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Histamine H1 Receptor Contributes to Vestibular
Compensation
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Vestibular compensation is responsible for the spontaneous recovery of postural, locomotor, and oculomotor dysfunctions in patients
with peripheral vestibular lesion or posterior circulation stroke. Mechanism investigation of vestibular compensation is of great impor-
tance in both facilitating recovery of vestibular function and understanding the postlesion functional plasticity in the adult CNS. Here, we
report that postsynaptic histamine H1 receptor contributes greatly to facilitating vestibular compensation. The expression of H1 receptor
is restrictedly increased in the ipsilesional rather than contralesional GABAergic projection neurons in the medial vestibular nucleus
(MVN), one of the most important centers for vestibular compensation, in unilateral labyrinthectomized male rats. Furthermore, H1
receptor mediates an asymmetric excitation of the commissural GABAergic but not glutamatergic neurons in the ipsilesional MVN, which
may help to rebalance bilateral vestibular systems and promote vestibular compensation. Selective blockage of H1 receptor in the MVN
significantly retards the recovery of both static and dynamic vestibular symptoms following unilateral labyrinthectomy, and remarkably
attenuates the facilitation of betahistine, whose effect has traditionally been attributed to its antagonistic action on the presynaptic H3
receptor, on vestibular compensation. These results reveal a previously unknown role for histamine H1 receptor in vestibular compen-
sation and amelioration of vestibular motor deficits, as well as an involvement of H1 receptor in potential therapeutic effects of betahis-
tine. The findings provide not only a new insight into the postlesion neuronal circuit plasticity and functional recovery in the CNS, but also
anovel potential therapeutic target for vestibular disorders.
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(s )

Vestibular disorders manifest postural imbalance, nystagmus, and vertigo. Vestibular compensation is critical for facilitating
recovery from vestibular disorders, and of greatimportance in understanding the postlesion functional plasticity in the adult CNS.
Here, we show that postsynaptic H1 receptor in the medial vestibular nucleus (MVN) contributes greatly to the recovery of both
staticand dynamic symptoms following unilateral vestibular lesion. H1 receptor selectively mediates the asymmetric activation of
commissural inhibitory system in the ipsilesional MVN and actively promotes vestibular compensation. The findings provide not
only a new insight into the postlesion neuronal circuit plasticity and functional recovery of CNS, but also a novel potential
therapeutic target for promoting vestibular compensation and ameliorating vestibular disorders. j
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general population and strongly affect the quality oflife (Angelaki
and Cullen, 2008; Sajjadi and Paparella, 2008; Ward and Zee,
2016; Brandt and Dieterich, 2017). Both peripheral vestibular
abnormalities, such as benign paroxysmal positional vertigo, ves-
tibular neuritis, and Meniere’s disease, and central vestibular le-

Introduction
Vestibular disorders, characterized by postural imbalance, gaze
instability, spatial disorientation, and vertigo, are common in the
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sions caused by posterior circulation stroke usually lead to
vestibular syndromes (Sajjadi and Paparella, 2008; Chen et al.,
2014; Kim and Zee, 2014). Interestingly, some of the vestibular
syndromes caused by unilateral vestibular lesions are gradually
ameliorated over time in both humans and animals. This process
of natural recovery from vestibular deficits is known as vestibular
compensation (Faulstich et al., 2006; Becker-Bense et al., 2013;
Lacour et al., 2016; Zwergal et al., 2016). Facilitating vestibular
compensation is an important beneficial strategy for the clinical
treatment of vestibular dysfunctions (Straka et al., 2005; Mac-
dougall and Curthoys, 2012; Lacour et al., 2016). On the other
hand, vestibular compensation is a window for understanding
the postlesion plasticity in the adult CNS (Zwergal et al., 2016)
and distributed synergistic plasticity in the levels of synapses,
neurons, and circuits may provide basis for behavioral compen-
sation (Gao etal., 2012). However, neural mechanism underlying
the vestibular compensation is still far from clear.

The central histaminergic system, originating exclusively
from the tuberomammillary nucleus (TMN) of the hypothala-
mus, has long been implicated in vestibular functions and the
recovery process following vestibular lesions (Tighilet et al., 20065
Haas et al., 2008; Panula and Nuutinen, 2013; Panula et al., 2015).
Histamine-related drugs, especially betahistine, have been widely
used in the treatment of vestibular disorders (Tighilet et al., 2005;
Chazot, 2013; Lacour, 2013). Unlike the vestibular sedatives pre-
scribed for symptomatic relief often interfere with the restoration
of vestibular functions (Chabbert, 2016), betahistine has been
supposed to promote and facilitate central vestibular compensa-
tion (Redon et al., 2011; Lacour, 2013). The effect of betahistine
has traditionally been attributed to its antagonistic action on the
presynaptic H3 receptor, which may serve as not only autore-
ceptor to inhibit histamine release but also heteroreceptor to
modulate release of other neurotransmitters, particularly
GABA (Tighilet et al., 2005; Bergquist et al., 2006). Notably,
however, betahistine is also a weak agonist for postsynaptic
histamine H1 receptor (Ali et al., 2010; Lian et al., 2016;
Provensi et al., 2016). Yet little is known about the role of H1
receptor in the pathophysiology of vestibular disorders and
the following vestibular compensation.

