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Abstract 42 

 43 

Vestibular compensation is responsible for the spontaneous recovery of postural, 44 

locomotor and oculomotor dysfunctions in patients with peripheral vestibular lesion or 45 

posterior circulation stroke. Mechanism investigation of vestibular compensation is of 46 

great importance in both facilitating recovery of vestibular function and understanding 47 

the post-lesion functional plasticity in the adult central nervous system. Here, we report 48 

that postsynaptic histamine H1 receptor contributes greatly to facilitating vestibular 49 

compensation. The expression of H1 receptor is restrictedly increased in the ipsilesional 50 

rather than contralesional GABAergic projection neurons in the medial vestibular 51 

nucleus (MVN), one of the most important centers for vestibular compensation, in 52 

unilateral labyrinthectomized male rats. Furthermore, H1 receptor mediates an 53 

asymmetric excitation of the commissural GABAergic but not glutamatergic neurons in 54 

the ipsilesional MVN, which may help to rebalance bilateral vestibular systems and 55 

promote vestibular compensation. Selective blockage of H1 receptor in the MVN 56 

significantly retards the recovery of both static and dynamic vestibular symptoms 57 

following unilateral labyrinthectomy, and remarkably attenuates the facilitation of 58 

betahistine, whose effect has traditionally been attributed to its antagonistic action on 59 

the presynaptic H3 receptor, on vestibular compensation. These results reveal a 60 

previously unknown role for histamine H1 receptor in vestibular compensation and 61 

amelioration of vestibular motor deficits, as well as an involvement of H1 receptor in 62 
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potential therapeutic effects of betahistine. The findings provide not only a new insight 63 

into the post-lesion neuronal circuit plasticity and functional recovery in the central 64 

nervous system, but also a novel potential therapeutic target for vestibular disorders. 65 

 66 

Key word: vestibular compensation; medial vestibular nucleus; H1 receptor; 67 

commissural inhibitory system; unilateral labyrinthectomy  68 
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Significance statement 69 

 70 

Vestibular disorders manifest postural imbalance, nystagmus and vertigo. 71 

Vestibular compensation is critical for facilitating recovery from vestibular disorders, 72 

and of great importance in understanding the post-lesion functional plasticity in the 73 

adult central nervous system. Here, we show that postsynaptic H1 receptor in the medial 74 

vestibular nucleus (MVN) contributes greatly to the recovery of both static and dynamic 75 

symptoms following unilateral vestibular lesion. H1 receptor selectively mediates the 76 

asymmetric activation of commissural inhibitory system in the ipsilesional MVN and 77 

actively promotes vestibular compensation. The findings provide not only a new insight 78 

into the post-lesion neuronal circuit plasticity and functional recovery of central nervous 79 

system, but also a novel potential therapeutic target for promoting vestibular 80 

compensation and ameliorating vestibular disorders.  81 
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Introduction 82 

 83 

Vestibular disorders, characterized by postural imbalance, gaze instability, spatial 84 

disorientation and vertigo, are common in the general population and strongly affect the 85 

quality of life (Angelaki and Cullen, 2008; Sajjadi and Paparella, 2008; Ward and Zee, 86 

2016; Brandt and Dieterich, 2017). Both peripheral vestibular abnormalities, such as 87 

benign paroxysmal positional vertigo, vestibular neuritis and Meniere's disease, and 88 

central vestibular lesions caused by posterior circulation stroke usually lead to 89 

vestibular syndromes (Sajjadi and Paparella, 2008; Chen et al., 2014; Kim and Zee, 90 

2014). Interestingly, some of the vestibular syndromes caused by unilateral vestibular 91 

lesions are gradually ameliorated over time in both humans and animals. This process of 92 

natural recovery from vestibular deficits is known as vestibular compensation (Faulstich 93 

et al., 2006; Becker-Bense et al., 2013; Lacour et al., 2016; Zwergal et al., 2016). 94 

Facilitating vestibular compensation is an important beneficial strategy for the clinical 95 

treatment of vestibular dysfunctions (Straka et al., 2005; Macdougall and Curthoys, 96 

2012; Lacour et al., 2016). On the other hand, vestibular compensation is a window for 97 

understanding the post-lesion plasticity in the adult central nervous system (Zwergal et 98 

al., 2016) and distributed synergistic plasticity in the levels of synapses, neurons and 99 

circuits may provide basis for behavioral compensation (Gao et al., 2012). However, 100 

neural mechanism underlying the vestibular compensation is still far from clear. 101 

 102 
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The central histaminergic system, originating exclusively from the 103 

tuberomammillary nucleus (TMN) of the hypothalamus, has long been implicated in 104 

vestibular functions and the recovery process following vestibular lesions (Tighilet et al., 105 

2006; Haas et al., 2008; Panula and Nuutinen, 2013; Panula et al., 2015). 106 

Histamine-related drugs, especially betahistine, have been widely used in the treatment 107 

of vestibular disorders (Tighilet et al., 2005; Chazot, 2013; Lacour, 2013). Unlike the 108 

vestibular sedatives prescribed for symptomatic relief often interfere with the restoration 109 

of vestibular functions (Chabbert, 2016), betahistine has been supposed to promote and 110 

facilitate central vestibular compensation (Redon et al., 2011; Lacour, 2013). The effect 111 

of betahistine has traditionally been attributed to its antagonistic action on the 112 

presynaptic H3 receptor which may serve as not only autoreceptor to inhibit histamine 113 

release but also heteroreceptor to modulate release of other neurotransmitters, 114 

particularly GABA (Tighilet et al., 2005; Bergquist et al., 2006). Notably, however, 115 

betahistine is also a weak agonist for postsynaptic histamine H1 receptor (Ali et al., 116 

2010; Lian et al., 2016; Provensi et al., 2016). Yet little is known about the role of H1 117 

receptor in the pathophysiology of vestibular disorders and the following vestibular 118 

compensation. 119 

 120 

Several lines of evidence indicate that the histamine H1 receptor may directly 121 

participate in the recovery process after vestibular lesion. First, H1 receptor is expressed 122 

abundantly throughout the central vestibular nuclear complex, including the medial 123 
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vestibular nucleus (MVN) (Peng et al., 2013; Zhang et al., 2013; Zhuang et al., 2013). 124 

Second, H1 receptor mediates a significant postsynaptic excitatory effect of histamine 125 

on vestibular nuclear neurons both in vitro and in vivo (Yabe et al., 1993; Wang and 126 

Dutia, 1995; Peng et al., 2013; Zhang et al., 2013; Zhuang et al., 2013). Third, after 127 

unilateral labyrinthectomy (UL), elevated expression of H1 receptor in the MVN has 128 

been reported (Lacour and Tighilet, 2010; Zhou et al., 2013). Therefore, in the present 129 

study, using behavioral assessment combined with western blot, retrograde tracing, 130 

immunostaining, and whole-cell patch clamp recording, we determine the 131 

pathophysiological function of histamine H1 receptor in the vestibular compensation. 132 

