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BACKGROUND AND PURPOSE
Anti-histaminergic drugs have been widely used in the clinical treatment of vestibular disorders and most studies concentrate
on their presynaptic actions. The present study investigated the postsynaptic effect of histamine on medial vestibular nucleus
(MVN) neurons and the underlying mechanisms.

EXPERIMENTAL APPROACH
Histamine-induced postsynaptic actions on MVN neurons and the corresponding receptor and ionic mechanisms were
detected by whole-cell patch-clamp recordings on rat brain slices. The distribution of postsynaptic histamine H1, H2 and H4

receptors was mapped by double and single immunostaining. Furthermore, the expression of mRNAs for H1, H2 and H4

receptors and for subtypes of Na+–Ca2+ exchangers (NCXs) and hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels was assessed by quantitative real-time RT-PCR.

KEY RESULTS
A marked postsynaptic excitatory effect, co-mediated by histamine H1 and H2 receptors, was involved in the
histamine-induced depolarization of MVN neurons. Postsynaptic H1 and H2 rather than H4 receptors were co-localized in the
same MVN neurons. NCXs contributed to the inward current mediated by H1 receptors, whereas HCN channels were
responsible for excitation induced by activation of H2 receptors. Moreover, NCX1 and NCX3 rather than NCX2, and HCN1
rather than HCN2-4 mRNAs, were abundantly expressed in MVN.

CONCLUSION AND IMPLICATIONS
NCXs coupled to H1 receptors and HCN channels linked to H2 receptors co-mediate the strong postsynaptic excitatory action
of histamine on MVN neurons. These results highlight an active role of postsynaptic mechanisms in the modulation by central
histaminergic systems of vestibular functions and suggest potential targets for clinical treatment of vestibular disorders.
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Introduction

Anti-histaminergic drugs have been widely used in the clini-
cal treatment of vestibular disorders and symptoms, includ-
ing vertigo, motion sickness, nausea and nystagmus (Lacour
and Sterkers, 2001; Bergquist and Dutia, 2006; Haas et al.,
2008; Tiligada et al., 2011). The medial vestibular nucleus
(MVN) is the most relevant subnucleus in the vestibular
nuclear complex in the brainstem. The MVN occupies a key
position in the stabilization, coordination and compensation
of head and eye movements (Straka et al., 2005; Highstein
and Holstein, 2006) and is considered to be the most critical
central target for anti-histaminergic drugs. However, the
physiological and therapeutic mechanisms by which hista-
minergic agents modulate vestibular functions, particularly
the detailed mechanisms underlying the action of histamine
on the MVN, remain largely unknown.

Recent years have witnessed significant progress in the
role of presynaptic histamine H3 receptors (receptor and
channel nomenclature follows Alexander et al., 2011) in
central vestibular nuclei-related reflexes, especially in vestibu-
lar compensation, i.e., the recovery process to regain balance
control and minimize dizziness symptoms following periph-
eral vestibular lesion (Bergquist and Dutia, 2006; Bergquist
et al., 2006; Tighilet et al., 2006; 2007). However, intriguingly,
apart from betahistine, generally considered to be a H3 recep-
tor antagonist, several antagonists for postsynaptic histamine
H1 receptors, such as meclizine and flunarizine (Hain and
Uddin, 2003; Lacour, 2006), are also quite effective in pre-
venting and treating vertigo and motion sickness. Betahistine
itself is known to exert a weak agonist effect on H1 receptors
(Wang and Dutia, 1995; Lacour and Sterkers, 2001).

On the other hand, several studies indicate a role of post-
synaptic H1 and H2 receptors in histaminergic neurotransmis-
sion in central vestibular nuclei. In rats and guinea pigs, both
histamine H1 and H2 receptors are expressed in the vestibular
nuclei (Palacios et al., 1981; Bouthenet et al., 1988; Ruat et al.,
1991; Vizuete et al., 1997). Moreover, H2 and/or H1 receptors
mediated the excitatory effect of histamine on the MVN
neurons in vivo and in vitro (Serafin et al., 1993; Yabe et al.,
1993; Wang and Dutia, 1995).

Thus, the postsynaptic action of histamine on the ves-
tibular nuclei, particularly on the MVN, and the underlying
mechanisms should not be overlooked in attempts to under-
stand the physiological and pathophysiological significance
of the histaminergic modulation of vestibular functions. In
the present study, by using whole-cell patch-clamp record-
ings, quantitative real-time RT-PCR and immunostaining, the
postsynaptic mechanisms of histamine on MVN neurons,
were investigated. Here, we show that Na+–Ca2+ exchangers
(NCXs) coupled to H1 receptors and hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels linked to
H2 receptors co-mediate the postsynaptic depolarization of
MVN neurons by histamine.