Several lines of evidence indicate that the histamine H1 recep-
tor may directly participate in the recovery process after vestibu-
lar lesion. First, H1 receptor is expressed abundantly throughout
the central vestibular nuclear complex, including the medial ves-
tibular nucleus (MVN; Peng et al., 2013; X. Y. Zhang et al., 2013;
Zhuang et al., 2013). Second, H1 receptor mediates a significant
postsynaptic excitatory effect of histamine on vestibular nuclear
neurons both in vitro and in vivo (Yabe et al., 1993; Wang and
Dutia, 1995; Peng et al., 2013; X. Y. Zhang et al., 2013; Zhuang et
al., 2013). Third, after unilateral labyrinthectomy (UL), elevated
expression of H1 receptor in the MVN has been reported (Lacour
and Tighilet, 2010; Zhou et al., 2013). Therefore, in the present
study, using behavioral assessment combined with Western blot,
retrograde tracing, immunostaining, and whole-cell patch-clamp
recording, we determine the pathophysiological function of his-
tamine H1 receptor in the vestibular compensation. We report
here that postsynaptic H1 receptor in the MVN, one of the most
important centers for vestibular compensation, plays a critical
role in the recovery of both static and dynamic symptoms after
unilateral peripheral vestibular lesion. H1 receptor selectively
mediates the asymmetric activation of commissural inhibitory
system in the circuit level and actively promotes rebalancing of
bilateral vestibular systems and vestibular compensation.
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Materials and Methods

Animals

Adult male Sprague-Dawley rats (Animal Care Facility at Nanjing Med-
ical University, Jiangsu, China) were individually housed under a 12 h
light/dark cycle, with ad libitum access to food and water. All experimen-
tal procedures were performed in accordance with the U.S. National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publication 85-23, revised 2011), and were approved by the Exper-
imental Animal Care and Use Committee of Nanjing University. All
efforts were made to minimize the number of animals used and their
suffering.

UL and vestibular compensation model

UL was performed as previously described (Campos-Torres et al., 2005;
Sadeghi et al., 2007; Li et al., 2013) to establish a model for vestibular
compensation. Briefly, after anesthesia with sodium pentobarbital (40
mg/kg), a postauricular incision was made to expose the external ear
canal and the tympanic bulla. The lateral wall of the tympanic bulla was
opened with an otologic drill. The malleus and incus were removed with
the aid of a microscope. Special attention was paid to avoid damage to the
pterygopalatine artery. The oval window was then opened and enlarged.
The vestibule was aspirated using a fine plastic suction pipette, destroyed
by mechanical ablation, and then rinsed with 100% ethanol. Finally, the
space created by the labyrinthectomy was packed with gelfoam (Ferrosan
Medical Devices) and the skin wound was sutured. Sham-operated con-
trol rats were given a surgical sham treatment identical to the UL proce-
dure, but without damage to the inner ear.

Western blotting

MVN tissue punches were carefully collected from coronal brain slices under
microscope according to the rat brain atlas (Paxinos and Watson, 2014).
Protein levels were analyzed via Western blotting using selective antibodies.
Protein levels were normalized by probing the same blots with a GAPDH
antibody. For Western blotting analysis, the following antibodies were used.
Primary antibodies: a mouse anti-GAPDH (1:2000; Santa Cruz Biotechnol-
ogy, catalog #SC-365062; RRID: AB_10847862) and a rabbit anti-HRH1
(1:500; Santa Cruz Biotechnology, catalog #SC-20633; RRID:AB_2277328).
Second antibodies: horseradish peroxidase (HRP)-conjugated anti-mouse
antibody (1:5000; Life Technologies, catalog #62-6520; RRID:AB_2533947),
HRP-conjugated anti-rabbit antibody (1:5000; Life Technologies, catalog
#65-6120; RRID:AB_2533967). Protein bands were analyzed using Image]J
software (NIH).

Retrograde tracing

The experimental procedures for retrograde tracing followed our previ-
ous reports (Li et al., 2017; Wang et al., 2017; Ji et al., 2018). Rats were
anesthetized with sodium pentobarbital (40 mg/kg) and mounted on a
stereotaxic frame under aseptic conditions. According to the rat brain
atlas (Paxinos and Watson, 2014), a glass micropipette (10-15 um in
diameter in the tip) filled within 1 ul of retrograde tracer Fluoro-Gold
(FG; 4% in saline; Fluorochrome) was planted into the MVN (A:
—10.9 £0.3,1:1.3 = 0.2,and H: 5.8). The tracer was injected unilaterally
using electrophoresis with a square wave pulse of 5-10 A atarate of 7 s
On/7 s Off for 30 min. The glass micropipette was hold for 10 min after
the injection. The immunohistochemical experiment was performed 3
weeks later to determine the injection site and location of retrogradely
labeled cells.

Immunofluorescence

As previously reported ( X. Y. Zhang et al., 2013; J. Zhang et al., 2016;
Wang et al., 2017; Zhuang et al., 2018a,b), sham or UL rats (1-4 d
post-UL) were deeply anesthetized with sodium pentobarbital (65 mg/
kg) and perfused transcardially with 100 ml normal saline, followed by
250-300 ml 4% paraformaldehyde in 0.1 M phosphate buffer. The brain
was gently removed, trimmed, and postfixed in the same fixative for 12 h
at 4°C and then cryoprotected with 30% sucrose for 48 h. Frozen coronal
sections (25 um thick) containing the MVN were acquired by a freezing
microtome (CM 30508, Leica) and mounted on gelatin-coated slides.
The slices were rinsed with PBS containing 0.1% Triton X-100 and then
incubated in 10% normal bovine serum in PBS containing 0.1% Triton
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X-100 for 30 min. Sections were incubated overnight at 4°C with primary
antibodies: goat anti-HRH1 (1:200; Everest Biotechnology, catalog
#EB06904; RRID:AB_2230568), mouse anti-GAD67 (1:500; Millipore,
catalog #MAB5406; RRID:AB_2278725), mouse anti-Glutamate (1:
2000; Millipore, catalog #MAB5304; RRID:AB_94698), and rabbit
anti-FG (1:2000; Millipore, catalog #AB153-I; RRID:AB_2632408). After
a complete wash in PBS, the sections were incubated in the related sec-
ondary antibodies (1:2000; Invitrogen) conjugated to AlexaFluor 488
(catalog #A-11055; RRID:AB_2534102), AlexaFluor 594 (catalog #A-
21207; RRID:AB_141637), and AlexaFluor 350 (catalog #A10035; RRID:
AB_2534011) for 2 h at room temperature in the dark. The slices were
washed and mounted in Fluoromount-G mounting medium (Southern-
Biotech). Incubations replacing the primary antiserum with control im-
munoglobulins and/or omitting the primary antiserum were used as
negative controls. The micrographs were taken with inverted laser scan-
ning confocal microscope TCS SP8 (Leica). Digital images from the mi-
croscope were recorded with LAS X Viewer Software (Leica). Image
processing and labeling intensity quantification were performed with
Image Pro Plus 6.0 software (Media Cybernetics) by an investigator who
was blind to the group assignments.