We report here that postsynaptic H1 receptor in the MVN, one of the most important 133 

centers for vestibular compensation, plays a critical role in the recovery of both static 134 

and dynamic symptoms after unilateral peripheral vestibular lesion. H1 receptor 135 

selectively mediates the asymmetric activation of commissural inhibitory system in the 136 

circuit level and actively promotes rebalancing of bilateral vestibular systems and 137 

vestibular compensation. 138 

 139 

Materials and methods 140 

 141 

Animals 142 

 143 

Adult male Sprague-Dawley rats (Animal Care Facility at Nanjing Medical 144 
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University, Jiangsu, China) were individually housed under a 12-hour light/dark cycle, 145 

with free access to food and water. All experimental procedures were performed in 146 

accordance with the US National Institutes of Health Guide for the Care and Use of 147 

Laboratory Animals (NIH Publication 85-23, revised 2011), and were approved by the 148 

Experimental Animal Care and Use Committee of Nanjing University. All efforts were 149 

made to minimize the number of animals used and their suffering. 150 

 151 

UL and vestibular compensation model 152 

 153 

UL was performed as previously described (Campos-Torres et al., 2005; Sadeghi et 154 

al., 2007; Li et al., 2013) to establish a model for vestibular compensation. Briefly, after 155 

anesthesia with sodium pentobarbital (40 mg/kg), a postauricular incision was made to 156 

expose the external ear canal and the tympanic bulla. The lateral wall of the tympanic 157 

bulla was opened with an otologic drill. The malleus and incus were removed with the 158 

aid of a microscope. Special attention was paid to avoid damage to the pterygopalatine 159 

artery. The oval window was then opened and enlarged. The vestibule was aspirated 160 

with the use of a fine plastic suction pipette, destroyed by mechanical ablation and then 161 

rinsed with 100% ethanol. Finally, the space created by the labyrinthectomy was packed 162 

with gelfoam (Ferrosan Medical Devices, Sydmarken, Denmark) and the skin wound 163 

was sutured. Sham-operated control rats were given a surgical sham treatment identical 164 

to the UL procedure, but without damage to the inner ear. 165 
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 166 

Western blotting 167 

 168 

MVN tissue punches were carefully collected from coronal brain slices under 169 

microscope according to the rat brain atlas (Paxinos and Watson, 2014). Protein levels 170 

were analyzed via western blotting using selective antibodies. Protein levels were 171 

normalized by probing the same blots with a GAPDH antibody. For western blotting 172 

analysis, the following antibodies were used. Primary antibodies: a mouse anti-GAPDH 173 

(1:2000; Santa Cruz Biotechnology, Dallas, TX; Cat# SC-365062, RRID: 174 

AB_10847862) and a rabbit anti-HRH1 (1:500; Santa Cruz Biotechnology; Cat# 175 

SC-20633, RRID: AB_2277328). Second antibodies: horseradish peroxidase 176 

(HRP)-conjugated anti-mouse antibody (1:5000; Life Technologies, Carlsbad, CA; Cat# 177 

62-6520, RRID: AB_2533947), horseradish peroxidase (HRP)-conjugated anti-rabbit 178 

antibody (1:5000; Life Technologies; Cat# 65-6120, RRID: AB_2533967). Protein 179 

bands were analyzed using ImageJ software (NIH, USA). 180 

 181 

Retrograde tracing 182 

 183 

The experimental procedures for retrograde tracing followed our previous reports 184 

(Li et al., 2017; Wang et al., 2017; Ji et al., 2018). Rats were anesthetized with sodium 185 

pentobarbital (40 mg/kg) and mounted on a stereotaxic frame under aseptic conditions. 186 
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According to the rat brain atlas (Paxinos and Watson, 2014), a glass micropipette (10-15 187 

μm in diameter in the tip) filled within 1 μl retrograde tracer Fluoro-Gold (FG, 4% in 188 

saline; Fluorochrome, Denver, CO) was planted into the MVN (A -10.9 ± 0.3, L 1.3 ± 189 

0.2, and H 5.8). The tracer was injected unilaterally using electrophoresis with a square 190 

wave pulse of 5-10 μA at a rate of 7-s on/7-s off for 30 min. The glass micropipette was 191 

hold for 10 min after the injection. The immunohistochemical experiment was 192 

performed 3 weeks later to determine the injection site and location of retrogradely 193 

labeled cells. 194 

 195 

Immunofluorescence 196 

 197 

As previously reported (Zhang et al., 2013; Zhang et al., 2016; Wang et al., 2017; 198 

Zhuang et al., 2018b; Zhuang et al., 2018a), sham or UL rats (1-4 days post-UL) were 199 

deeply anesthetized with sodium pentobarbital (65 mg/kg) and perfused transcardially 200 

with 100 ml normal saline, followed by 250-300 ml 4 % paraformaldehyde in 0.1 M 201 

phosphate buffer. The brain was gently removed, trimmed, and post-fixed in the same 202 

fixative for 12 h at 4 °C and then cryoprotected with 30 % sucrose for 48 h. Frozen 203 

coronal sections (25 μm thick) containing the MVN were acquired by a freezing 204 

microtome (CM 3050S, Leica, Wetzlar, Germany) and mounted on gelatin-coated slides. 205 

The slices were rinsed with PBS containing 0.1 % Triton X-100 and then incubated in 206 

10 % normal bovine serum in PBS containing 0.1 % Triton X-100 for 30 min. Sections 207 
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were incubated overnight at 4 °C with primary antibodies: goat anti-HRH1 (1:200; 208 

Everest Biotechnology, Oxfordshire, UK; Cat# EB06904, RRID: AB_2230568), mouse 209 

anti-GAD67 (1:500; Millipore, Billerica, MA; Cat# MAB5406, RRID: AB_2278725), 210 

mouse anti-Glutamate (1:2000; Millipore; Cat# MAB5304, RRID: AB_94698), and 211 

rabbit anti-FG (1:2000; Millipore; Cat# AB153-I, RRID: AB_2632408). After a 212 

complete wash in PBS, the sections were incubated in the related secondary antibodies 213 

(1:2000; Invitrogen, San Diego, CA) conjugated to Alexa Fluor 488 (Cat# A-11055, 214 

RRID: AB_2534102), Alexa Fluor 594 (Cat# A-21207, RRID: AB_141637), and Alexa 215 

Fluor 350 (Cat# A10035, RRID: AB_2534011) for 2 h at room temperature in the dark. 216 

The slices were washed and mounted in Fluoromount-G mounting medium 217 

(SouthernBiotech, Birmingham, AL). Incubations replacing the primary antiserum with 218 

control immunoglobulins and/or omitting the primary antiserum were used as negative 219 

controls. The micrographs were taken with inverted laser scanning confocal microscope 220 

