the central nervous system, histamine, which synthetized
solely in the tuberomammillary nucleus of the hypothalamus, acts
as a general modulator for whole brain activity [1-5]. The central
histaminergic system extensively innervates almost the whole
brain and plays an important role in many basic physiological
functions, including arousal, endocrine functions, learning and
memory, cognition, as well as motor control [1-5]. Therefore, his-
tamine is attracting more and more attention for its potential ther-
apeutic value [6-8]. In fact, antihistaminergic drugs have been
used for almost a century in the clinical therapy of vestibular-
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therapeutic targets of antihistaminergic drugs include not only the
peripheral vestibular organs, including the labyrinth in the inner
ear [12,13], but also the central vestibular nuclear complex,
which holds a key position in the regulation of body balance and
vestibular-autonomic reflexes [14-18].

The inferior vestibular nucleus (IVN), also called the descending
or spinal vestibular nucleus, is the largest nucleus of the vestibular
nuclear complex. It receives primarily signals from the otolith,
semicircular canals, as well as vermis of the cerebellum and sends
direct projections to the vestibular nuclei, cerebellum, reticular
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formation, and spinal cord for regulating vestibular motor
reflexes. In particular, neurons within the IVN possess axons that
descend bilaterally in a position just off the midline near the dorsal
surface of the pons and medulla through the medial vestibu-
lospinal tract. These descending axons course caudally and enter
the spinal cord, where they lie within the medial part of the ven-
tral funiculus. This pathway projects to and modulates cervical
and upper thoracic spinal motor neurons that innervate neck and
head musculature [19-23]. On the other hand, the outputs of IVN
modulate the nucleus of the solitary tract, caudal part of parabra-
chial nucleus, nucleus ambiguous, and dorsal motor nucleus of
the vagus to induce vestibular-related autonomic responses.
Lesion studies have revealed that during otolith stimulation in
cats, the IVN is critical for vestibulo-sympathetic reflex [24,25].
Moreover, the amount of Fos labeling neurons in the rat IVN was
increased when animals performed Ferris-wheel-like rotations,
which causes behavioral symptoms associated with motion sick-
ness [26]. Therefore, IVN may be a potential target for clinical
treatment of vestibular symptoms and disorders.

Interestingly, it has been revealed that there is a moderately
dense level of histaminergic fibers [8,27-29], as well as histamine
receptors [30], distributed throughout the IVN. Correspondingly,
our previous extracellular recording study showed that histamine
increased the firing rate of spontaneous firing IVN neurons by
direct activation of histamine H1 and H2 receptors [30]. However,
the detailed ionic mechanisms underlying the action of histamine
on IVN neurons remain largely unknown. On the other hand,
studies on action and mechanisms of histamine in the central
vestibular nuclei mostly concentrate on the medial vestibular
nucleus (MVN) [9,15,17,29,31,32] but neglect the IVN. In fact,
unlike the MVN and other central vestibular subnuclei, IVN is a
key station for integrating peripheral vestibular and cerebellar
afferent inputs and holds an important integration role in vestibu-
lar motor and autonomic reflexes. Thus, in this study, the ionic
mechanisms underlying the effect of histamine on IVN neurons
were investigated. The results show that Na*-Ca>" exchangers
(NCXs) and background leak K* channels coupled to HI receptors
and hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels linked to H2 receptors comediate the histamine-induced
depolarization of IVN neurons.

Materials and Methods
Animals and Brain Slice Preparations

Brainstem slices were prepared from Sprague Dawley rats aged
12-14 days of either sex, in compliance with US National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication 80-23, revised 1996). All efforts were made to
minimize the number of animals used and their suffering. After
decapitation, according to the rat brain atlas [33], 300-uM coronal
brainstem slices containing the IVN were cut [30,34,35] and incu-
bated in artificial cerebrospinal fluid (ACSF, composition in mM:
124 NaCl, 2.5 KCl, 1.25 NaH,PO4, 1.3 MgSO,, 26 NaHCO;, 2
CacCl,, and 10 p-glucose; pH = 7.4), equilibrated with 95% O, and
5% CO5 at 35 4+ 0.5°C for at least 1 h. Then, the slices were main-
tained at room temperature for about 20 min before recordings.
For Na* replacement experiments, the Na*-free ACSF was as
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follows: 124 mM Tris—Cl, 2.5 mM KCI, 1.25 mM NaH,PO,,
1.3 mM MgSO,, 26 mM NaHCOs, 2 mM CacCl,, and 10 mM b-
glucose (pH = 7.4).