Whole-cell patch-clamp recordings and neuronal identification

UL rats (1-4 d post-UL), which had been microinjected with FG in
unilateral MVN 3 weeks previously, were used for whole-cell patch-
clamp recordings on the MVN commissural neurons. Coronal slices (300
uM in thickness) of brainstem containing the MVN were cut with a
vibroslicer (VT 1200 S, Leica). The slices were incubated in 95% O, and
5% CO, oxygenated artificial CSF (composition in mm: 124 NaCl, 2.5
KCl, 1.25NaH,PO,, 1.3 MgSO,, 26 NaHCOs, 2 CaCl,, and 10 p-glucose)
at 35 = 0.5°C for at least 1 h before any experiment was started.

Whole-cell patch-clamp recordings were performed as previously de-
scribed (J. Zhang et al.,, 2011; X. Y. Zhang et al., 2013; Zhuang et al.,
2018a) on MVN neurons with borosilicate glass pipettes (3—5 M()). Pi-
pettes were filled with (in mm): 140 K-methylsulfate, 7 KCl, 2 MgCl,, 10
HEPES, 0.1 EGTA, 4 Na,-ATP, 0.4 GTP-Tris, and 4% biocytin (Sigma-
Aldrich), pH 7.25. During recording sessions, MVN neurons were visu-
alized with an Olympus BX51WI microscope (Olympus). The bright
fluorescence signal of FG-positive neurons was detected using a xenon
light source and an MTI-Dage CCD camera (IR-1000, Meyer Instru-
ments). Patch-clamp recordings were acquired with an Axopatch-200B
amplifier (Molecular Devices) and the signals were fed into a computer
through a Digidata-1550 interface (Molecular Devices) for data capture
and analysis (pClamp 8.2, Molecular Devices). Recordings of membrane
potentials were low-pass filtered at 5 kHz and digitized at 20 kHz.

For action potential analysis, the spikes were averaged together by
alignment at their peaks. Spike threshold was defined as the membrane
potential at which the voltage derivative reached 10 V/s. Spike half-width
was measured at the halfway point between threshold and peak. The
afterdepolarization (ADP) was quantified as the maximum value of the
spike derivative during the 1 ms after the spike repolarized to threshold
value.

The peristimulus time histograms (PSTHs) of the recorded neuronal
discharges were generated by the software Spike 2 (CED) to assess the
effects of histamine on the cells. We briefly (1 min) bathed the slices with
histamine (1-100 um, Sigma-Aldrich) to stimulate the recorded neurons.
Ranitidine (0.3 uM, Alomone Labs) and iodophenpropit (0.3 um, Alo-
mone Labs), selective antagonists for histamine H2 and H3 receptor,
respectively, were coapplied to isolate the effect mediated by H1 receptor.

To identify whether the recorded neurons were commissural inhibi-
tory or excitatory neurons, brain slices containing the biocytin-filled
neurons in the whole-cell patch-clamp recordings were fixed, resec-
tioned at 25 wm, and coimmunolabeled for FG and GAD67/glutamate,
following the above immunofluorescence procedure.

Drug administration and behavioral assessment

Histamine H1 receptor antagonists, mepyramine (0.05 mg/kg; Tocris
Bioscience)/fluorescent mepyramine (HI1-BY633-AN, 0.05 mg/kg;
Sigma-Aldrich) and diphenhydramine (25 mg/kg; Sigma-Aldrich), as
well as betahistine (0.04 mg/kg; Sigma-Aldrich), were microinjected into
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the MVN or given intraperitoneally (i.p.) once daily for 3 d after UL. For
intra-MVN microinjections, two stainless-steel guide tubes [length: 1.1
mm, outer diameter (0.d.): 0.8 mm, inner diameter: 0.5 mm] were bilat-
erally implanted just above the MVN (A: —10.9 = 0.3, L: 1.3 = 0.2, and
H: 3.8) according to the rat brain atlas (Paxinos and Watson, 2014)
following stereotactic brain surgery as we described previously (J. Zhang
etal.,, 2011; Wang et al., 2017; Zhuang et al., 2018b). The UL and behav-
ioral assessment were conducted at least 3 d after implantation.

In behavioral tests, static symptoms of vestibular imbalance, including
postural asymmetry, head roll tilt and nystagmus, were scored by an
assessor who was blinded to the groups after UL according to the previ-
ousreports (Bergquist etal., 2008; Giinther etal., 2015). Each component
was given a maximum score of 10. Furthermore, recovery of dynamic
motor function in UL rats was assessed by open field and rotarod tests. In
addition, open field and negative geotaxis tests were applied to determine
the baseline vestibular function in normal rats.

Postural asymmetry scoring. Postural deficits were scored as follows
(Bergquist et al., 2008; Giinther et al., 2015): spontaneous barrel rolling,
10 points; barrel rolling evoked by a light touch or air-puff, 9 points;
recumbent position on deafferented side without leg support, 8 points;
some ipsilesional leg support, 7 points; moving around on one side or
using ipsilesional legs for recumbent support, 6 points; moving around
with bilateral leg support, 5 points; moving around with occasional falls
to the ipsilesional side, 4 points; moving around leaning toward the
ipsilesional side, 3 points; hardly noticeable asymmetry, 2 points; pos-
tural asymmetry only noticeable when picked up, 1 point.

Head roll tilt scoring. Spontaneous head roll tilt was scored by measur-
ing the angle between the jaw plane and the horizontal (Bergquist et al.,
2008; Giinther et al., 2015). 10 points were given either for a 90° angle or
if the animal rested recumbent on the lesion side or showed barrel-rolling
toward that side. 7 points were correlated with a 60° and 5 points with a
40° angle.