TCS SP8 (Leica). Digital images from the microscope were recorded with LAS X 221 

Viewer Software (Leica). Image processing and labeling intensity quantification were 222 

performed with Image Pro Plus 6.0 software (Media Cybernetics, Inc, Rockville, MD) 223 

by an investigator who was blind to the group assignments. 224 

 225 

Whole-cell patch clamp recordings and neuronal identification 226 

 227 

UL rats (1-4 days post-UL), which had been microinjected with FG in unilateral 228 
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MVN 3 weeks previously, were used for whole-cell patch clamp recordings on the 229 

MVN commissural neurons. Coronal slices (300 μM in thickness) of brainstem 230 

containing the MVN were cut with a vibroslicer (VT 1200 S, Leica). The slices were 231 

incubated in 95% O2 and 5% CO2 oxygenated artificial CSF (ACSF, composition in 232 

mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1.3 MgSO4, 26 NaHCO3, 2 CaCl2 and 10 233 

D-glucose) at 35 ± 0.5 °C for at least 1 h before any experiment was started. 234 

 235 

Whole-cell patch clamp recordings were performed as previously described (Zhang 236 

et al., 2011; Zhang et al., 2013; Zhuang et al., 2018a) on MVN neurons with 237 

borosilicate glass pipettes (3-5 MΩ). Pipettes were filled with (in mM): 140 238 

K-methylsulfate, 7 KCl, 2 MgCl2, 10 HEPES, 0.1 EGTA, 4 Na2-ATP, 0.4 GTP-Tris, 239 

and 4% biocytin (Sigma-Aldrich, St. Louis, MO), pH 7.25. During recording sessions, 240 

MVN neurons were visualized with an Olympus BX51WI microscope (Olympus, 241 

Tokyo, Japan). The bright fluorescence signal of FG-positive neurons was detected 242 

using a xenon light source and an MTI-Dage CCD camera (IR-1000, Meyer Instruments, 243 

Houston, TX). Patch clamp recordings were acquired with an Axopatch-200B amplifier 244 

(Axon Instruments, Foster City, CA) and the signals were fed into a computer through a 245 

Digidata-1550 interface (Axon Instruments, Foster City, CA) for data capture and 246 

analysis (pClamp 8.2, Axon Instruments). Recordings of membrane potentials were 247 

low-pass filtered at 5 kHz and digitized at 20 kHz. 248 

 249 
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For action potential analysis, the spikes were averaged together by alignment at 250 

their peaks. Spike threshold was defined as the membrane potential at which the voltage 251 

derivative reached 10 V/s. Spike half-width was measured at the halfway point between 252 

threshold and peak. The afterdepolarization (ADP) was quantified as the maximum 253 

value of the spike derivative during the 1 ms after the spike repolarized to threshold 254 

value. 255 

 256 

The peri-stimulus time histograms (PSTHs) of the recorded neuronal discharges 257 

were generated by the software Spike 2 (CED, Cambridge, UK) to assess the effects of 258 

histamine on the cells. We briefly (1 min) bathed the slices with histamine (1-100 μM, 259 

Sigma-Aldrich) to stimulate the recorded neurons. Ranitidine (0.3 μM, Alomone Labs, 260 

Jerusalem, Israel) and iodophenpropit (0.3 μM, Alomone Labs), selective antagonists 261 

for histamine H2 and H3 receptor, respectively, were co-applied to isolate the effect 262 

mediated by H1 receptor. 263 

 264 

To identify whether the recorded neurons were commissural inhibitory or 265 

excitatory neurons, brain slices containing the biocytin-filled neurons in the whole-cell 266 

patch clamp recordings were fixed, re-sectioned at 25 μm, and co-immunolabeled for 267 

FG and GAD67/glutamate, following the above immunofluorescence procedure. 268 

  269 

Drug administration and behavioral assessment 270 
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 271 

Histamine H1 receptor antagonists, mepyramine (0.05 mg/kg; Tocris, Bristol, 272 

UK)/fluorescent mepyramine (H1-BY633-AN, 0.05 mg/kg; Sigma-Aldrich) and 273 

diphenhydramine (25 mg/kg; Sigma-Aldrich), as well as betahistine (0.04 mg/kg; 274 

Sigma-Aldrich), were microinjected into the MVN or given intraperitoneally (i.p.) once 275 

daily for 3 days after UL. For intra-MVN microinjections, two stainless-steel guide 276 

tubes (length 1.1 mm, o.d. 0.8 mm, i.d. 0.5 mm) were bilaterally implanted just above 277 

the MVN (A -10.9 ± 0.3, L 1.3 ± 0.2, and H 3.8) according to the rat brain atlas 278 

(Paxinos and Watson, 2014) following stereotactic brain surgery as we described 279 

previously (Zhang et al., 2011; Wang et al., 2017; Zhuang et al., 2018b). The UL and 280 

behavioral assessment were conducted at least 3 days after implantation. 281 

 282 

In behavioral tests, static symptoms of vestibular imbalance, including postural 283 

asymmetry, head roll tilt and nystagmus, were scored by an assessor who was blinded to 284 

the groups after UL according to the previous reports (Bergquist et al., 2008; Gunther et 285 

al., 2015). Each component was given a maximum score of 10. Furthermore, recovery 286 

of dynamic motor function in UL rats was assessed by open field and rota-rod tests. In 287 

addition, open field and negative geotaxis tests were applied to determine the baseline 288 

vestibular function in normal rats. 289 

 290 

Postural asymmetry scoring. Postural deficits were scored as follows (Bergquist et 291 
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al., 2008; Gunther et al., 2015): spontaneous barrel rolling, 10 points; barrel rolling 292 

evoked by a light touch or airpuff, 9 points; recumbent position on de-afferented side 293 

without leg support, 8 points; some ipsilesional leg support, 7 points; moving around on 294 

one side or using ipsilesional legs for recumbent support, 6 points; moving around with 295 

bilateral leg support, 5 points; moving around with occasional falls to the ipsilesional 296 

side, 4 points; moving around leaning towards the ipsilesional side, 3 points; hardly 297 

noticeable asymmetry, 2 points; postural asymmetry only noticeable when picked up, 1 298 

point. 299 

 300 

Head roll tilt scoring. Spontaneous head roll tilt was scored by measuring the 301 

angle between the jaw plane and the horizontal (Bergquist et al., 2008; Gunther et al., 302 

2015). 10 points were given either for a 90-degree (deg) angle or if the animal rested 303 

recumbent on the lesion side or showed barrel-rolling towards that side. 7 points were 304 

correlated with a 60 deg and 5 points with a 40 deg angle. 305 

 306 

Spontaneous nystagmus scoring. Spontaneous nystagmus was recorded using a 307 

video eye-tracking system for rodents (ETL-200, ISCAN, Burlington, MA) 308 

(Dyhrfjeld-Johnsen et al., 2013; Jiang and Rajguru, 2018). Spontaneous nystagmus with 309 

fast phase was scored with 6-10 points, with 1 point for every 60 beats per minute (bpm) 310 

(Bergquist et al., 2008; Gunther et al., 2015). When spontaneous nystagmus disappears 311 

at rest, the rats were given a gentle air-puff over the head. Evoked nystagmus was 312 
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scored 1-5 points, with 1 point for every 60 bpm. 313 