Methods

Whole-cell patch-clamp recordings
All animal care and experimental procedures complied with
the US National Institutes of Health Guide for the Care and

Use of Laboratory Animals (NIH Publication 80-23, revised
1996) and are reported in accordance with the ARRIVE guide-
lines (McGrath et al., 2010). For these experiments, we used
53 Sprague-Dawley rats (Experimental Animal Center of
Nanjing Medical University, Nanjing, China) of either sex
aged 14–21 days because the histaminergic fibres reach an
adult-like appearance about 2 weeks post-natally (Haas et al.,
2008). The rats were decapitated under sodium pentobarbital
(40 mg·kg−1) anaesthesia. After carefully removing the skull,
the brainstem extending from obex to the superior colliculi
was rapidly removed into ice-cold artificial CSF (ACSF, com-
position in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3
MgSO4, 26 NaHCO3, 2 CaCl2 and 10 D-glucose) equilibrated
with 95% O2 and 5% CO2. According to the rat brain atlas
(Paxinos and Watson, 2007), coronal slices (300 μM in
thickness) of brainstem containing the MVN were cut
with a vibroslicer (VT 1200 S, Leica Microsystems, Wetzlar,
Germany) and the nucleus was identified. The slices were
incubated in 95% O2 and 5% CO2 oxygenated ACSF at 35 ±
0.5°C for at least 1 h and then maintained at room tempera-
ture. During recording sessions, the slices were transferred to
a submerged chamber and continuously perfused with 95%
O2 and 5% CO2 oxygenated ACSF at a rate of 2 mL·min−1

maintained at room temperature.
Whole-cell patch-clamp recordings were performed as

previously described (Zhang et al., 2008; 2011) on MVN
neurons with borosilicate glass pipettes (3–5 MΩ) filled with
an internal solution (composition in mM: 140 K methylsul-
fate, 7 KCl, 2 MgCl2, 10 HEPES, 0.1 EGTA, 4 Na2 ATP, 0.4
GTP-Tris, adjusted to pH 7.25 with 1 M KOH). During record-
ing sessions, MVN neurons were visualized with an Olympus
BX51WI microscope (Olympus, Tokyo, Japan). Patch-clamp
recordings were acquired with an Axopatch-200B amplifier
(Axon Instruments, Foster City, CA, USA) and the signals
were fed into a computer through a Digidata-1322A interface
(Axon Instruments) for data capture and analysis (pClamp
8.2, Axon Instruments). Recordings of whole-cell currents
were low-pass filtered at 2 kHz and digitized at 10 kHz and
recordings of membrane potentials were low-pass filtered at 5
kHz and digitized at 20 kHz. The interspike interval (ISI, sam-
pling interval = 1 ms) distributions and the peri-stimulus
time histograms (PSTHs) of the recorded neuronal discharges
were generated by computer to assess the effects of drugs on
the cells. Neurons were held at a membrane potential of
−60 mV and characterized by injection of rectangular voltage
pulse (5 mV, 50 ms) to monitor the whole-cell membrane
capacitance, series resistance and membrane resistance.
Neurons were excluded from the study if the series resistance
was not stable or exceeded 20 MΩ.

We bathed the slices with histamine (1–100 μM, Sigma, St.
Louis, MO, USA) to stimulate the recorded neurons. TTX
(0.3 μM, Alomone Labs, Jerusalem, Israel) was used to confirm
and isolate the postsynaptic effect of histamine. Selective
antagonists for histamine H1, H2 and H4 receptors, mep-
yramine (1 μM, Tocris, Bristol, UK), ranitidine (1 μM, Tocris),
and JNJ7777120 (10 μM, a kind gift from Dr. Rob Leurs,
VU University Amsterdam, Amsterdam, the Netherlands),
as well as selective agonists for the H1 receptor -, 2-(2-
pyridyl)ethylamine (2-PyEA; 10–300 μM, Sigma), for the H2

receptor – dimaprit (30–1000 μM, Tocris) and for the H4 recep-
tor – VUF8430 (300–1000 μM, a kind gift from Dr. Rob Leurs,
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VU University Amsterdam) were applied to assess the under-
lying postsynaptic receptor mechanisms. 2-PyEA and dimaprit
were used to separate the inward current mediated by postsy-
naptic H1 and H2 receptors respectively. To characterise the
2-PyEA- and dimaprit-induced whole cell current and the
underlying ionic mechanisms, in voltage-clamp recording,
current–voltage plots (I–V curves) were obtained before and
during drug application using a slow ramp command (dV/dt =
−10 mV·s−1, ranged from −60 to −120 mV) to allow for attain-
ment of steady-state conditions (Wu et al., 2004; Zhang et al.,
2011). KB-R7943 (50 μM, Tocris), BaCl2 (1 mM) and ZD7288
(50 μM, Tocris) were applied to block the NCXs, K+ channels
and HCN channels respectively. Furthermore, Na+ replace-
ment was conducted by using Tris+ to inactivate NCXs. The
composition of the Tris+ ACSF was as follows (in mM): 124
Tris–Cl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 26 NaHCO3, 2
CaCl2 and 10 D-glucose. Depolarizing voltage sag generated by
activation of HCN channels in response to hyperpolarizing
current steps (70–150 pA, 1 s) in the absence and presence of
dimaprit was measured in current-clamp recordings. The
amplitude of voltage sag was calculated by subtracting the
peak voltage amplitude from the steady-state voltage.