Spontaneous nystagmus scoring. Spontaneous nystagmus was recorded
using a video eye-tracking system for rodents (ETL-200, ISCAN;
Dyhrfjeld-Johnsen et al., 2013; Jiang and Rajguru, 2018). Spontaneous
nystagmus with fast phase was scored with 6—10 points, with 1 point for
every 60 beats per minute (bpm; Bergquist et al., 2008; Giinther et al.,
2015). When spontaneous nystagmus disappears at rest, the rats were
given a gentle air-puff over the head. Evoked nystagmus was scored 1-5
points, with 1 point for every 60 bpm.

Open-field test. Rats were tested in an open field (50 X 50 X 40 cm) lit
with a 60 W bulb above the field with no interference noise or any other
jamming. After placing a rat at the center of the arena, locomotor activity
was recorded for 10 min by a video camera. Head orientation during
locomotion was evaluated by measuring the angle between the jaw plane
and the horizontal of the tested rats in screenshots captured every 5 s
from the video. Locomotor distance and body movement velocity were
analyzed by Clever TopScan Software (CleverSys).

Rotarod test. Each rat was placed in an individual compartment of the
rotarod (7750, Ugo Basile) and was required to keep constant walking to
avoid falling off the rod. Rats were first acclimated on the rod rotating at
4 revolutions per minute (rpm) for 30 s, and then the rod was evenly
accelerated up to 40 rpm during 180 s. Latency for rat to fall from the
rotating rod was recorded, and the time beyond 180 s was recorded as
180 s. For the test, each rat was subjected three trials, with a resting
interval of 3 min to relieve stress and fatigue.

Negative geotaxis test. This test is considered as a diagnostic of vestib-
ular function, reflex development, and motor skills (Altman and Sudar-
shan, 1975; J. Zhang et al., 2011). Rats were placed on a 40° incline with
their head pointing down the slope, and the time spent for a turn of 180°
upward was recorded. The animals were allowed a 90 s rest between trials
to reduce stress and fatigue.

Histological identification

On the last day of the behavioral tests, rats were deeply anesthetized with
an overdose of sodium pentobarbital. Two insulated stainless steel wires
(0.d.: 0.4 mm) with 0.2 mm exposed tip were inserted into the MVN
under guidance of guide tubes for depositing iron at the site of injection
by passing DC current (10 uA, 20 s). The brain was then removed and
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Figure 1.

significant difference, by repeated-measures ANOVA followed by Bonferroni’s test.

fixed with 4% paraformaldehyde containing 1% potassium ferrocyanide.
A week later, frozen serial coronal sections (50 wm thick) were prepared,
performed with Nissl staining and the dark blue dots indicating injection
sites were identified according to the rat brain atlas (Paxinos and Watson,
2014). Data from rats in which the injection sites were deviated from the
MVN were excluded from further analysis.

Experimental design and statistical analysis

All experiments and data analysis were performed blind to the conditions
of the experiments. In behavioral tests, animals were randomly grouped
by different treatments. Sample sizes were based on the previous reports
(Lacour, 2013; Guinther et al., 2015). All data are presented as mean *
SEM. Shapiro-Wilk test was used for testing the normality of data. The
Student’s ¢ test, one-way and repeated-measures two-way ANOVA, and
Bonferroni’s post hoc testing was used for statistical analysis. The critical
level of statistical significance was p << 0.05.

Results

H1 receptor expression is selectively increased in the
ipsilesional MVN commissural GABAergic neurons after UL
We first assessed the expression of H1 receptor protein in bilat-
eral MVNs after UL by Western blotting. We found that the
expression of H1 receptor was significantly increased in the ip-
silesional rather than contralesional MVN at 2 h (n = 8, p =
0.0033),6h (n =8, p < 0.0001),1d (1= 8, p<0.0001),and 4 d
(n =8, p =0.0002) post-UL, compared with the sham-operated
group (Fig. 1). The increased expression of H1 receptor in the
ipsilesional MVN returned to baseline level at 7 d post-UL (n = 8,
p > 0.9999; Fig. 1). Thus, we speculate that the selective increase
in H1 receptor expression in the ipsilesional MVN may be closely
related to the recovery of largely asymmetric activity between
bilateral MVNS.

We further mapped the distribution of H1 receptor in the
ipsilesional MVN in UL rats by immunostaining. Since vestibular
commissural inhibitory system has been strongly implicated both
in the initial vestibular symptoms after UL and in the subsequent
functional recovery (Gliddon et al., 2005), we used retrograde
tracing combined with immunostaining to dissect the expression
of H1 receptor in the GABAergic projection neurons of the com-
missural inhibitory system. In sham-operated rats (n = 5), retro-

——— —— — 56KDa

Bl Ipsilesional

Il Contralesional

Western blot analyses of H1 receptor expression in the bilateral MVNs after UL. A, Western blots of H1 receptor
expression in the ipsilesional and contralesional MVN after UL and sham operation. B, Semiquantitative densitometric analysis of
H1 receptor expression in Western blots. H1 receptor expression in the ipsilesional and contralesional MVN in UL rats was normal-
ized to thatin MVN in the sham-operated rats. Data represent mean = SEM. **p << 0.01, ***p << 0.001, ****p < 0.0001, n.s. no

neurons in the MVN have strong H1 recep-
tor immunoreactivity (Fig. 2-1, available at
https://doi.org/10.1523/]NEUROSCI.1350-
18.2018.£2-1), indicating H1 receptor is
expressed in the GABAergic neurons pro-
jecting to the contralateral MVN, i.e., the
vestibular commissural inhibitory neu-
rons. Therefore, we microinjected retro-
grade tracer FG into the contralesional or
ipsilesional MVN in rats (n = 5 and 6,
respectively) 3 weeks before UL, and ob-
served the expression of H1 receptor in
the retrogradely labeled neurons in bilat-
eral MVNs after UL (Fig. 2A,F). Consis-
tent with the above Western bolt result,
the distribution of H1 receptor in the ip-
silesional rather than contralesional MVN
increased at 1 d post-UL (p = 0.0155; Fig.
2B—-E,G-K and Fig. 2-1, available at
https://doi.org/10.1523/JNEUROSCI.
1350-18.2018.f2-1). Interestingly, the la-
beling intensity of H1 receptors was sig-
nificantly increased in the FG+/GAD67+
neurons (p = 0.0003) rather than FG+/
GAD67— neurons (p > 0.9999) in the ipsilesional MVN of the
UL rats (Fig. 2K). These immunostaining results suggest that
the expression of H1 receptor may be selectively increased in the
ipsilesional MVN commissural inhibitory GABAergic neurons
after UL.