Whole-Cell Patch-Clamp Recordings

Whole-cell patch-clamp recordings were performed as previously
described [16,17,35]. Briefly, the recording pipettes (3-5 MQ)
were filled with an internal solution (in nM): 140 K-methylsul-
fate, 7 KCl, 2 MgCl,, 10 HEPES, 0.1 EGTA, 4 Na,-ATP, 0.4 GTP-
Tris, adjusted to pH 7.25 with 1 M KOH. Patch-clamp recordings
were acquired with an Axopatch 700B amplifier (Axon Instru-
ments, Foster City, CA, USA), captured through a Digidata-1550
interface (Axon Instruments, Foster City, CA, USA), and analyzed
by pClamp 10.4 (Axon Instruments). Under voltage-clamp mode,
the recording neurons were held at the potential of —60 mV. In
slow-ramp experiment, the voltage command ranged from —60 to
—120 mV with dVv/dt = —10 mV/s [17,36,37]. Furthermore, to
record depolarizing voltage sag, which is triggered by the activa-
tion of HCN channels, hyperpolarizing current steps (70-150 pA,
1 s) was employed under current-clamp mode. The amplitude of
voltage sag was calculated by subtracting the peak voltage ampli-
tude from the steady-state voltage.

Drugs

Drugs used in this study were as follows: histamine (10-100 pM),
2-pyridylethylamine (2-PyEA; 300 pM), BaCl, (1 mM), and CsCl
(2 mM) from Sigma (St. Louis, MO, USA); dimaprit (300 uM),
mepyramine (3 pM), ranitidine (3 uM), ZD7288 (50 uM), KB-
R7943 (50 pM), and SN-6 (10 uM) from Tocris (Bristol, UK); apa-
min (100 nM) from Abcam (Cambridge, UK); and TTX (0.3 pM)
from Alomone Labs (Jerusalem, Israel). KB-R7943 and SN-6 were
dissolved in DMSO and diluted to working concentrations in
ACSF (DMSO <0.01%, final), while other drugs were prepared
freshly in ACSF. All the drugs were applied by bath application as
described previously [16,17,35].

Data Analysis

All data were analyzed with Origin 10 (MicroCal Software,
Northampton, MA, USA) and statistical analysis results presented
as means + SEM. After having checked the normality of data
(normality test, with a 5% confidence interval), Student’s ¢-test
was employed for statistical comparison, and P-values of <0.05
were considered to be significant.

Results

Histamine Depolarized IVN Neurons by the
Activation of Both H1 and H2 Receptors

A total of 86 IVN neurons with the input resistance higher than
300 MQ and whole-cell membrane capacitance of 151 £ 6.4 pF
were recorded in this study. Among the 86 recorded IVN neurons,
58 had spontaneous firing (mean firing rate = 8.7 & 0.6 spikes/s,
input resistance = 589.7 + 96.1 MQ,
tance = 148 + 9.7 pF) and the remaining 28 were silent at rest

membrane  capaci-
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(input  resistance = 568.7 + 120.6 M), membrane capaci-
tance = 155 £ 11.8 pF). These results are consistent with our and
other previous reports [35,38,39] and reveal that neurons in the
vestibular nuclear complex (including the IVN) have two different
types of firing behavior. However, the electrophysiological proper-
ties, including input resistance and membrane capacitance, of
these two populations seem to have no significant difference.