 314 

Open field test. Rats were tested in an open field (50 cm × 50 cm × 40 cm) lit with 315 

a 60-W bulb above the field with no interference noise or any other jamming. After 316 

placing a rat at the center of the arena, locomotor activity was recorded for 10 min by a 317 

video camera. Head orientation during locomotion was evaluated by measuring the 318 

angle between the jaw plane and the horizontal of the tested rats in screenshots captured 319 

every 5 s from the video. Locomotor distance and body movement velocity were 320 

analyzed by Clever TopScan Software (Clever Sys, Reston, VA). 321 

 322 

Rota-rod test. Each rat was placed in an individual compartment of the rota-rod 323 

(Model 7750, Ugo Basile, Varese, Italy) and was required to keep constant walking to 324 

avoid falling off the rod. Rats were first acclimated on the rod rotating at 4 revolutions 325 

per minute (rpm) for 30 s, and then the rod was evenly accelerated up to 40 rpm during 326 

180 s. Latency for rat to fall from the rotating rod was recorded, and the time beyond 327 

180 s was recorded as 180 s. For the test, each rat was subjected three trials, with a 328 

resting interval of 3 min to relieve stress and fatigue. 329 

 330 

Negative geotaxis test. This test is considered as a diagnostic of vestibular function, 331 

reflex development, and motor skills (Altman and Sudarshan, 1975; Zhang et al., 2011). 332 

Rats were placed on a 40° incline with their head pointing down the slope, and the time 333 



 

16 
 

spent for a turn of 180° upward was recorded. The animals were allowed a 90 s rest 334 

between trials to reduce stress and fatigue. 335 

 336 

Histological identification 337 

 338 

On the last day of the behavioral tests, rats were deeply anaesthetized with an 339 

overdose of sodium pentobarbital. Two insulated stainless steel wires (o.d. 0.4 mm) with 340 

0.2 mm exposed tip were inserted into the MVN under guidance of guide tubes for 341 

depositing iron at the site of injection by passing DC current (10 μA, 20 s). The brain 342 

was then removed and fixed with 4 % paraformaldehyde containing 1 % potassium 343 

ferrocyanide. A week later, frozen serial coronal sections (50 μm thick) were prepared, 344 

performed with Nissl-staining and the dark blue dots indicating injection sites were 345 

identified according to the rat brain atlas (Paxinos and Watson, 2014). Data from rats in 346 

which the injection sites were deviated from the MVN were excluded from further 347 

analysis. 348 

 349 

Experimental design and statistical analysis 350 

 351 

All experiments and data analysis were performed blind to the conditions of the 352 

experiments. In behavioral tests, animals were randomly grouped by different 353 

treatments. Sample sizes were based on the previous reports (Lacour, 2013; Gunther et 354 
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al., 2015). All data are presented as mean ± SEM. Shapiro-Wilk test was used for testing 355 

the normality of data. The Student’s t test, one-way and repeated-measures two-way 356 

analysis of variance (ANOVA), and Bonferroni's post hoc testing was employed for 357 

statistical analysis. The critical level of statistical significance was P < 0.05. 358 

 359 

Results 360 

 361 

H1 receptor expression is selectively increased in the ipsilesional MVN 362 

commissural GABAergic neurons after UL 363 

 364 

We first assessed the expression of H1 receptor protein in bilateral MVNs after UL 365 

by western blotting. We found that the expression of H1 receptor was significantly 366 

increased in the ipsilesional rather than contralesional MVN at 2 h (n = 8, P = 0.0033), 367 

6 h (n = 8, P < 0.0001), 1 d (n = 8, P < 0.0001) and 4 d (n = 8, P = 0.0002) post-UL, 368 

compared with the sham-operated group (Fig. 1). The increased expression of H1 369 

receptor in the ipsilesional MVN returned to baseline level at 7 d post-UL (n = 8, P > 370 

0.9999, Fig. 1). Thus, we speculate that the selective increase in H1 receptor expression 371 

in the ipsilesional MVN may be closely related to the recovery of largely asymmetric 372 

activity between bilateral MVNs. 373 

 374 

----------------------------- 375 
Figure 1 near here 376 

----------------------------- 377 
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 378 

We further mapped the distribution of H1 receptor in the ipsilesional MVN in UL 379 

rats by immunostaining. Since vestibular commissural inhibitory system has been 380 

strongly implicated both in the initial vestibular symptoms after UL and in the 381 

subsequent functional recovery (Gliddon et al., 2005), we used retrograde tracing 382 

combined with immunostaining to dissect the expression of H1 receptor in the 383 

GABAergic projection neurons of the commissural inhibitory system. In sham-operated 384 

rats (n = 5), retrogradely labeled GAD67-immunoreactive neurons in the MVN have 385 

strong H1 receptor immunoreactivity (Extended Fig. 2-1), indicating H1 receptor is 386 

expressed in the GABAergic neurons projecting to the contralateral MVN, i.e., the 387 

vestibular commissural inhibitory neurons. Therefore, we microinjected retrograde 388 

tracer FG into the contralesional or ipsilesional MVN in rats (n = 5 and 6, respectively) 389 

3 weeks before UL, and observed the expression of H1 receptor in the retrogradely 390 

labeled neurons in bilateral MVNs after UL (Fig. 2A,F). Consistent with the above 391 

western bolt result, the distribution of H1 receptor in the ipsilesional rather than 392 

contralesional MVN increased at 1 d post-UL (P = 0.0155; Fig. 2B-E,G-J,K, and 393 

Extended Fig. 2-1). Interestingly, the labelling intensity of H1 receptors was 394 

significantly increased in the FG+/GAD67+ neurons (P = 0.0003) rather than 395 

FG+/GAD67- neurons (P > 0.9999) in the ipsilesional MVN of the UL rats (Fig. 2K). 396 

These immunostaining results suggest that the expression of H1 receptor may be 397 

selectively increased in the ipsilesional MVN commissural inhibitory GABAergic 398 
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neurons after UL. 399 

 400 

----------------------------- 401 
Figure 2 near here 402 

----------------------------- 403 

 404 

The excitation induced by H1 receptor activation is enhanced in the ipsilesional 405 

MVN commissural GABAergic neurons after UL 406 

 407 

Given that rebalancing the commissural inhibitory system is critical for vestibular 408 

compensation (Gliddon et al., 2005) and above-mentioned histamine H1 receptor 409 

exhibited asymmetric increase in expression in the commissural inhibitory system after 410 

UL, we investigated the changes in responses of commissural inhibitory neurons in 411 

bilateral MVNs to histamine after UL by whole-cell patch clamp recording in brainstem 412 

slices. As shown in Figure 3A, UL was conducted in rats microinjected with FG in the 413 

contralesional or ipsilesional MVN, and brainstem slices were prepared for whole-cell 414 

current-clamp recordings. The retrogradely labeled MVN neurons on the contralateral 415 

side of FG injection were targeted and identified as vestibular commissural neurons by 416 

viewing with brief epifluorescent illumination. The GABAergic and glutamatergic 417 