4d 7d

n.s. n.s.

4d 7d

The excitation induced by H1 receptor activation is enhanced
in the ipsilesional MVN commissural GABAergic neurons
after UL

Given that rebalancing the commissural inhibitory system is crit-
ical for vestibular compensation (Gliddon et al., 2005) and
above-mentioned histamine H1 receptor exhibited asymmetric
increase in expression in the commissural inhibitory system after
UL, we investigated the changes in responses of commissural
inhibitory neurons in bilateral MVNs to histamine after UL by
whole-cell patch-clamp recording in brainstem slices. As shown
in Figure 3A, UL was conducted in rats microinjected with FG in
the contralesional or ipsilesional MVN, and brainstem slices were
prepared for whole-cell current-clamp recordings. The retro-
gradely labeled MVN neurons on the contralateral side of FG
injection were targeted and identified as vestibular commissural
neurons by viewing with brief epifluorescent illumination. The
GABAergic and glutamatergic MVN commissural neurons re-
corded in this study were categorized by filling the recorded neu-
rons with biocytin and immunostaining them for GAD67 or
glutamate (Fig. 3A,B,F).

A total of 33 MVN commissural neurons were identified and
recorded in the present study. Among them, GABAergic MVN
commissural neurons (n = 17) showed significantly smaller ADP
and wider action potential half-width than glutamatergic ones
(n = 16; Fig. 3-1A,B, available at https://doi.org/10.1523/
JNEUROSCI.1350-18.2018.f3-1), which is in accordance with
previous reports (Bagnall et al., 2007). The effect of H1 receptor
activation was isolated by administration of histamine in the
presence of ranitidine and iodophenpropit, selective antagonists
for H2 and H3 receptors, respectively. We found that activation
of H1 receptor induced a homogeneous excitation in a concen-
tration-dependent manner on both ipsilesional and contral-
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labeled non-GABAergic (glutamatergic) commissural neuron. F, Diagram and a coronal brain section showing the injection site of FGin the ipsilesional MVN. G—J, Triple immunostainings
for H1 receptor (G, green), FG (H, red) and GAD67 (I, blue) in the contralesional MVN. White arrowheads in the merged image (G, J) indicate the H1/FG/GAD67 triple-labeled GABAergic
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represent mean = SEM. *p << 0.05, **p << 0.01, ***p << 0.01, n.s. no significant difference, by two-way ANOVA followed by Bonferroni’s test. See also Figure 2-1, available at
https://doi.org/10.1523/JNEUR0SCI.1350-18.2018.f2-1.

esional MVN commissural neurons (Fig. 3 and Fig. 3-1, available ~ rats (X. Y. Zhang et al., 2013). Notably, the concentration-
at https://doi.org/10.1523/JNEUROSCI.1350-18.2018.f3-1),  dependent firing rate enhancement induced by H1 receptor acti-
which is consistent with our previous study on HI1 receptor-  vation in the recorded ipsilesional MVN GABAergic projection
mediated postsynaptic excitation on MVN neurons in normal  neurons (1 = 8) of the commissural inhibitory system were
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Figure 3.  The excitation induced by H1 receptor activation is enhanced in the ipsilesional MVN GABAergic projection neurons of the commissural inhibitory system after UL. A, Schematic

representation of experimental design. B, Identification of the GABAergic MVN commissural neurons recorded in brain slices. The retrogradely labeled MVN neurons on the contralateral side of FG
injection were current-clamped and injected with biocytin. The recorded neurons with triple immunopositive for biocytin (green), GAD67 (blue), and FG (red) were identified as the GABAergic
commissural inhibitory neurons. C, D, PSTHs show that activation of H1 receptor by application of histamine in the presence of ranitidine (H2 receptor antagonist) (Figure legend continues.)
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Histological identification of the spread of mepyramine and the locations of microinjection sites in bilateral MVNs. 4, Confocal image of a coronal brain section of rats microinjected with

fluorescent mepyramine showing the spread of fluorescent mepyramine (red) in MVNs labeled by DAPI (blue). B, Histological reconstructions showing the microinjecting sites of mepyramine in

MVNs in 42 rats.

significantly larger than those in the contralesional GABAergic
commissural neurons (n = 9; Fig. 3C,D, and Fig. 3-1C,D, avail-
able at https://doi.org/10.1523/JNEUROSCI.1350-18.2018.f3-1),
indicated by an upward shift in the histamine concentration-
response curve (Fig. 3E). On the other hand, there were no sig-
nificant differences between the histamine-induced excitations
mediated by H1 receptor in the recorded ipsilesional MVN glu-
tamatergic projection neurons of the commissural excitatory sys-
tem (n = 7) and those in the contralesional glutamatergic
commissural neurons (n = 9; Fig. 3G—I, and Fig. 3-1E, F, avail-
able at https://doi.org/10.1523/JNEUROSCI.1350-18.2018.£3-1).
These results strongly suggest that the responsiveness of the ip-
silesional MVN commissural inhibitory rather than excitatory
neurons to histamine may be selectively increased after UL to
rebalance the excitability of bilateral MVN's, which coincides with