Of the 58 IVN neurons having spontaneous firing, histamine
induced a significant increase in firing rate of 55 (55/58, 94.8%)
neurons. As shown in Figure 1A, in current-clamp recordings,

L. Yu et al.

brief (1 min) bath application of histamine (30 pM) increased the
firing rate of the spontaneous firing IVN neurons from
8.1 £+ 1.2 spikes/s to 15.8 £ 1.9 spikes/s (n =5, P <0.01). On
the other hand, on 27 of the 28 (27/28, 96.4%) silent IVN neu-
rons, 30 uM histamine evoked a strong depolarization, which
increased neuronal firing (Figure 1B). The results indicate that
histamine depolarizes a majority of spontaneous firing and silent
neurons in the IVN. In addition, TTX was used to determine
whether the histamine-induced depolarization on IVN neurons
was a direct postsynaptic effect. As shown in Figure 1C and D,
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Figure 1 Histamine excited inferior vestibular nucleus (IVN) neurons by the activation of both H1 and H2 receptors. (A) Histamine (30 uM) increased the
firing rate of an IVN spontaneous firing neuron. (B) Histamine excited an IVN silent neuron. The arrow indicates a strong depolarization induced by
histamine. (C) Histamine induced a depolarization in dose-dependent manner (10-100 puM) on one IVN neuron in the presence of 0.3 uM TTX. (D) Group
data of tested IVN neurons (n = 6). (E) The histamine-induced inward currents were mimicked by 2-PyEA (300 pM) and dimaprit (300 uM), highly selective
agonist for H1 and H2 receptors, respectively, and totally blocked by combined application of mepyramine and ranitidine, highly selective antagonists for
H1 and H2 receptors, respectively. (F) Group data of the tested IVN neurons (n =5, P = 0.0009). Data shown are means + SEM. ***P < 0.001,
significantly different from control. In this and the following figures, the short horizontal bars above the data indicated the 1-min period of application of
histamine or histamine receptor agonist, and the long horizontal bars denoted the exposure of the slice to histamine receptor and ionic channel
antagonists.

186 CNS Neuroscience & Therapeutics 22 (2016) 184-193 © 2015 John Wiley & Sons Ltd



L. Yu et al.

although neuronal firing was impeded by 0.3 uM TTX, 10, 30, and
100 uM histamine still induced a significant depolarization of
5.0 & 0.6, 10.1 + 0.6, and 19.2 + 1.4 mV on the IVN neurons
(n = 6) in a concentration-dependent manner, indicating that his-
tamine-induced excitation on IVN neurons was evoked by directly
depolarizing the postsynaptic membrane, presumably through the
activation of postsynaptic histamine receptors.

Histamine exerts its postsynaptic action via three distinct recep-
tor subtypes, namely H1, H2, and H4 receptors [1-5]. However, in
the IVN neurons, our previous immunohistochemical and extra-
cellular electrophysiological studies have revealed that H1 and H2
instead of H4 receptors mediate the histamine-induced increase in
neuronal firing rates. In the present whole-cell patch-clamp
recordings, this comediation of H1 and H2 receptors underlying
the excitation of IVN neurons induced by histamine was further
confirmed. As shown in Figure 1E and F, both 2-PyEA and dima-
prit, selective agonists for H1 and H2 receptors, respectively, mim-
icked the inward currents (52.4 + 4.0 pA and 49.2 £+ 3.6 pA,
respectively) induced by histamine (—92.4 + 7.5 pA) on IVN
neurons (n = 5). Combined application of mepyramine and rani-
tidine, selective antagonists for H1 and H2 receptors, respectively,
totally blocked the histamine-evoked excitation (5.2 £+ 1.4 pA,
n =5, P <0.001). These results suggest that histamine excites IVN
neurons by activating both H1 and H2 receptors, which not only
confirmed our previous observations with extracellular recordings
[30] but also provided an important clue for determining the
downstream ionic mechanisms linked to these two histamine
receptors.