Before bath application of histaminergic compounds at
known concentrations, the whole-cell current of the recorded
neuron was observed for at least 20 min to assure stability.
Histamine or a histamine receptor agonist was added to the
perfusing ACSF to stimulate the recorded neuron for a test
period of 1 min. After each stimulation, cells were given at
least 20 min for recovery and to avoid desensitization. The
antagonists or blockers were given for at least 15 min before
we observed their effects.

Immunofluorescence
The experimental procedures for immunostaining followed
our previous reports (Zhang et al., 2011; Peng et al., 2013;
Zhuang et al., 2013). Rats (weighing 230–250 g) were deeply
anaesthetized with sodium pentobarbital and perfused tran-
scardially with 100 mL of normal saline, followed by 450–
500 mL of 4% paraformaldehyde in 0.1 M phosphate buffer.
Subsequently, the brain was removed, trimmed and post-
fixed in the same fixative for 12 h at 4°C, and then cryopro-
tected with 30% sucrose for 48 h. Frozen coronal sections
(25 μm thick) containing the MVN were obtained by using a
freezing microtome (CM 3050S, Leica Microsystems) and
mounted on gelatin-coated slides. The slices were rinsed with
PBS containing 0.1% Triton X-100 (PBST) and then incubated
in 10% normal bovine serum in PBST for 30 min. Sections
were incubated overnight at 4°C with primary antibodies to
histamine H1 (a rabbit anti-H1 receptor polyclonal antibody,
1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and H2

receptors (a goat anti-H2 receptor polyclonal antibody, 1:200;
Everest Biotech, Oxfordshire, UK), or a primary antibody to
H4 receptors (a rabbit anti-H4 receptor polyclonal antibody,
1:50; Santa Cruz Biotechnology) respectively. After a com-
plete wash in PBS, the former was incubated in the Alexa
594-conjugated donkey anti-rabbit (1:2000; Invitrogen,
Carlsbad, CA, USA) and Alexa 488-conjugated donkey anti-
goat (1:2000; Invitrogen), while the latter was incubated in
the Alexa 488-conjugated goat anti-rabbit (1:2000; Invitro-
gen), respectively, for 2 h at room temperature in the dark.
The slides were washed and mounted in UltraCruz mounting

medium (Santa Cruz Biotechnology). All micrographs were
taken with an inverted laser scanning confocal microscope
(FV1000; Olympus). Incubations replacing the primary anti-
serum with control immunoglobulins and/or omitting the
primary antiserum were used as negative controls.

Quantitative real-time RT-PCR
For this experiment, three independent groups of RNA pools
each from five animals were used as biological replicates.
MVN tissue punches were collected from coronal brain slices
of Sprague-Dawley rats (weighing 230–250 g) according to
the rat brain atlas of Paxinos and Watson (2007) and pooled
(5 animals in each pool). RNA extraction was carried using
TriZol reagent (Invitrogen) according to the manufacturer’s
instructions. A 1 μg aliquot of total RNA was used for the
first-strand cDNA synthesis according to the protocol of
M-MLV reverse transcriptase (Promega, Madison, WI, USA).
Real-time PCR was then performed using iQ SYBR Green
SuperMix (Bio-Rad, Hercules, CA, USA) in a 20 μL of reaction
mixture containing 10 μL of 2× master mix, 2 μL of cDNA,
2 μL of each primer (5 μM) and 4 μL of distilled water. The
reaction was carried out in a Bio-Rad CFX-96 real-time PCR
system using the following parameters: 95°C for 3 min to
activate the hot-start iTaq DNA polymerase, followed by 40
cycles at 95°C for 15 s, 60°C for 25 s and 72°C for 1 s. The PCR
programme was completed by a melting temperature analy-
sis. For quantification, the quantity of the target gene was
expressed relative to the amount of the reference gene (gapdh)
to obtain a normalized target expression value. For negative
controls, cDNA was replaced with water. Primer sequences
summarized in Table 1 except for those for HCN2 are all from
previous reports (Lu et al., 2002; Lazarov et al., 2006; Bolívar
et al., 2008; Atherton et al., 2010).

Data analysis
All data were analysed with Origin 7.5 (MicroCal Software,
Northampton, MA, USA) and expressed as means ± SEM.
Student’s t-test was employed for statistical analysis of the
data and P-values of <0.05 were considered to be significant.

Results

A marked postsynaptic excitatory component
in the histamine-induced excitation on
MVN neurons
A total of 76 MVN neurons with input resistance higher than
300 MΩ, capacitance of 153.5 ± 25.7 pF and spontaneous
discharge rate of 12.4 ± 4.1 spikes·s–1, were recorded in the
present study. According to the shapes of the afterhyperpo-
larization action potential reported previously (Serafin et al.,
1991; Johnston et al., 1994; Beraneck et al., 2003), the 76
recorded MVN neurons were classified as either type A (n =
26) or type B (n = 50) neurons. Histamine excited both types
of the recorded neurons (76/76, 100%).