<«

(Figure legend continued.)  and iodophenpropit (H3 receptor antagonist) induced a
concentration-dependent excitation on the ipsilesional (€) and contralesional (D) GABAergic
MVN commissural neurons with different amplitudes. The inset of each PSTH represents the raw
data of peak firing. E, Concentration-response curves for histamine in the presence of ranitidine
and iodophenpropit on the recorded ipsilesional (red) and contralesional (black) GABAergic
MVN commissural neurons. F, Identification of the glutamatergic MVN commissural neurons
recorded in brain slices. The recorded neurons with triple immunopositive for biocytin (green),
glutamate (blue), and FG (red) were identified as the glutamatergic commissural excitatory
neurons (F). G, H, PSTHs show that activation of H1 receptor by application of histamine in the
presence of ranitidine and iodophenpropit induced a concentration-dependent excitation on
the ipsilesional (G) and contralesional (H) glutamatergic MVN commissural neurons with sim-
ilar amplitudes. The inset of each PSTH represents the raw data of peak firing. /, Concentration-
response curves for histamine in the presence of ranitidine and iodophenpropit on the recorded
ipsilesional (green) and contralesional (black) glutaminergic MVN commissural neurons. Data
represent mean % SEM. **p << 0.01, n.s. no significant difference, by two-tailed unpaired ¢
test. See also Figure 3-1, available at https://doi.org/10.1523/JNEUR0SCI.1350-18.2018.f3-1.

the increase in H1 receptor expression in the ipsilesional com-
missural inhibitory neurons.

H1 receptor antagonists retard vestibular compensation for
static symptoms after UL

Considering H1 receptor-mediated asymmetric excitation of the
commissural GABAergic neurons in the ipsilesional MVN may
help to rebalance bilateral vestibular systems and promote vestib-
ular compensation, we further determined whether H1 receptor
contributed to the recovery of vestibular syndromes after UL.
Consistent with the previous reports (Bergquist et al., 2008;
Ginther et al., 2015), all animals exhibited typical static symp-
toms of vestibular dysfunction following UL, including posture
asymmetry, head tilt, and nystagmus. In addition, the fast phase
of spontaneous nystagmus we recorded was directed toward the
intact side, which fits nicely with the inhibitory and excitatory
connections from the MVN to the oculomotor nuclei (Wentzel et
al., 1995). We used selective histamine H1 receptor antagonists,
diphenhydramine, and mepyramine, to evaluate the contribu-
tion of postsynaptic H1 receptor to the recovery of the static
symptoms. To identify the microinjection sites and diffusion ex-
tent of microinjected drugs, the spread of fluorescent mepyr-
amine in the MVN was detected (Fig. 4A) and the histologically
verified injection sites in bilateral MV Ns were reconstructed (n =
42 in each side; Fig. 4B). Diphenhydramine (i.p.), a commonly
used antihistamine, significantly increased the scores of static
postural asymmetry (6 h post-UL), head tilt (lasting from 6 to
24 h post-UL), nystagmus (lasting from 6 to 24 h post-UL), and
the overall scores for static symptoms (lasting from 5 to 24 h
post-UL; n = 14; Fig. 5-1, available at https://doi.org/10.1523/
JNEUROSCI.1350-18.2018.£5-1). Similarly, mepyramine, locally
microinjected into the bilateral MVNs, remarkably interfered
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Microinjection of histamine H1 receptor antagonist mepyramine into MVN aggravates static symptoms and attenuates the betahistine-induced facilitation of static symptoms recovery

in UL rats. A-(, Histograms illustrating the time course of recovery from posture asymmetry (A), head tilt (B), and nystagmus (C) in four groups microinjected with mepyramine, betahistine,
betahistine together with mepyramine, and saline, respectively. D, Histogram showing the time course of overall performance of four groups microinjected with mepyramine, betahistine,
betahistine together with mepyramine, and saline, respectively. Data shown are means == SEM. *p << 0.05, **p << 0.01, ***p < 0.001, ****p < 0.0001, n.s. no significant difference, by
repeated-measures ANOVA followed by Bonferroni’s test. See also Figure 5-1, available at https://doi.org/10.1523/JNEUR0SCI.1350-18.2018.f5-1.

with the recovery of postural asymmetry, head tilt, nystagmus,
and the overall static symptoms from 4 to 48 h post-UL (n = 9;
Fig. 5). These results strongly suggest that histamine H1 receptor
in the MVN may actively participate in the recovery of static
symptoms after UL.

Given that betahistine has long been used in the treatment of
vestibular disorders (Tighilet et al., 2005; Chazot, 2013; Lacour,
2013) and mainly been focused on its H3-antagonistic effect
(Tighilet et al., 2007), we next examined whether the weak H1-
agonistic effect of betahistine was involved in its therapeutic ef-
fect on vestibular compensation. As shown in Figure 5, bilateral
microinjection of betahistine into MVNss significantly facilitated
the recovery of postural asymmetry, head tilt, nystagmus and the
overall static symptoms from 2 to 48 h post-UL (n = 8). More-
over, microinjection of betahistine together with mepyramine
into bilateral MVNs not only remarkably attenuated the facilita-
tion of betahistine on the recovery of postural asymmetry, head
tilt, and nystagmus (Fig. 5), but also alleviated the retardation of
mepyramine on the recovery of static vestibular symptoms
(Fig. 5), suggesting that H1 receptor may also be responsible
for the potential therapeutic effect of betahistine for vestibular
compensation.

H1 receptor antagonists retard vestibular compensation for
dynamic dysfunction in locomotion and motor coordination
after UL

We further assessed the role of histamine H1 receptor in the
recovery of dynamic symptoms, the deficits in vestibular reflex
responses to head movement. It has been well known that unilat-
eral vestibular neurotomy patients exhibit impairments in loco-
motor parameters, for instance locomotor trajectory (Borel et al.,
2004). Likewise, UL affected spontaneous locomotor activities
and the steering of locomotion in rats (Fig. 6). Compared with
the sham-operated group, locomotor distance (n = 8, p =
0.0176; Fig. 6A,B,D) and velocity (n = 8, p = 0.0460; Fig.
6A,B,E) of UL rats microinjected with saline into the MVN sig-
nificantly decreased on the Day 1 post-lesion and recovered on
the Day 4. Moreover, by analyzing relationship between head
direction and locomotor velocity, we found that UL rats showed
a slight deviation of head orientation (represented by the popu-
lation vector) toward the ipsilesional side during locomotion
(n = 8, p = 0.0477; Fig. 6A,B,F). Notably, microinjection of
mepyramine into the bilateral MVNs markedly decreased both
the travel distance (n = 8, p < 0.0001; Fig. 6C,D) and locomotor
velocity (n = 8, p = 0.0002; Fig. 6C,E) of UL rats. In addition,
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Microinjection of mepyramine into MVN aggravates locomotor dysfunction in UL rats. A-C, Locomotor trajectories (left) and polar coordinates (instantaneous body movement velocity

vsinstantaneous head orientation; right) of the sham group microinjected with saline (blue), the UL group microinjected with saline (green), and the UL group microinjected with mepyramine (red)
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*¥¥¥1) <0.0001, n.s. no significant difference, by repeated-measures ANOVA followed by Bonferroni's test.