Mechanisms of Action of Histamine on IVN

Na*-Ca?* Exchangers and Background Leak K*
Channels Comediate the Excitation Induced by
the Activation of H1 Receptors on IVN Neurons

To evaluate the ionic basis underlying the excitation of IVN
neurons induced by histamine, we employed 2-PyEA and dima-
prit to separate the current, respectively, mediated by H1 or H2
receptors. Firstly, we examined the change in input resistance
when 2-PyEA induced neuronal depolarization. As shown in
Figure 2A, a step current (ranging from 0 to —12 pA in 3 pA
steps) was run to acquire a series of corresponding changes in
membrane potential, and then, an I~V curve was fitted by linear
regression. Comparing the -V curves before and after the
application of 300 uM 2-PyEA, we found a slight increase in
membrane resistance accompanying the 2-PyEA-evoked
depolarization (from 590.8 + 68.1 MQ to 663.8 £ 71.6 MQ,
n =5, P<0.05 Figure 2B and C), suggesting that 2-PyEA
induced a closure of ion channels on the postsynaptic
membrane.

Next, we applied slow-ramp command tests to assess the
dynamic features of current induced by the activation of H1 recep-
tors. As shown in Figure 2D-G, there are four types of the -V
curves observed, indicating that more than one ionic mechanism
are involved in the H1 receptor-mediated depolarization on the
IVN neurons. Notably, in 16.7% (3/18) of the recorded neurons,
the two [~V curves intersect at —100 mV (Figure 2F), which means
an inward current elicited by 2-PyEA reverses near the calculated
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increase in input resistance (Figure 2B and C), strongly suggests
an involvement of K* channels.
Furthermore, we used Ba®*, a broad spectrum blocker of
potassium ion channels [40], to examine the dynamic proper-
ties of the 2-PyEA-induced current excluding K* component.
As shown in Figure 3A, after blocking K* current, we only
observed one change in the I~V curves induced by a slow-ramp
command in the absence and presence of 2-PyEA. Subtracting

the control from the current recorded during 2-PyEA applica-

L. Yu et al.

tion yielded a difference current representing the 2-PyEA-in-
duced current excluding the component of K* (the right panel
in Figure 3A). The difference current showed a trend of rever-
sal at a potential more depolarized than —60 mV, which is
highly consistent with the feature of NCX current. Considering
that it is the Na* influx contributing to the inward current pro-
duced by electrogenic NCX activation (3 Na* ions entering in
exchange for 1 Ca®* ion extruded from the cell), we replaced
the external Na® with equimolar concentrations of Tris*, a
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Figure 3 Activation of Na*~Ca®* exchangers
(NCXs) is involved in the histamine H1 receptor-
induced inward current on inferior vestibular
nucleus neurons. (A) In the ACSF containing
Ba’*, a blocker of K* channels, the 2-PyEA-
induced changes of -V curves (the left panel)
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relatively large organic cation that does not permeate Na*
channels and should not support Na*-dependent current
[17,36]. As shown in Figure 3B and C, perfusing the slice with
BaCl, (1 mM) partly blocked the 2-PyEA-elicited inward cur-
rent (45.0% £ 10.5% of the control, n=38, P <0.01), and
combined application of BaCl, and Na'-free ASCF totally
blocked the current (n =5, P < 0.001), suggesting a Na*-depen-
dent characteristic of the rest component of 2-PyEA-elicited
inward current excluding the K* current. It is well known that
electrogenic NCXs are coupled to histamine H1 receptors in
various brain structures/region [1-5,41], including the MVN
[16]. To further confirm the involvement of electrogenic NCXs,
we applied KB-R7943 (50 uM), a potent and selective inhibitor
for NCXs, and observed a partial inhibition of the 2-PyEA-in-
duced inward current (64.9% =+ 16.9% of the control, n =5,
P < 0.05, Figure 3D and E). Moreover, SN-6 (10 uM), another
specific blocker for NCXs, also partly blocked the 2-PyEA-eli-
cited inward current (48.6% =+ 6.6% of the control, n =75,
P < 0.05, Figure 3F and G). All of these results strongly suggest
that NCXs participate in the mediation of excitation of IVN
neurons induced by the activation of H1 receptors.