In the current clamp experiments, brief bath application
(1 min) of 30 μM histamine elicited a significant excitatory
response on the MVM neurons (Figure 1A) with an increase
of peak firing rate by 74 ± 11% (n = 7). The ISIs and PSTHs
showed that histamine largely shortened the intervals of the
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spikes and increased the firing rate of the MVN neurons
(Figure 1B,C). Moreover, when perfusing the slices with ACSF
containing 0.3 μM TTX, 30 μM histamine still evoked a
strong depolarization of 5.1 ± 0.7 mV on the MVN neurons
(n = 5), suggesting a marked postsynaptic excitatory effect
induced by histamine (Figure 1D). On the other hand, in
voltage-clamp experiments in TTX, histamine elicited stable
inward whole-cell currents on the MVN neurons (Figure 1E),
confirming a postsynaptic excitatory action of histamine on
the cells. In addition, the histamine-induced postsynaptic
excitation was concentration-dependent (Figure 1E). Fitting
the concentration–response curves from type A (n = 5) and
type B (n = 5) MVN neurons provided EC50 values for hista-
mine of 7.1 and 5.7 μM respectively (Figure 1F).

H1 and H2 receptors co-mediate the
histamine-induced postsynaptic excitation on
MVN neurons
Histamine exerts its action via four distinct receptor subtypes.
The histamine H1, H2 and H4 receptors are postsynaptic,
whereas H3 receptors are mostly presynaptic with some post-
synaptic locations (Brown et al., 2001; Pillot et al., 2002; Haas
and Panula, 2003; Haas et al., 2008). However, in the MVN,
H3 receptors are considered to exert an important presynaptic
role (Lacour and Sterkers, 2001; Lozada et al., 2004; Bergquist
and Dutia, 2006; Bergquist et al., 2006). Therefore, in the

present study, we used selective histamine H1, H2 and H4

receptor antagonists to examine which postsynaptic hista-
mine receptor(s) mediated the histamine-induced excitation
on MVN neurons (Figures 2 and 3). As shown in Figure 2A–C,
in the presence of 0.3 μM TTX, the 30 μM histamine-induced
inward currents were partly blocked by separate application
of mepyramine or ranitidine, highly selective receptor
antagonists for H1 and H2 receptors, respectively, and totally
antagonized by combined application of mepyramine and
ranitidine, indicating a dual receptor mechanism involved in
the histamine-induced postsynaptic excitation. Furthermore,
quantitative real-time RT-PCR data revealed that both hista-
mine H1 and H2 receptor mRNAs were abundantly expressed
in the MVN (Figure 2D), and double immunostaining results
showed that histamine H1 and H2 receptors were not only
present in the rat MVN but also co-localized in the same MVN
neurons (Figure 2E1–2G3).

We also assessed the role of histamine H4 receptors in the
postsynaptic excitatory effect of histamine on MVN neurons.
This receptor is the most recently cloned histamine receptor
and is located postsynaptically in brain and peripheral tissues
(Connelly et al., 2009; Strakhova et al., 2009; Lethbridge and
Chazot, 2010). JNJ7777120 (10 μM), a highly selective H4

receptor antagonist (Jablonowski et al., 2003), had no effect
on histamine-induced inward current and VUF8430 (300 μM
or 1 mM), a highly selective H4 receptor agonist (Lim et al.,
2006), did not mimic the histamine-induced postsynaptic
excitation on MVN neurons (n = 5; Figure 3A,B). Moreover,
both histamine H4 receptor mRNAs and proteins were not
detected in the rat MVN (Figures 2D and 3C1–3D3). All these
results strongly suggest that histamine H1 and H2 rather than
H4 receptors co-mediate the postsynaptic excitatory compo-
nent induced by histamine on MVN neurons. Furthermore,
no difference was found in the postsynaptic receptor mecha-
nisms of histamine between type A (n = 6) and type B (n = 13)
MVN neurons.

NCXs mediate the excitation induced by
activation of H1 receptors on MVN neurons
Given the finding of the dual receptor mechanism underlying
the histamine-induced inward current on MVN neurons, we
employed 2-PyEA and dimaprit, highly selective agonists for
histamine H1 and H2 receptors, respectively, to determine
the ionic fluxes separately coupled to H1 and H2 receptors.
As shown in Figure 4A, 2-PyEA (10–300 μM) mimicked the
histamine-induced excitatory effect in a concentration-
dependent manner. Fitting the concentration–response curve
from 7 MVN neurons yielded an EC50 value for 2-PyEA of
46.7 μM. The 2-PyEA-induced inward current was totally
blocked by mepyramine (Figure 4B,C), indicating 2-PyEA
evoked an isolated current associated with activation of post-
synaptic H1 receptors.

Next, we determined the I–V curves in response to 2-PyEA
to investigate the ionic mechanism underlying its effects on
MVN neurons. We employed slow ramp command tests
(dV/dt = −10 mV·s−1, ranged from −60 to −120 mV) to evaluate
the I–V curves for a large voltage range in the absence and
presence of 2-PyEA. As shown in Figure 4D, the 2-PyEA-
induced inward current had a larger amplitude at −120 mV as
compared with −60 mV and the two curves showed a trend of
intersection at a potential more depolarized than −60 mV