mepyramine significantly aggravated the deviation of head ori-
entation during locomotion in UL rats (n = 8, p < 0.0001; Fig.
6C,F). These results indicate that histamine H1 receptor is also
involved in the recovery of locomotor deficits after UL.

Unlike static symptoms presenting with the head stationary
show very fast and almost complete recovery, many dynamic
dysfunctions accompanying head movements are usually com-
pensated slowly (Curthoys, 2000; Darlington and Smith, 2000).
Therefore, we determined the function of HI receptor in the
recovery of motor balance and coordination in UL rats by rotarod
test. As shown in Figure 7 and Fig. 7-1 (available at https://
doi.org/10.1523/JNEUROSCI.1350-18.2018.f7-1) UL induced a
significant dysfunction in motor balance and coordination (n =
8and 7, respectively), which persisted for 5 d postlesion. Further-
more, both mepyramine (microinjected in MVN; Fig. 7) and
diphenhydramine (i.p.; Fig. 7-1, available at https://doi.org/
10.1523/JNEUROSCI.1350-18.2018.f7-1) remarkably shortened
the endurance time of UL rats (n = 8 and 7, respectively) on the
accelerating rotarod and extended the recovery period to 6 and
7 d postlesion, respectively. Mepyramine slowed down the
betahistine-induced facilitation of recovery of dynamic vestibu-
lar dysfunction (n = 9; Fig. 7). All these results clearly suggest that

histamine H1 receptor may greatly contribute to not only the fast
compensation of static postural symptoms but also the slow re-
covery of dynamic motor deficits.

H1 receptor antagonist does not alter baseline vestibular
motor functions in normal rats

To clarify whether histamine H1 receptor is specifically involved
in postlesional recovery or also during baseline motor perfor-
mance, we evaluated the effect of mepyramine on the behaviors
of normal rats in the open field and negative geotaxis. As shown
in Figure 8, microinjection of mepyramine into the bilateral
MVNs had no effect on the travel distance (n = 9, p = 0.2236; Fig.
8A), locomotor velocity (n = 9, p = 0.7790; Fig. 8B) and head
orientation (n =9, p = 0.9601; Fig. 8C) of normal rats in the open
field. Moreover, in the negative geotaxis tests on a 40° incline,
bilateral microinjection of mepyramine into the MVN did not
alter the time necessary to turn to 180° upward from an initial
position with animals’ heads facing downward (n = 10, p >
0.9999; Fig. 8D). These results indicate that the symmetrically
expressed histamine H1 receptor in the bilateral MVNs may not
be directly involved in the baseline vestibular motor functions
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available at https://doi.org/10.1523/JNEUR0SCI.1350-18.2018.f7-1.
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Schematic diagrams showing the role of histamine H1 receptor in vestibular compensation. 4, In normal condition, neuronal activities between bilateral MVN neurons are in balance.

B, After UL, the ipsilesional MVN neurons lose their excitatory drive from the lesioned primary vestibular afferents and therefore exhibit hypoactivity. The expression of H1 receptor is selectively
increased in the ipsilesional GABAergic rather than glutamatergic MVN commissural neurons after UL. The H1 receptor-mediated enhancement of excitation on the ipsilesional GABAergic projection
neurons of the commissural inhibitory system increases the inhibition on the contralesional MVN (GABAergic or glutamatergic) projection neurons to help to rebalance the activity of the bilateral

MVNs and promote vestibular compensation.

but specifically contributes to the postlesional compensatory
recovery.

Discussion

Vestibular compensation is responsible for spontaneous recovery
of crude postural, locomotor, and oculomotor functions in pa-
tients with peripheral vestibular or posterior circulation abnor-
malities (Hoebeek et al., 2005; Chen et al., 2014; Kim and Zee,
2014; Brandt and Dieterich, 2017). Also, it is an attractive model
for investigating lesion-induced plasticity in adult CNS (Straka et
al., 2005; Gittis and du Lac, 2006; Lacour and Tighilet, 2010;
Redon et al., 2011; Macdougall and Curthoys, 2012; Jamali et al.,
2014; Zwergal et al., 2016). Here, we report for the first time, in
functional perspective, that histamine postsynaptic H1 receptor
holds a key position in vestibular pathophysiology and circuit
plasticity in the commissural inhibitory system, and contributes
to functional compensation for not only static postural dysfunc-
tions but also dynamic motor deficits.

Histamine receptors, including H1, H2, as well as H3, are
widely distributed throughout the MVN (Tighilet et al., 2005;
Bergquist et al., 2006). The postsynaptic H1 and H2 receptors
comediate the excitatory effect of histamine on MVN neurons
(Yabe et al., 1993; Wang and Dutia, 1995; Peng et al., 2013; X. Y.
Zhang et al., 2013; Zhuang et al., 2013), whereas the presynaptic
H3 receptor serves as autoreceptor to inhibit histamine release
and heteroreceptor to modulate GABA release (Tighilet et al.,
2005; Bergquist et al., 2006). However, in clinic, only histamine
H1- and H3-receptor selective drugs have been widely used in the
treatment of vestibular disorders (Chazot, 2009; Chihara et al.,