Mechanisms of Action of Histamine on IVN

Additionally, we analyzed the characteristics of the 2-PyEA-in-
duced K* current component. Under the condition of blockage of
NCXs by KB-R7943, we used slow-ramp command tests to obtain
the -V curves in the absence and presence of 2-PyEA (Fig-
ure 4A1). The current induced by 2-PyEA excluding the compo-
nent of NCXs (n =5, Figure 4A2 and A3) exhibited two
significant features: a reversal potential near the calculated Ey of
—100 mV and a good linearity (R* = 0.985) over the voltage range
tested. Considering 2-PyEA increased membrane resistance (Fig-
ure 2C), the two features of 2-PyEA-induced K* current indicate
that the K* channels blocked by histamine are the voltage-insensi-
tive background leak K* channels [40]. As there is still no selective
and specific blocker for the voltage-insensitive background leak
K* channel, and considering the background leak K* channel and
SK channel are the two types of K* channels coupled to H1 recep-
tors [1,2,41], we applied apamin, a selective antagonist of SK
channels, and found that apamin has no effect on the excitatory
response induced by 2-PyEA (from 100.1% + 13.0% to
95.4% + 8.3%, n =4, P=0.538; Figure 4B and C). The results
strongly indicate that the background leak K* channels are the
other ionic channels coupled to H1 receptors in the IVN neurons.
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Furthermore, as shown in Figure 4D-G, combined application of
Ba®* and KB-R7943, or Ba>* and SN-6, respectively, nearly totally
blocked the 2-PyEA-elicited inward current (in the test of Ba**
and KB-R7943, n =9, P < 0.001; in the test of Ba** and SN-6,
n =5, P <0.001) on IVN neurons, suggesting a dual ionic mecha-
nism, including the activation of NCXs and the closure of back-
ground leak K" channels, underlying the activation of H1
receptors on IVN neurons.

Hyperpolarization-Activated Cyclic Nucleotide-
Gated Channels were Coupled to H2 Receptors
on IVN Neurons

The ionic mechanism underlying the current induced by the acti-
vation of H2 receptors was determined using dimaprit. As shown
in Figure 5A, after the application of dimaprit (300 pM), mem-
brane resistance decreased from 554.2 + 76.9 MQ to
476.4 £ 182.1 MQ (n =5, P<0.01), suggesting that dimaprit
caused an opening of ion channels on the postsynaptic mem-
brane. Furthermore, in slow-ramp command tests, the difference
current representing the dimaprit-induced current (Figure 5B)
from the 5 IVN neurons exhibited a significant feature of hyperpo-
larization activation, which is consistent with the characteristics of

(A) (B)
1000

900 Vv, (mV)
800 .
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current of HCN channels. As the activation of HCN channel also
evokes a significant depolarizing voltage sag [42], the effect of
dimaprit on voltage sag induced by hyperpolarizing current steps
stimulation on IVN neurons was observed. The result showed that
the sag was significantly increased by dimaprit (from
9.6 £ 0.2 mVto12.1 £ 0.4 mV,n =5, P<0.01) (Figure 5C and
D). Moreover, after blockade of HCN channels with ZD7288
(50 uM), a selective antagonist of HCN channels, the sag induced
by the activation of HCN channels vanished and the enhancement
of dimaprit on voltage sag was totally blocked (Figure 5C and D).
Furthermore, we found that ZD7288 (50 pM) nearly totally
blocked the dimaprit-induced inward current (Figure 5E and F).
In addition, CsCl (2 mM), another blocker for HCN channels, also
fully abolished the dimaprit-induced current (Figure 5G and H).
All these results suggest that HCN channels contributed to the
excitatory effect induced by the activation of H2 receptors on IVN
neurons.
Moreover, selective histamine receptor antagonists were
employed to confirm the above-mentioned results observed using
histamine receptor agonists. As shown in Figure 6A and B, the
inward current induced by histamine was partly blocked by rani-
tidine, a selective antagonist for H2 receptor, and the residual cur-
rent (i.e., histamine H1 receptor-mediated current) was totally
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Figure 5 Hyperpolarization-activated cyclic
nucleotide-gated channels were responsible
for the inward current induced by the
activation of H2 receptors on inferior vestibular
nucleus (IVN) neurons. (A) Application of
dimaprit (300 uM), a highly selective H2
receptor agonist, decreased the membrane
resistance of recorded IVN neurons (n = 5,

P = 0.0089). (B) The dimaprit-induced changes
of I-V curves (the left panel) and the difference

I 1
2o
o
urrent (pA)