MVN commissural neurons recorded in this study were categorized by filling the 418 

recorded neurons with biocytin and immunostaining them for GAD67 or glutamate (Fig. 419 

3A,B,F). 420 

 421 
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A total of 33 MVN commissural neurons were identified and recorded in the 422 

present study. Among them, GABAergic MVN commissural neurons (n = 17) showed 423 

significantly smaller ADP and wider action potential half-width than glutamatergic ones 424 

(n = 16) (Extended Fig. 3-1A,B), which is in accordance with previous reports (Bagnall 425 

et al., 2007). The effect of H1 receptor activation was isolated by administration of 426 

histamine in the presence of ranitidine and iodophenpropit, selective antagonists for H2 427 

and H3 receptors, respectively. We found that activation of H1 receptor induced a 428 

homogeneous excitation in a concentration dependent manner on both ipsilesional and 429 

contralesional MVN commissural neurons (Fig. 3 and Extended Fig. 3-1), which is 430 

consistent with our previous study on H1 receptor-mediated postsynaptic excitation on 431 

MVN neurons in normal rats (Zhang et al., 2013). Notably, the concentration-dependent 432 

firing rate enhancement induced by H1 receptor activation in the recorded ipsilesional 433 

MVN GABAergic projection neurons (n = 8) of the commissural inhibitory system 434 

were significantly larger than those in the contralesional GABAergic commissural 435 

neurons (n = 9) (Fig. 3C,D, and Extended Fig. 3-1C,D), indicated by an upward shift in 436 

the histamine concentration-response curve (Fig. 3E). On the other hand, there were no 437 

significant differences between the histamine-induced excitations mediated by H1 438 

receptor in the recorded ipsilesional MVN glutamatergic projection neurons of the 439 

commissural excitatory system (n = 7) and those in the contralesional glutamatergic 440 

commissural neurons (n = 9) (Fig. 3G-I, and Extended Fig. 3-1E,F). These results 441 

strongly suggest that the responsiveness of the ipsilesional MVN commissural 442 
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inhibitory rather than excitatory neurons to histamine may be selectively increased after 443 

UL to rebalance the excitability of bilateral MVNs, which coincides with the increase in 444 

H1 receptor expression in the ipsilesional commissural inhibitory neurons. 445 

 446 

----------------------------- 447 
Figure 3 near here 448 

----------------------------- 449 

 450 

H1 receptor antagonists retard vestibular compensation for static symptoms after 451 

UL 452 

 453 

Considering H1 receptor-mediated asymmetric excitation of the commissural 454 

GABAergic neurons in the ipsilesional MVN may help to rebalance bilateral vestibular 455 

systems and promote vestibular compensation, we further determined whether H1 456 

receptor contributed to the recovery of vestibular syndromes after UL. Consistent with 457 

the previous reports (Bergquist et al., 2008; Gunther et al., 2015), all animals exhibited 458 

typical static symptoms of vestibular dysfunction following UL, including posture 459 

asymmetry, head tilt and nystagmus. In addition, the fast phase of spontaneous 460 

nystagmus we recorded was directed toward the intact side which fits nicely with the 461 

inhibitory and excitatory connections from the MVN to the oculomotor nuclei (Wentzel 462 

et al., 1995). We used selective histamine H1 receptor antagonists, diphenhydramine 463 

and mepyramine, to evaluate the contribution of postsynaptic H1 receptor to the 464 

recovery of the static symptoms. To identify the microinjection sites and diffusion 465 
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extent of microinjected drugs, the spread of fluorescent mepyramine in the MVN was 466 

detected (Fig. 4A) and the histologically verified injection sites in bilateral MVNs were 467 

reconstructed (n = 42 in each side; Figure 4B). Diphenhydramine (i.p.), a commonly 468 

used antihistamine, significantly increased the scores of static postural asymmetry (6 h 469 

post-UL), head tilt (lasting from 6 h to 24 h post-UL), nystagmus (lasting from 6 h to 24 470 

h post-UL), and the overall scores for static symptoms (lasting from 5 h to 24 h post-UL) 471 

(n = 14; Extended Fig. 5-1). Similarly, mepyramine, locally microinjected into the 472 

bilateral MVNs, remarkably interfered with the recovery of postural asymmetry, head 473 

tilt, nystagmus, and the overall static symptoms from 4 h to 48 h post-UL (n = 9; Fig. 5). 474 

These results strongly suggest that histamine H1 receptor in the MVN may actively 475 

participate in the recovery of static symptoms after UL. 476 

 477 

----------------------------- 478 
Figure 4 near here 479 

----------------------------- 480 

 481 

Given that betahistine has long been used in the treatment of vestibular disorders 482 

(Tighilet et al., 2005; Chazot, 2013; Lacour, 2013) and mainly been focused on its 483 

H3-antagonistic effect (Tighilet et al., 2007), we next examined whether the weak 484 

H1-agonistic effect of betahistine was involved in its therapeutic effect on vestibular 485 

compensation. As shown in Figure 5, bilateral microinjection of betahistine into MVNs 486 

significantly facilitated the recovery of postural asymmetry, head tilt, nystagmus and the 487 

overall static symptoms from 2 to 48 h post-UL (n = 8). Moreover, microinjection of 488 
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betahistine together with mepyramine into bilateral MVNs not only remarkably 489 

attenuated the facilitation of betahistine on the recovery of postural asymmetry, head tilt 490 

and nystagmus (Fig. 5), but also alleviated the retardation of mepyramine on the 491 

recovery of static vestibular symptoms (Fig. 5), suggesting that H1 receptor may also be 492 

responsible for the potential therapeutic effect of betahistine for vestibular 493 

compensation. 494 

 495 

 496 

----------------------------- 497 
Figure 5 near here 498 

----------------------------- 499 

 500 

H1 receptor antagonists retard vestibular compensation for dynamic dysfunction 501 

in locomotion and motor coordination after UL 502 

 503 

We further assessed the role of histamine H1 receptor in the recovery of dynamic 504 

symptoms, the deficits in vestibular reflex responses to head movement. It has been well 505 

known that unilateral vestibular neurotomy patients exhibit impairments in locomotor 506 

parameters, for instance locomotor trajectory (Borel et al., 2004). Likewise, UL affected 507 

spontaneous locomotor activities and the steering of locomotion in rats (Fig. 6). 508 

Compared with the sham-operated group, locomotor distance (n = 8, P = 0.0176; Fig. 509 

6A,B,D) and velocity (n = 8, P = 0.0460; Fig. 6A,B,E) of UL rats microinjected with 510 

saline into the MVN significantly decreased on the day 1 post-lesion and recovered on 511 
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the day 4. Moreover, by analyzing relationship between head direction and locomotor 512 

velocity, we found that UL rats showed a slight deviation of head orientation 513 

(represented by the population vector) towards the ipsilesional side during locomotion 514 