Table 1
Sequences of oligonucleotide primers used for PCR amplification

Primers Sequences (5′–3′) Sources

H1p1 CCTCTACCTTCGAAGACAAG NM017018

H1p2 GTCTTGGTTCGGTACCTCAG

H2p1 ATGGCATTGAAAGTCACC NM012965

H2p2 GACCAAAGAGATGGCAAC

H4p1 TAACGATAGGCAATGCTGTG NM131909

H4p2 TCTTCCAAGAATCCGAAGCC

NCX1p1 ACCACCAAGACTACAGTGCG X68813

NCX1p2 TTGGAAGCTGGTCTGTCTCC

NCX2p1 GGGCACTGAGGTCCCAGGCGAGCT U08141

NCX2p2 CAGCAGCCTCACGAAGAAGTGCTC

NCX3p1 CAGACTGCAAGGAGGGTGTC U53420

NCX3p2 AATCACCAGCAATGAACCCG

HCN1p1 ATGCCTCTCTTTGCTAACGC NM 053375

HCN1p2 TATTCCTCCAAGACCTCGTTGAA

HCN2p1 CTACAGCGACTTCAGGTTCTACTGGG NM 053684

HCN2p2 GACCACGTTGAAGACGATCCAGG

HCN3p1 GTCGGAGAACAGCCAGTGTAA NM 053685

HCN3p2 TGAGCGTCTAGCAGATCGAG

HCN4p1 ATCAACGGCATGGTGAATAACTC NM 021658

HCN4p2 TGCCCTGGTAGCGGTGTTC

GAPDHp1 GGTGCTGAGTATGTCGTGGAGTCTAC NM 017008

GAPDHp2 CATGTAGGCCATGAGGTCCACCACC
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(n = 5). Subtracting the control from the current recorded
during 2-PyEA application yielded a difference current repre-
senting the 2-PyEA-induced current (the right panel of
Figure 4D).

Among the various ionic mechanisms coupled to hista-
mine H1 receptors in different brain regions, NCXs have a
more positive reversal potential (Wu et al., 2004; Zhang et al.,
2011). Therefore, we applied KB-R7943, a blocker of NCXs, to

Figure 1
A marked postsynaptic excitatory component was involved in the histamine-induced excitation of MVN neurons. (A) Histamine excited a MVN
neuron. Analysis of the ISI (B) and PSTH (C) showed that histamine shortened the ISI and increased the firing rate of the MVN neuron presented
in (A). (D) Histamine still induced strong depolarization of the same MVN neuron in the presence of TTX. (E) Histamine dose-dependently elicited
an inward current in a MVN neuron. (F) Concentration–response curves for histamine on recorded type A (n = 5) and type B (n = 5) MVN neurons
shows the mean EC50 value for histamine of 7.1 and 5.7 μM, respectively. In this and the following figures, the short horizontal bars above the
experimental records indicate the 1 min period of application of histamine or histamine receptor agonist, and the long horizontal bars indicate
the exposure of the slice to TTX, histamine receptor antagonist or blockers of ion exchangers or channels.
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the MVN neurons. In the presence of 50 μM KB-R7943 in the
slow ramp command tests (Figure 4E), the I–V curve recorded
during 2-PyEA application coincided with that recorded in
the absence of 2-PyEA and the 2-PyEA-induced current dis-
appeared. Furthermore, in gap-free mode, which is used to
acquire continuous data without giving any stimulus pulses,
the 2-PyEA-induced inward current was abolished by
KB-R7943 (Figure 5A,B). Moreover, we tested the effect of
replacing the external Na+ with equimolar concentrations of
Tris+, a relatively large organic cation that should not support
Na+-dependent currents for investigating Na+-dependent
ionic mechanisms, including electrogenic NCXs (with 3 Na+

ions entering in exchange for 1 Ca2+ ion). As shown in
Figure 5C and 5D, replacement of external Na+ with Tris+

totally blocked the 2-PyEA-induced inward current at −60 mV
confirming the contribution of NCXs coupled to histamine
H1 receptors. As K+ currents are also an important component
involved in excitation induced by activation of H1 receptors
(Brown et al., 2001; Haas and Panula, 2003), we perfused the
slices with ACSF containing Ba2+ (1 mM BaCl2), a broad spec-
trum blocker of K+ channels, and found that Ba2+ had no
influence on the inward currents induced by 300 μM 2-PyEA
(Figure 5E,F). The results indicate that NCXs mediate the
excitatory effect of activation of histamine H1 receptors on
MVN neurons. Furthermore, there was no difference in the
ionic mechanisms coupled to histamine H1 receptors between
type- A (n = 7) and type B (n = 13) MVN neurons.

Three NCX subtypes (NCX1, NCX2 and NCX3) have been
identified and all are expressed in the brain (Annunziato
et al., 2004). Therefore, we further assessed the expression of
NCX1-3 mRNAs in rat MVN by quantitative real-time
RT-PCR. The results showed that NCX1 and NCX3 rather
than NCX2 mRNAs were abundantly expressed in the MVN
(Figure 5G), indicating that NCX1 and NCX3 may contribute
to the histamine H1-receptor-induced excitatory effect on
MVN neurons.

HCN channels mediate the excitation
induced by activation of H2 receptors on
MVN neurons
We employed dimaprit to isolate histamine H2-receptor-
induced inward current on MVN neurons to further
determine the ionic mechanisms coupled to H2 receptors.
As shown in Figure 6A, dimaprit (30–1000 μM) also
concentration-dependently mimicked the histamine-induced
excitatory effect, as observed with 2-PyEA. Fitting the
concentration–response curve from 5 MVN neurons yielded
an EC50 value for dimaprit of 157.7 μM. The inward current
induced by dimaprit-activated H2 receptors was also totally
blocked by ranitidine (Figure 6B,C).