C

-80

**

10mv_

200 msecond

—_
w!
~

(E)

ZD7288 50 uM

Dimaprit 300 uM Dimaprit 300 pM

—

Normalized
response (%)

40pA |
60 second

(G)
CsCl 2mM

Eirnaprit 300 uM Eimaprit 300 uM

. _
Normalized T

response (%)

40 pA |
60 second

190 CNS Neuroscience & Therapeutics 22 (2016) 184-193

current representing the current induced by
the activation of H2 receptors (the right panel)
in slow-ramp command tests (dV/

dt = —10 mV/s) showing a significant
hyperpolarization activation feature of the
current of HCN channels. (C) Inward
rectification (sag) triggered by hyperpolarizing
current steps on an IVN neuron was increased
by dimaprit (300 uM) (the left panel). ZD7288
(50 uM), a highly selective HCN channel
antagonist, totally blocked the increase in the
sag induced by dimaprit (the right panel). (D)
Group data of the tested IVN neurons (n =5,
P = 0.0062). (E and F) ZD7288 totally blocked
the dimaprit-induced inward current (n = 5,

P = 0.0013). (G and H) CsCl, another
antagonist of HCN channels, also totally
blocked dimaprit-induced inward current

(n =5, P =0.0002). Data shown are

means + SEM; **P < 0.01, ***P < 0.001.
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Figure 6 Na'-Ca®" exchanger and leak K*
channel coupled to H1 receptor and HCN
channels coupled to H2 receptor comediate ©
the histamine-induced excitation on inferior
vestibular nucleus neurons. (A and B) The
inward currents induced by histamine (30 pM)
were partly blocked by ranitidine (3 uM), a
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highly selective H2 receptor antagonist, and
the residual currents were totally blocked by
combined application of Ba®* and KB-R7943
(n =5, P =0.0004). (C and D) The inward
currents induced by histamine (30 uM) were (E)
partly blocked by mepyramine (3 M), a highly

selective H1 receptor antagonist, and the

residual currents were totally blocked by

Histamine 30 yM
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Combined application of ZD7288, KB-R7943,
and Ba?* totally blocked the postsynaptic
inward current induced by histamine (n = 5,
P = 0.0023). Data shown are means + SEM;
**P < 0.01, ***P < 0.001.

blocked by combined application of Ba** (1 mM) and KB-R7943
(50 pM). The result confirmed that background leak K* channels
and NCXs comediated the excitatory effect of activation of H1
receptor on IVN neurons. On the other hand, the histamine-
induced inward current in mepyramine, a selective antagonist for
HI1 receptor, was totally blocked by ZD7288 (50 pM), confirming
the result that HCN channels contributed to the excitatory effect
induced by the activation of H2 receptors on IVN neurons (Fig-
ure 6C and D). Finally, to confirm NCXs, background leak K*
channels, and HCN channels are responsible for the histamine-
induced excitation on IVN neurons, ZD7288, KB-R7943, and Ba**
were applied together. As shown in Figure 6E and F, the his-
tamine-induced inward current was totally blocked by combined
application of ZD7288, KB-R7943, and Ba>*. Thus, all these results
strongly suggested that NCXs and background leak K* channels
coupled to H1 receptors, as well as HCN channels linked to H2
receptors, comediated the depolarization of histamine on IVN
neurons.

Discussion

The vestibular nuclear complex in the brainstem is the most
important node in the central processing of vestibular sensory
information [9,43]. As a sensorimotor complex, central vestibular
nuclei integrate multiple vestibular, motor, and visual signals to
adjust posture and compensate head and eye movements. On the
other hand, dysfunction of vestibular nuclear circuits results in

vestibular disorders with characteristic symptoms, including

© 2015 John Wiley & Sons Ltd

Normalized
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60 pA |
60 second