(n = 8, P = 0.0477; Fig. 6A,B,F). Notably, microinjection of mepyramine into the 515 

bilateral MVNs markedly decreased both the travel distance (n = 8, P < 0.0001; Fig. 516 

6C,D) and locomotor velocity (n = 8, P = 0.0002; Fig. 6C,E) of UL rats. In addition, 517 

mepyramine significantly aggravated the deviation of head orientation during 518 

locomotion in UL rats (n = 8, P < 0.0001; Fig. 6C,F). These results indicate that 519 

histamine H1 receptor is also involved in the recovery of locomotor deficits after UL. 520 

 521 

----------------------------- 522 
Figure 6 near here 523 

----------------------------- 524 

 525 

Unlike static symptoms presenting with the head stationary show very fast and 526 

almost complete recovery, many dynamic dysfunctions accompanying head movements 527 

are usually compensated slowly (Curthoys, 2000; Darlington and Smith, 2000). 528 

Therefore, we determined the function of H1 receptor in the recovery of motor balance 529 

and coordination in UL rats by rota-rod test. As shown in Figure 7 and Extended Figure 530 

7-1, UL induced a significant dysfunction in motor balance and coordination (n = 8 and 531 

7, respectively), which persisted for 5 days post-lesion. Furthermore, both mepyramine 532 

(microinjected in MVN, Fig. 7) and diphenhydramine (i.p., Extended Fig. 7-1) 533 

remarkably shortened the endurance time of UL rats (n = 8 and 7, respectively) on the 534 
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accelerating rota-rod and extended the recovery period to 6 and 7 days post-lesion, 535 

respectively. Mepyramine slowed down the betahistine-induced facilitation of recovery 536 

of dynamic vestibular dysfunction (n = 9, Fig. 7). All these results clearly suggest that 537 

histamine H1 receptor may greatly contribute to not only the fast compensation of static 538 

postural symptoms but also the slow recovery of dynamic motor deficits. 539 

 540 

----------------------------- 541 
Figure 7 near here 542 

----------------------------- 543 

  544 

H1 receptor antagonist does not alter baseline vestibular motor functions in 545 

normal rats 546 

 547 

To clarify whether histamine H1 receptor is specifically involved in post-lesional 548 

recovery or also during baseline motor performance, we evaluated the effect of 549 

mepyramine on the behaviors of normal rats in the open field and negative geotaxis. As 550 

shown in Figure 8, microinjection of mepyramine into the bilateral MVNs had no effect 551 

on the travel distance (n = 9, P = 0.2236; Fig. 8A), locomotor velocity (n = 9, P = 552 

0.7790; Fig. 8B) and head orientation (n = 9, P = 0.9601; Fig. 8C) of normal rats in the 553 

open field. Moreover, in the negative geotaxis tests on a 40° incline, bilateral 554 

microinjection of mepyramine into the MVN did not alter the time necessary to turn to 555 

180° upward from an initial position with animals’ heads facing downward (n = 10, P > 556 

0.9999; Fig. 8D). These results indicate that the symmetrically expressed histamine H1 557 



 

26 
 

receptor in the bilateral MVNs may not be directly involved in the baseline vestibular 558 

motor functions but specifically contributes to the post-lesional compensatory recovery. 559 

 560 

----------------------------- 561 
Figure 8 near here 562 

----------------------------- 563 

 564 

Discussion 565 

 566 

Vestibular compensation is responsible for spontaneous recovery of crude postural, 567 

locomotor and oculomotor functions in patients with peripheral vestibular or posterior 568 

circulation abnormalities (Hoebeek et al., 2005; Chen et al., 2014; Kim and Zee, 2014; 569 

Brandt and Dieterich, 2017). Also, it is an attractive model for investigating 570 

lesion-induced plasticity in adult central nervous system (Straka et al., 2005; Gittis and 571 

du Lac, 2006; Lacour and Tighilet, 2010; Redon et al., 2011; Macdougall and Curthoys, 572 

2012; Jamali et al., 2014; Zwergal et al., 2016). Here, we report for the first time, in 573 

functional perspective, that histamine postsynaptic H1 receptor holds a key position in 574 

vestibular pathophysiology and circuit plasticity in the commissural inhibitory system, 575 

and contributes to functional compensation for not only static postural dysfunctions but 576 

also dynamic motor deficits. 577 

 578 

Histamine receptors, including H1, H2 as well as H3, are widely distributed 579 

throughout the MVN (Tighilet et al., 2005; Bergquist et al., 2006). The postsynaptic H1 580 
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and H2 receptors co-mediate the excitatory effect of histamine on MVN neurons (Yabe 581 

et al., 1993; Wang and Dutia, 1995; Peng et al., 2013; Zhang et al., 2013; Zhuang et al., 582 

2013), whereas the presynaptic H3 receptor serves as autoreceptor to inhibit histamine 583 

release and heteroreceptor to modulate GABA release (Tighilet et al., 2005; Bergquist et 584 

al., 2006). However, in clinic, only histamine H1- and H3-receptor selective drugs have 585 

been widely used in the treatment of vestibular disorders (Chazot, 2009; Chihara et al., 586 

2013). Remarkably, betahistine, a H3 receptor antagonist and a weak H1 receptor 587 

agonist, has been clinically and experimentally shown to facilitate the functional 588 

recovery of vestibular functions (Lacour, 2013), which is distinct from most of the 589 

current vestibular pharmacotherapy that alleviates vertigo symptoms but fails to 590 

improve the natural compensation for vestibular damage (Strupp et al., 2015; Chabbert, 591 

2016). In vestibular loss patients, betahistine treatment effectively reduces the recovery 592 

time for eye movements, head orientation as well as postural control after unilateral 593 

vestibular neurectomy (UVN), and thus significantly improves the quality of life (Mira, 594 

2008; Redon et al., 2011; Lacour, 2013; Ramos Alcocer et al., 2015). Similarly, an 595 

acceleration of both static and dynamic recovery has been reported in cat models of 596 

unilateral vestibular loss under betahistine treatment (Lacour, 2013). The improvement 597 

of betahistine on vestibular compensation has long been owed to the presynaptic 598 

histamine H3 receptor. In the present study, we find that H1 receptor antagonists, 599 

diphenhydramine and mepyramine, retard vestibular compensation for both static 600 

symptoms, including static postural asymmetry, head tilt as well as nystagmus, and 601 



 

28 
 

dynamic dysfunction in locomotion and motor coordination in UL rats. Moreover, the 602 

betahistine-induced facilitation of vestibular compensation is significantly attenuated by 603 

mepyramine and partially mediated by H1 receptor. Intriguingly, consistent with our 604 

results, a significantly larger postural sway has been reported in health subjects treated 605 

with H1-antihistamine, D-chlorpheniramine (Chazot, 2009; Chihara et al., 2013). We 606 

therefore suggest that H1 receptor may be involved in the amelioration of vestibular 607 

symptoms and actively participate in promotion of vestibular compensation. 608 

 609 

Vestibular compensation after unilateral vestibular loss is a complex process 610 

involving distributed synaptic, neuronal, and circuit plasticity (Faulstich et al., 2006; 611 