2013). Remarkably, betahistine, a H3 receptor antagonist and a
weak H1 receptor agonist, has been clinically and experimentally
shown to facilitate the functional recovery of vestibular functions
(Lacour, 2013), which is distinct from most of the current vestib-
ular pharmacotherapy that alleviates vertigo symptoms but fails
to improve the natural compensation for vestibular damage
(Strupp et al., 2015; Chabbert, 2016). In vestibular loss patients,
betahistine treatment effectively reduces the recovery time for eye
movements, head orientation as well as postural control after
unilateral vestibular neurectomy, and thus significantly improves
the quality of life (Mira, 2008; Redon et al., 2011; Lacour, 2013;
Ramos Alcocer et al., 2015). Similarly, an acceleration of both
static and dynamic recovery has been reported in cat models of
unilateral vestibular loss under betahistine treatment (Lacour,
2013). The improvement of betahistine on vestibular compensa-
tion has long been owed to the presynaptic histamine H3 recep-
tor. In the present study, we find that H1 receptor antagonists,
diphenhydramine and mepyramine, retard vestibular compensa-
tion for both static symptoms, including static postural asymme-
try, head tilt as well as nystagmus, and dynamic dysfunction in
locomotion and motor coordination in UL rats. Moreover, the
betahistine-induced facilitation of vestibular compensation is
significantly attenuated by mepyramine and partially mediated
by H1 receptor. Intriguingly, consistent with our results, a
significantly larger postural sway has been reported in health
subjects treated with H1-antihistamine, p-chlorpheniramine
(Chazot, 2009; Chihara et al., 2013). We therefore suggest that
H1 receptor may be involved in the amelioration of vestibular
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symptoms and actively participate in promotion of vestibular
compensation.

Vestibular compensation after unilateral vestibular loss is a
complex process involving distributed synaptic, neuronal, and
circuit plasticity (Faulstich et al., 2006; Gao et al., 2012). Al-
though precise mechanisms of neural plasticity for vestibular
compensation still remain enigmatic, the vestibular commissural
systems, which link the MVNss of the two sides, has been strongly
implicated in vestibular compensation (Gliddon et al., 2005;
Straka et al., 2005; Bergquist et al., 2008; Malinvaud et al., 2010).
In the normal state, the reciprocal commissural system, including
both inhibitory and excitatory pathways, is conducive to the bal-
ance of neuronal activity between bilateral MVN neurons (Fig.
9A; Ris and Godaux, 1998; Gliddon et al., 2005; Gittis and du Lac,
2008; Jamali et al., 2014). Immediately after UL, the ipsilesional
MVN neurons lose their excitatory drive from the lesioned pri-
mary vestibular afferents and therefore exhibit hypoactivity (Fig.
9B; Ris et al., 1998; Darlington et al., 2002; Lacour et al., 2016).
This imbalance in the activity of bilateral MV Ns is believed to be
a root cause of the severe oculomotor and postural symptoms
that immediately follow the unilateral vestibular lesion. There-
fore, increasing the excitability of the ipsilesional MVN to com-
pensate for the loss of excitatory vestibular afferent inputs is a
major strategy for rebalancing the bilateral MVN activity and
recovery of vestibular symptoms. As we and other groups re-
ported previously, H1 receptor is largely expressed throughout
the MVN, and the activation of H1 receptor induces a significant
depolarization and excitation on the MVN neurons (Yabe et al.,
1993; de Waele et al., 1993; Wang and Dutia, 1995; X. Y. Zhang et
al., 2013). Interestingly, by HPLC analysis of amino acids in sam-
ples obtained from unilateral MVN slice superfusates, Bergquist
and Dutia (2006) and Bergquist et al. (2006) indirectly suspected
apossible involvement of H1/H2 receptor, presumably expressed on
the glycinergic neurons, in the modulation of MVN GABAergic
neurotransmission. However, in the present study, we provide
direct evidence, in the neuronal and circuit levels, that the H1
receptor is expressed abundantly in the reciprocal commissural
system (Fig. 2). Moreover, the expression of H1 receptor is selec-
tively increased in the ipsilesional rather than contralesional
GABAergic vestibular commissural neurons after UL (Fig. 2).
Notably, the excitation induced by H1 receptor activation is con-
sequently enhanced in the ipsilesional MVN commissural
GABAergic neurons (Fig. 3), which send inhibitory commissural
projections to contralateral excitatory/inhibitory projection neu-
rons rather than the contralesional inhibitory interneurons that
receive excitatory commissural inputs from the ipsilesional side
(Fig. 9B; Graham and Dutia, 2001; Malinvaud et al., 2010; Bera-
neck and Idoux, 2012). We thus speculate that the ipsilesional
MVN GABAergic commissural neurons may elevate their re-
sponsiveness to histamine by increasing H1 receptor expression
to increase their neuronal firing rates and consequently inhibit
the activity of contralesional excitatory/inhibitory projection
neurons to help to rebalance the two sides and restore vestibular
oculomotor and postural symptoms (Fig. 9B). On the other
hand, histamine H1 receptor expressed in the commissural excit-
atory neurons that project to the contralateral inhibitory in-
terneurons may not be directly involved in the vestibular
compensation (Fig. 9).

Vestibular disorders are very common in the general popula-
tion and strongly affect the quality of life. However, current phar-
macopeia originates from empiric approaches, based upon
assumptions rather than from specific targeted actions and well
defined molecular mechanisms (Chabbert, 2016). In addition,
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antivertigo drugs mostly have sedative effects and inhibit vestib-
ular compensation. In this study, we establish a circuit mecha-
nism driven by histamine H1 receptor in the MVN commissural
inhibitory system, which may provide a potential target for ther-
apeutic intervention of vestibular disorders. The H1 receptor-
mediated asymmetric activation of vestibular commissural
inhibitory system may help to rebalance the bilateral MVNs and
contribute to vestibular compensation for recovery of both static
symptoms and dynamic dysfunction in locomotion and motor
coordination. Therefore, our results uncover a previously un-
known role for long neglected histamine H1 receptor in vestibu-
lar compensation, and the findings provide a new insight into the
postlesion neural circuit plasticity of the CNS and a potential
therapeutic target for not only alleviating vestibular symptoms
but also promoting vestibular compensation.
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