We used slow ramp command tests to obtain the I–V
curves in the absence and presence of dimaprit (the left
panel of Figure 6D). The difference current representing the
dimaprit-induced current (the right panel of Figure 6D) from
the 5 MVN neurons exhibited a significant feature of hyper-
polarization activation, which is consistent with the charac-
teristics of HCN channels (Pape, 1996). After blockade of
HCN channels with ZD7288, the dimaprit-induced net
current was abolished (Figure 6E). ZD7288 (50 μM) also
totally blocked the inward current induced by dimaprit

(300 μM) in a gap-free mode (Figure 7A,B). Moreover, as one
of the hallmarks of HCN channel activation is the depolariz-
ing voltage sag generated during the course of negative
voltage deviations in current clamp recording (Pape, 1996),
we further tested the effect of dimaprit on voltage sag in
recording cells in response to hyperpolarizing current steps
(70–150 pA, 1 s). The result showed that dimaprit increased
the depolarizing sag (Figure 7C,D), confirming that HCN
channels mediated the effect of activation of H2 receptors. In
addition, no difference was found in ion channels coupled to
histamineH2 receptors between type A (n = 6) and type B (n =
9) MVN neurons.

Four subtypes of HCN channels (HCN1, HCN2, HCN3
and HCN4) have been cloned and they are all expressed in
the brain (Notomi and Shigemoto, 2004). Therefore, we
further assessed the expression of HCN1-4 mRNAs in rat
MVN by quantitative real-time RT-PCR. The results showed
that HCN1 rather than HCN2-4 mRNAs were abundantly
expressed in the rat MVN (Figure 7E), indicating that the
histamine H2-receptor-induced excitatory effect on MVN
neurons is mainly mediated via HCN1 channels.

To confirm our data relating to the postsynaptic ionic
mechanisms underlying histamine-induced excitation on
MVN neurons, ZD7288 was applied in combination with
KB-R7943. As shown in Figure 7F and 7G, in the presence of
0.3 μM TTX, combined application of ZD7288 (50 μM) and
KB-R7943 (50 μM) totally blocked the postsynaptic inward
current induced by 30 μM histamine. The results, together
with the data shown in Figures 4–6, strongly suggested that
NCXs coupled to H1 receptors and HCN channels linked to H2

receptors co-mediated the postsynaptic depolarization of his-
tamine on both type A and type B neurons of the MVN.

Discussion

Histamine has traditionally been considered to hold a key
position in central and peripheral vestibular functions.
Among the vestibular nuclei in the brainstem, itself a senso-
rimotor complex integrating vestibular, visual and motor
signals to make compensatory eye and head movements as
well as postural adjustments, the MVN, receiving inputs pri-
marily from the semicircular canals, not only innervates cer-
vical motor neurons to stabilize the position of the head in
space, but also sends axons into the medial longitudinal
fasciculus to participate in vestibulo-ocular reflexes (Straka
et al., 2005; Highstein and Holstein, 2006). Studies from our
laboratory and others have already documented that hista-
mine exerts an excitatory role in all four major sub-nuclei in
the vestibular nuclear complex (Zhang et al., 2008; Zhuang
et al., 2013) including the MVN (Wang and Dutia, 1995), and
extensively modulates the vestibular-related reflexes (Yabe
et al., 1993; Lacour and Sterkers, 2001; Bergquist and Dutia,
2006). However, receptor mechanisms underlying this homo-
geneous excitatory effect of histamine on four vestibular
sub-nuclei are different and the ionic basis is still largely
unknown. In the present study, we have described a strong
postsynaptic depolarization/excitation of histamine on the
MVN neurons. This effect was mediated by postsynaptic his-
tamine H1 and H2 rather than H4 receptors. NCXs coupled to
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H1 receptors and the HCN channels coupled to H2 receptors
contributed to the postsynaptic excitatory effect of histamine
on MVN neurons.

In the brain, the actions of histamine are mediated by
G-proteins and various second messenger pathways and ionic
mechanisms (Brown et al., 2001; Haas and Panula, 2003; Haas
et al., 2008). In the MVN, low threshold calcium channels, BK
type calcium-activated potassium channels, Kv3 family of
potassium channels and other types of channels have been
reported previously to regulate the excitability of neurons in

the nucleus (Serafin et al., 1990; Gittis and du Lac, 2007;
2008; Gittis et al., 2010). However, histamine modulates
MVN neurons by activation of the NCXs coupled to H1 recep-
tors and HCN channels linked to H2 receptors. As the reversal
potential of NCXs is highly positive (Wu et al., 2004; Zhang
et al., 2011), they are scarcely affected by small fluctuations of
membrane potential, but their activation can provide an effi-
cient force to depolarize neurons. Thus, through activation of
NCXs coupled to H1 receptors, histamine effectively depolar-
izes and increases spontaneous firing rates of the MVN