Gao et al., 2012). Although precise mechanisms of neural plasticity for vestibular 612 

compensation still remain enigmatic, the vestibular commissural systems, which link 613 

the MVNs of the two sides, has been strongly implicated in vestibular compensation 614 

(Gliddon et al., 2005; Straka et al., 2005; Bergquist et al., 2008; Malinvaud et al., 2010). 615 

In the normal state, the reciprocal commissural system, including both inhibitory and 616 

excitatory pathways, is conducive to the balance of neuronal activity between bilateral 617 

MVN neurons (Fig. 9A) (Ris and Godaux, 1998; Gliddon et al., 2005; Gittis and du Lac, 618 

2008; Jamali et al., 2014). Immediately after UL, the ipsilesional MVN neurons lose 619 

their excitatory drive from the lesioned primary vestibular afferents and therefore 620 

exhibit hypoactivity (Fig. 9B) (Ris et al., 1998; Darlington et al., 2002; Lacour et al., 621 

2016). This imbalance in the activity of bilateral MVNs is believed to be a root cause of 622 
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the severe oculomotor and postural symptoms that immediately follow the unilateral 623 

vestibular lesion. Therefore, increasing the excitability of the ipsilesional MVN to 624 

compensate for the loss of excitatory vestibular afferent inputs is a major strategy for 625 

rebalancing the bilateral MVN activity and recovery of vestibular symptoms. As we and 626 

other groups reported previously, H1 receptor is largely expressed throughout the MVN, 627 

and the activation of H1 receptor induces a significant depolarization and excitation on 628 

the MVN neurons (de Waele et al., 1993; Yabe et al., 1993; Wang and Dutia, 1995; 629 

Zhang et al., 2013). Interestingly, by HPLC analysis of amino acids in samples obtained 630 

from unilateral MVN slice superfusates, Bergquist and Dutia (Bergquist and Dutia, 631 

2006; Bergquist et al., 2006) indirectly suspected a possible involvement of H1/H2 632 

receptor, presumably expressed on the glycinergic neurons, in the modulation of MVN 633 

GABAergic neurotransmission. However, in the present study, we provide direct 634 

evidence, in the neuronal and circuit levels, that the H1 receptor is expressed abundantly 635 

in the reciprocal commissural system (Fig. 2). Moreover, the expression of H1 receptor 636 

is selectively increased in the ipsilesional rather than contralesional GABAergic 637 

vestibular commissural neurons after UL (Fig. 2). Notably, the excitation induced by H1 638 

receptor activation is consequently enhanced in the ipsilesional MVN commissural 639 

GABAergic neurons (Fig. 3) which send inhibitory commissural projections to 640 

contralateral excitatory/inhibitory projection neurons rather than the contralesional 641 

inhibitory interneurons that receive excitatory commissural inputs from the ipsilesional 642 

side (Fig. 9B) (Graham and Dutia, 2001; Malinvaud et al., 2010; Beraneck and Idoux, 643 
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2012). We thus speculate that the ipsilesional MVN GABAergic commissural neurons 644 

may elevate their responsiveness to histamine by increasing H1 receptor expression to 645 

increase their neuronal firing rates and consequently inhibit the activity of 646 

contralesional excitatory/inhibitory projection neurons to help to rebalance the two sides 647 

and restore vestibular oculomotor and postural symptoms (Fig. 9B). On the other hand, 648 

histamine H1 receptor expressed in the commissural excitatory neurons that project to 649 

the contralateral inhibitory interneurons may not be directly involved in the vestibular 650 

compensation (Fig. 9). 651 

  652 

----------------------------- 653 
Figure 9 near here 654 

----------------------------- 655 

 656 

Vestibular disorders are very common in the general population and strongly affect 657 

the quality of life. However, current pharmacopeia originates from empiric approaches, 658 

based upon assumptions rather than from specific targeted actions and well-defined 659 

molecular mechanisms (Chabbert, 2016). In addition, antivertigo drugs mostly have 660 

sedative effects and inhibit vestibular compensation. In this study, we establish a circuit 661 

mechanism driven by histamine H1 receptor in the MVN commissural inhibitory system, 662 

which may provide a potential target for therapeutic intervention of vestibular disorders. 663 

The H1 receptor-mediated asymmetric activation of vestibular commissural inhibitory 664 

system may help to rebalance the bilateral MVNs and contribute to vestibular 665 

compensation for recovery of both static symptoms and dynamic dysfunction in 666 
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locomotion and motor coordination. Therefore, our results uncover a previously 667 

unknown role for long neglected histamine H1 receptor in vestibular compensation, and 668 

the findings provide a new insight into the post-lesion neural circuit plasticity of the 669 

central nervous system and a potential therapeutic target for not only alleviating 670 

vestibular symptoms but also promoting vestibular compensation.671 
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Figure legends 870 

 871 

Figure 1. Western blot analyses of H1 receptor expression in the bilateral MVNs after 872 

UL. A, Western blots of H1 receptor expression in the ipsilesional and contralesional 873 

MVN after UL and sham operation. B, Semiquantitative densitometric analysis of H1 874 

receptor expression in western blots. H1 receptor expression in the ipsilesional and 875 

contralesional MVN in UL rats was normalized to that in MVN in the sham-operated 876 

rats. Data represent mean ± SEM; **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. no 877 

significant difference, by repeated-measures ANOVA followed by Bonferroni's test. 878 

 879 

Figure 2. The expression of H1 receptor is selectively increased in the ipsilesional 880 

GABAergic MVN commissural neurons after UL. A, Diagram and a coronal brain 881 

section showing the injection site of FG in the contralesional MVN. B-E, Triple 882 

immunostainings for H1 receptor (green; B), FG (red; C) and GAD67 (blue; D) in the 883 

ipsilesional MVN. White arrowheads in the merged image (B and E) indicate the 884 

H1/FG/GAD67 triple-labelled GABAergic MVN commissural neurons, whereas yellow 885 

arrowhead in the merged image (B and E) indicates H1/FG double-labelled 886 

non-GABAergic (glutamatergic) commissural neuron. F, Diagram and a coronal brain 887 

section showing the injection site of FG in the ipsilesional MVN. G-J, Triple 888 

immunostainings for H1 receptor (G, green), FG (H, red) and GAD67 (I, blue) in the 889 

contralesional MVN. White arrowheads in the merged image (G and J) indicate the 890 
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H1/FG/GAD67 triple-labelled GABAergic MVN commissural neurons, whereas yellow 891 

arrowheads in the merged image (G and J) indicate H1/FG double-labelled 892 

non-GABAergic (glutamatergic) commissural neurons. K, Labelling intensity of H1 893 

receptor expression in the H1+, FG+, FG+/GAD67+ and FG+/GAD67– neurons in the 894 