vertigo, disorientations, postural imbalances, nausea, and vomiting
[11,44-46]. Thus, the central vestibular nuclei are considered to
be critical central targets for antihistaminergic drugs, which have
been traditionally used to treat vestibular disorders in clinic. In
fact, histamine extensively excites neurons in all the four vestibu-
lar nuclei [15-17] and actively modulates the vestibular-related
reflexes and vestibular compensation [9,10,46]. Moreover, his-
tamine can increase the release of acetylcholine [47-49], which
has been implicated in the vestibular-related symptoms of motion
sickness in humans [50,51]. It has been suggested that histamine
may also change the degree of activation on glycinergic and
GABAergic
labyrinthectomy to participate in the regulation of vestibular com-
pensation [31]. However, these direct homogeneous excitatory

neurotransmissions before and after unilateral

effect and indirect actions of histamine on different subnuclear
neurons in the vestibular nuclei are mediated by various histamine
receptors. Here, we further provide electrophysiological evidence,
for the first time, that NCXs and background leak K* channels cou-
pled to H1 receptors as well as HCN channels linked to H2 recep-
tors mediate the direct depolarization induced by histamine on the
IVN neurons, which is different from the ionic mechanisms under-
lying the excitation of histamine on MVN neurons [17].

There are four major subnuclei in the central vestibular nuclei:
the lateral (LVN), medial, superior, and inferior vestibular
nucleus. Whole-cell patch-clamp recordings have revealed that
histamine depolarizes and excites spontaneous firing and silent
neurons in the LVN [16], type-A and type-B neurons in the MVN
[17], as well as neurons in the IVN (the present study). Interestingly,
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in the LVN, only histamine H2 receptors are involved in the excita-
tory effect of histamine, whereas both H1 and H2 receptors come-
diate the histamine-induced postsynaptic excitation in all the
other three subnuclei, including IVN [30 and the present study].
However, the ionic mechanisms underlying the histamine-induced
depolarization on MVN and IVN neurons are not in complete
accord.

Numerous types of ion channels have been reported to modu-
late the excitability of central vestibular nuclear neurons [52-54].
Here, we found two types of ion channels/exchangers are
involved in the histamine-induced excitation on both IVN and
MVN neurons. In comparison with MVN, both NCXs coupled to
H1 receptors and HCN channels linked to H2 receptors contribute
to the histamine-induced excitation on MVN and IVN neurons.
These same receptors and ionic mechanisms make histamine to
modulate the activity of neurons in different vestibular subnu-
cleus in a similar way to maintaining an appropriate level of
excitability of whole vestibular nuclei. NCXs, which have a highly
positive reversal potential [36,37], guarantee a powerful driving
force for depolarizing membrane potential. On the other hand,
HCN channels, a kind of pacemaker channels activated during
hyperpolarization, help accelerate membrane depolarization and
the generation of neuronal activity [42]. Therefore, we speculate
that both NCXs and HCN channels endow histamine/histaminer-
gic afferent inputs with an ability to rapidly modulate the neu-
ronal activity of IVN and MVN. Through the activation of NCXs
and HCN channels linked to H1 and H2 receptors, respectively,
histamine/histaminergic inputs may effectively depolarize the IVN
and MVN neurons and quickly increase their firing rates, and sub-
sequently play a critical modulatory role on vestibular reflexes
and functions.

Unlike the ion mechanisms underlying the histamine-evoked
depolarization on MVN neurons, histamine also induces the clo-
sure of background leak K* channels coupled to H1 receptors on
IVN neurons. The well-known role of background leak K* cur-
rents is to stabilize resting membrane potential and counterbal-
ance depolarization [40,55]. Moreover, the inactivation of
background leak K* channels will consequently increase the neu-
ronal membrane input resistance, which produces an effective
amplification of the presynaptic input signals. Considering that
the IVN plays a critical role in the integration of vestibular, cere-
bellar, and multisensory signals in vestibular nuclei, we suggest
that an additional involvement of background leak K* channels in
the downstream mechanisms of IVN neurons’ excitation induced
by histamine may help the neurons to hold an appropriate
excitability and responsiveness through its modulation of neu-
ronal membrane properties, so as to guarantee that the neurons
produce an accurate integration of multiple impacting signals.
Therefore, through differential ionic mechanisms, histamine/his-
taminergic inputs may finely modulate the activity and sensitivity
of IVN and MVN neurons to meet their different functions in
vestibular reflexes.
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