Figure 2
H1 and H2 receptors co-mediated the histamine-induced postsynaptic excitation on MVN neurons. (A) In the presence of TTX, the histamine-
induced inward currents were partly blocked by mepyramine, a highly selective H1 receptor antagonist, and abolished by combined application
of mepyramine and ranitidine, a highly selective H2 receptor antagonist. (B) In the presence of TTX, the histamine-induced inward currents were
partly blocked by ranitidine, and abolished by the combination of mepyramine and ranitidine. (C) Group data of the tested MVN neurons. Data
shown are means ± SEM; **P < 0.01, ***P < 0.001, significantly different from control. (D) Bar graphs showing the relative expression of H1, H2

and H4 receptor mRNAs in the MVN. In this and the following figures, asterisks indicate samples showing no specific signal, and cycles necessary
to get a signal are listed below each gene. (E1–G3) Double immunostaining results showed that histamine H1 (E1–E3) and H2 (F1–F3) receptors
were not only present in the rat MVN but also co-localized in the same MVN neurons (G1–G3). Scale bars: (C1), (D1) and (E1), 550 μm; (C2),
(D2) and (E2), 100 μm; (C3), (D3) and (E3), 20 μm. 4V, 4th ventricle; IVN, inferior vestibular nucleus; MVN, medial vestibular nucleus; Pr,
prepositus nucleus.
◀

Figure 3
H4 receptors are not involved in the postsynaptic excitatory effect of histamine on MVN neurons. (A) JNJ7777120, a highly selective H4 receptor
antagonist, had no effect on histamine-induced inward current, and VUF8430, a highly selective H4 receptor agonist, did not mimic the
histamine-induced postsynaptic excitation on MVN neurons. (B) Group data of the tested MVN neurons. Data shown are means ± SEM. (C1–C3)
Histamine H4 receptor-immunolabelled neurons were not detected in the rat MVN. (D1–D3) Negative staining controls. n.s. indicates non-
significant. Scale bars: (C1) and (D1), 550 μm; (C2) and (D2), 100 μm; (C3) and (D3), 20 μm. 4V, 4th ventricle; IVN, inferior vestibular nucleus;
MVN, medial vestibular nucleus; Pr, prepositus nucleus.
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neurons. On the other hand, HCN channels are usually
referred to as ‘pacemaker channels’ (Pape, 1996) because they
are activated during hyperpolarization and thus help acceler-
ate depolarization to trigger a faster spike and generate neu-
ronal rhythmic activity. Therefore, by opening of HCN
channels coupled to H2 receptors, histamine can quickly
increase the excitability of MVN neurons and modulate their
firing patterns, subsequently influencing vestibular reflexes
through the MVN circuitry.

In addition to its key position in allergic responses in the
periphery, now histamine is also widely considered to be a
general modulator for whole brain activity. The central his-
taminergic system solely originates from the tuberomammil-

lary nucleus of the hypothalamus but extensively innervates
almost the whole brain including the vestibular nuclei in the
brainstem (Brown et al., 2001; Haas and Panula, 2003; Haas
et al., 2008). Unilateral disruption of histaminergic neuro-
transmission with cimetidine (an H2 receptor antagonist) or
α-methylhistamine (an H3 receptor agonist) in the vestibular
nuclei leads to a postural and oculomotor syndrome similar
to that seen after hemilabyrinthectomy (de Waele et al.,
1992). Betahistine or thioperamide, another potent and selec-
tive H3 receptor antagonist, reduce acute symptoms after ves-
tibular deafferentation in rats (Pan et al., 1998) and improve
recovery in cats (Tighilet et al., 2006; 2007). Similarly, chlor-
pheniramine, an H1 receptor antagonist, was also reported to

Figure 4
Histamine H1 receptor-mediated inward current and its electrophysiological feature. (A) Concentration–response curve for 2-PyEA on seven
recorded MVN neurons shows a mean EC50 value of 46.7 μM for 2-PyEA. (B) The 2-PyEA-induced inward current was totally blocked by
mepyramine, indicating 2-PyEA evoked an isolated current associated with the activation of postsynaptic H1 receptors. (C) Group data of the six
tested MVN neurons. Data shown are means ± SEM; ***P < 0.001. (D, E) Slow ramp command tests (dV/dt = −10 mV·s−1, ranged from −60 to
−120 mV) were employed to evaluate the I–V curves for a large voltage range in the absence and presence of 2-PyEA. The 2-PyEA-induced inward
current had a larger amplitude at −120 mV as compared with −60 mV, and the two curves showed a trend of intersection at a potential more
depolarized than −60 mV (the left panel in D). Subtracting the control from the current recorded during 2-PyEA application yielded a difference
current representing the 2-PyEA-induced current (the right panel in D). In the presence of 50 μM KB-R7943, a selective blocker of NCXs, the I–V
curve recorded during 2-PyEA application coincided with that recorded in the absence of 2-PyEA (the left panel in E) and the 2-PyEA-induced
current disappeared (the right panel in E).
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accelerate vestibular compensation in hemilabyrinthect-
omized goldfish (Piratello and Mattioli, 2004). All these
observations demonstrate a key position of hypothalamic
histaminergic afferent inputs in vestibular functions and
compensation.