MVN in sham rats and the ipsilesional and contralesional MVNs in UL rats. Data 895 

represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.01, n.s. no significant 896 

difference, by two-way ANOVA followed by Bonferroni's test. See also Extended 897 

Figure 2-1. 898 

 899 

Figure 3. The excitation induced by H1 receptor activation is enhanced in the 900 

ipsilesional MVN GABAergic projection neurons of the commissural inhibitory system 901 

after UL. A, Schematic representation of experimental design. B, Identification of the 902 

GABAergic MVN commissural neurons recorded in brain slices. The retrogradely 903 

labeled MVN neurons on the contralateral side of FG injection were current-clamped 904 

and injected with biocytin. The recorded neurons with triple immunopositive for 905 

biocytin (green), GAD67 (blue) and FG (red) were identified as the GABAergic 906 

commissural inhibitory neurons. C,D, PSTHs show that activation of H1 receptor by 907 

application of histamine in the presence of ranitidine (H2 receptor antagonist) and 908 

iodophenpropit (H3 receptor antagonist) induced a concentration-dependent excitation 909 

on the ipsilesional (C) and contralesional (D) GABAergic MVN commissural neurons 910 

with different amplitudes. The inset of each PSTH represents the raw data of peak firing. 911 
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E, Concentration-response curves for histamine in the presence of ranitidine and 912 

iodophenpropit on the recorded ipsilesional (red) and contralesional (black) GABAergic 913 

MVN commissural neurons. F, Identification of the glutamatergic MVN commissural 914 

neurons recorded in brain slices. The recorded neurons with triple immunopositive for 915 

biocytin (green), glutamate (blue) and FG (red) were identified as the glutamatergic 916 

commissural excitatory neurons (F). G,H, PSTHs show that activation of H1 receptor 917 

by application of histamine in the presence of ranitidine and iodophenpropit induced a 918 

concentration-dependent excitation on the ipsilesional (G) and contralesional (H) 919 

glutamatergic MVN commissural neurons with similar amplitudes. The inset of each 920 

PSTH represents the raw data of peak firing. I, Concentration-response curves for 921 

histamine in the presence of ranitidine and iodophenpropit on the recorded ipsilesional 922 

(green) and contralesional (black) glutaminergic MVN commissural neurons. Data 923 

represent mean ± SEM; **P < 0.01, n.s. no significant difference, by two-tailed 924 

unpaired t-test. See also Extended Figure 3-1. 925 

 926 

Figure 4. Histological identification of the spread of mepyramine and the locations of 927 

microinjection sites in bilateral MVNs. A, Confocal image of a coronal brain section of 928 

rats microinjected with fluorescent mepyramine showing the spread of fluorescent 929 

mepyramine (red) in MVNs labelled by DAPI (blue). B, Histological reconstructions 930 

showing the microinjecting sites of mepyramine in MVNs in 42 rats. 931 

 932 
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Figure 5. Microinjection of histamine H1 receptor antagonist mepyramine into MVN 933 

aggravates static symptoms and attenuates the betahistine-induced facilitation of static 934 

symptoms recovery in UL rats. A-C, Histograms illustrating the time course of recovery 935 

from posture asymmetry (A), head tilt (B) and nystagmus (C) in four groups 936 

microinjected with mepyramine, betahistine, betahistine together with mepyramine, and 937 

saline, respectively. D, Histogram showing the time course of overall performance of 938 

four groups microinjected with mepyramine, betahistine, betahistine together with 939 

mepyramine, and saline, respectively. Data shown are means ± SEM; *P < 0.05, **P < 940 

0.01, ***P < 0.001, ****P < 0.0001, n.s. no significant difference, by 941 

repeated-measures ANOVA followed by Bonferroni's test. See also Extended Figure 942 

5-1. 943 

 944 

Figure 6. Microinjection of mepyramine into MVN aggravates locomotor dysfunction 945 

in UL rats. A-C, Locomotor trajectories (left panel) and polar coordinates (instantaneous 946 

body movement velocity versus instantaneous head orientation, right panel) of the sham 947 

group microinjected with saline (blue), the UL group microinjected with saline (green) 948 

and the UL group microinjected with mepyramine (red) in an open field on day 1 949 

post-surgery. D-F, Histograms illustrating the time course of the recovery of locomotor 950 

distance (D), body movement velocity (E) and head orientation (F) in the sham group 951 

microinjected with saline (blue), the UL group microinjected with saline (green) and the 952 

UL group microinjected with mepyramine (red). Data represent mean ± SEM; *P < 0.05, 953 
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***P < 0.001, ****P < 0.0001, n.s. no significant difference, by repeated-measures 954 

ANOVA followed by Bonferroni's test. 955 

 956 

Figure 7. Microinjection of mepyramine into MVN retards recovery of motor balance 957 

and coordination in UL rats. Rats were trained consecutively on a rota-rod for 4 days 958 

pre-UL. The test began on day 4 post-UL. Curves illustrating the time course of the 959 

recovery of motor balance and coordination in rota-rod test after UL in the sham group 960 

microinjected with saline (green dots), the UL group microinjected with saline (brown 961 

squares), the UL group microinjected with mepyramine (red right triangles), the UL 962 

group microinjected with betahistine (yellow inverted triangles) and the UL group 963 

microinjected with betahistine together with mepyramine (blue diamonds). Data 964 

represent mean ± SEM; **P < 0.01, ***P < 0.001, ****P < 0.0001, by 965 

repeated-measures ANOVA followed by Bonferroni's test. See also Extended Figure 966 

7-1. 967 

 968 

Figure 8. Microinjection of mepyramine into bilateral MVNs does not influence 969 

locomotion and negative geotaxis in normal rats. A-C, The locomotor distance (A), 970 

body movement velocity (B) and head orientation (C) of normal rats microinjected with 971 

saline (blue) or mepyramine (red) in the open field. D, The time necessary to turn to 180° 972 

upward from an initial position with animals’ heads facing downward on the  40° 973 

incline of normal rats microinjected with saline and mepyramine. Data represent mean ± 974 
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SEM; n.s. no significant difference, by two-tailed unpaired t-test (A-C) and 975 

repeated-measures ANOVA followed by Bonferroni's test (D). 976 

 977 

Figure 9. Schematic diagrams showing the role of histamine H1 receptor in vestibular 978 

compensation. A, In normal condition, neuronal activities between bilateral MVN 979 

neurons are in balance. B, After UL, the ipsilesional MVN neurons lose their excitatory 980 

drive from the lesioned primary vestibular afferents and therefore exhibit hypoactivity. 981 

The expression of H1 receptor is selectively increased in the ipsilesional GABAergic 982 

rather than glutamatergic MVN commissural neurons after UL. The H1 983 

receptor-mediated enhancement of excitation on the ipsilesional GABAergic projection 984 

neurons of the commissural inhibitory system increases the inhibition on the 985 

contralesional MVN (GABAergic or glutamatergic) projection neurons to help to 986 

rebalance the activity of the bilateral MVNs and promote vestibular compensation. 987 




