The central histaminergic modulation of vestibular
reflexes and functions is only one important component of
the effects of the histaminergic system on motor control.
Besides the vestibular nuclei in the brainstem, various criti-
cal subcortical motor structures, including the cerebellum
(Shen et al., 2002; Song et al., 2006; He et al., 2012) closely
related to vestibular nuclei, also receive direct hypothalamic

histaminergic projections. Interestingly, without exception,
neurons in all these subcortical motor centres are uniformly
excited by histamine. As most histaminergic endings (vari-
cosities) do not typically form synaptic specializations and
almost all of the histamine receptors are metabotropic (Haas
and Panula, 2003; Haas et al., 2008), we suggest that hista-
mine or histaminergic inputs from the hypothalamus to
these central motor structures may not transmit fast signals,
but act as a biasing force to influence electrophysiological
properties of these motor neurons and hold their excitability
and responsiveness at an appropriate level. In this way, the
central histaminergic system may extensively modulates the

Figure 5
NCXs contributed to the histamine H1-receptor-mediated inward current on MVN neurons. (A) The 2-PyEA-induced inward current was totally
blocked by KB-R7943 in gap-free mode. (B) Group data of the five tested MVN neurons. (C, D) The 2-PyEA-induced inward current was totally
blocked in low Na+ (Tris+) ACSF (n = 5). (E, F) Ba2+, a broad spectrum blocker of K+ channels, had no influence on the 2-PyEA-induced inward
current (n = 5). Data shown are means ± SEM; n.s. indicates non-significant and ***P < 0.001, significant differences. (G) Bar graphs showing
relative expression of NCX1, NCX2 and NCX3 mRNAs in the MVN.
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sensorimotor integration in circuits through various sub-
cortical motor structures including the MVN and actively
regulate movements. Actually, depletion of brain histamine
or knockout of histamine receptors altered ambulatory
activity and reduced exploratory behaviour (Onodera
et al., 1994; Inoue et al., 1996; Toyota et al., 2002). In the
cerebellum, histamine and histaminergic afferents enhance
muscle strength, influence footprints and improve motor
balance and motor coordination (Song et al., 2006; He
et al., 2012). Considering that the hypothalamus is still an
important centre for autonomic and visceral regulation, we
suggest that the hypothalamic histaminergic innervation of
motor structures including the MVN may contribute signifi-
cantly to somatic and non-somatic integration (Zhu et al.,
2006).

In summary, histamine regulates MVN function through
presynaptic and postsynaptic actions, both of which hold key
positions in the understanding of the physiological and
pathophysiological significance of histaminergic modulation
on vestibular functions. Moreover, other motor diseases, such
as Parkinson’s disease (Shan et al., 2012) and Huntington’s
disease (van Wamelen et al., 2011), are also related to local
changes of both presynaptic and postsynaptic histamine
receptors. Therefore, the roles of the NCXs and HCN chan-
nels coupled to postsynaptic H1 and H2 receptors on the MVN
neurons in vestibular functions and dysfunctions need to be
assessed further. The ion exchangers and channels linked to
histamine receptors may become potential targets for the
treatment of vestibular disorders as well as other motor
diseases.

Figure 6
Histamine H2 receptor-mediated inward current and its electrophysiological feature. (A) Concentration–response curve for dimaprit on five
recorded MVN neurons shows the mean EC50 of 157.7 μM. (B) The dimaprit-induced inward current was abolished by ranitidine, indicating
dimaprit evoked an isolated current associated with the activation of postsynaptic H2 receptors. (C) Group data of the five tested MVN neurons.
Data shown are means ± SEM; ***P < 0.001. (D, E) Slow ramp command tests were employed to obtain the I–V curves in the absence and presence
of dimaprit (the left panel in D). The difference current representing the dimaprit-induced current (the right panel in D) exhibited a significant
feature of hyperpolarization-activated non-selective cation current (via HCN channels). Under a condition of blockage of HCN channels by
continuously applying ZD7288, the I–V curves recorded in the absence and presence of dimaprit coincided (the left panel in E) and the
dimaprit-induced net current became zero (the right panel in E).
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Figure 7
HCN channels mediated the histamine H2-receptor-induced inward current on MVN neurons. (A) ZD7288 totally blocked the inward current
induced by dimaprit. (B) Group data of the five tested MVN neurons. Data shown are means ± SEM; ***P < 0.001. (C) Neuron displayed inward
rectification (sag) in response to a hyperpolarizing current pulse. Dimaprit (300 μM) increased the amplitude of the voltage sag. (D) Group data
of the depolarizing sag of the five tested MVN neurons in the absence and presence of dimaprit. Data shown are means ± SEM; ***P < 0.001. (E)
Bar graphs showing relative expression of HCN1, HCN2, HCN3 and HCN4 channel mRNAs in the MVN. (F) In the presence of TTX, combined
application of ZD7288 and KB-R7943 totally blocked the histamine-induced postsynaptic inward current, indicating HCN channels and NCXs
co-mediate the postsynaptic excitatory effect of histamine on MVN neurons. (G) Group data of the five tested MVN neurons. Data shown are
means ± SEM; ***P < 0.001.
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