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Histaminergic and glycinergic modulation
of GABA release in the vestibular nuclei of normal
and labyrinthectomised rats

Filip Bergquist, Alasdair Ruthven, Mike Ludwig and Mayank B. Dutia

Centre for Integrative Physiology, School of Biomedical Laboratory Sciences, Edinburgh University Hugh Robson Building, George Square,
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Vestibular compensation (the behavioural recovery that follows unilateral vestibular

de-afferentation), is facilitated by histamine, and is associated with increased central histamine

release and alterations in histamine H3 receptor expression in the vestibular nuclei. However,

little is known of the effects of histamine on neurotransmission in the vestibular nuclei, and the

mechanisms by which histamine may influence compensation are unclear. Here we examined

the modulatory effects of histaminergic agents on the release of amino acid neurotransmitters

in slices of the medial vestibular nucleus (MVN) prepared from normal and labyrinthectomised

rats. The release of GABA, but not glutamate, glycine or aspartate, was robustly and reproducibly

evoked by a high-K+ stimulus applied to normal MVN slices. Histamine inhibited the evoked

release of GABA, both through a direct action on presynaptic H3 receptors (presumably located

on GABAergic terminals), and through a novel, indirect pathway that involved the increased

release of glycine by activation of postsynaptic H1/H2 receptors (presumably on glycinergic

neurons). After unilateral labyrinthectomy (UL), the direct H3 receptor-mediated inhibition of

GABA release was profoundly downregulated in both ipsi-lesional and contra-lesional MVNs.

This effect appeared within 25 h post-UL and persisted for at least 3 weeks post-UL. In addition,

at 25 h post-UL the indirect glycinergic pathway caused a marked suppression of GABA

release in the contra-lesional but not ipsi-lesional MVN, which was overcome by strychnine.

Stimulation of histamine H3 receptors at 25 h post-UL restored contra-lesional GABA release

to normal, suggesting that acutely after UL H3 receptors may strongly modulate glycinergic

and GABAergic neurotransmission in the MVN. These findings are the first to demonstrate the

modulatory actions of the histaminergic system on neurotransmission in the vestibular nuclei,

and the changes that occur during vestibular system plasticity. During vestibular compensation,

histaminergic modulation of glycine and GABA release may contribute to the rebalancing of

neural activity in the vestibular nuclei of the lesioned and intact sides.
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Histaminergic drugs have long been used to treat disorders
of the vestibular system in man (Fischer, 1991; Lacour
& Sterkers, 2001), but the physiological mechanisms by
which histamine modulates vestibular function remain
largely unknown. Neurons in the medial vestibular
nucleus (MVN) receive histaminergic afferents from the
tuberomamillary nucleus of the posterior hypothalamus
(Airaksinen & Panula, 1988; Steinbusch, 1991), and
express postsynaptic H1 and H2 receptors as well as
presynaptic H3 receptors (Airaksinen & Panula, 1988;
Pollard et al. 1993; Pillot et al. 2002). Histaminergic agents
modulate the activity of MVN neurons in vitro (Phelan
et al. 1990; de Waele et al. 1992; Serafin et al. 1993;

Wang & Dutia, 1995), and also modulate vestibular reflex
function in vivo (Yabe et al. 1993). Intriguingly, imbalanced
activity within the vestibular system itself can activate
the central histaminergic system, as shown by increased
histamine release in the hypothalamus in response to
unilateral electrical or caloric stimulation of the labyrinth
(Horii et al. 1993), and by increased expression of histidine
decarboxylase mRNA in the tuberomamillary nuclei after
unilateral vestibular neurectomy in cats (Tighilet et al.
2006).

Of particular interest is the role of histamine in
facilitating neuronal and synaptic plasticity in the
vestibular nuclei and related structures during ‘vestibular
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compensation’ (VC), the behavioural recovery that follows
the loss of one vestibular labyrinth. Recent studies have
suggested that after unilateral labyrinthectomy (UL),
changes in the functional efficacy of GABA and glycine
receptors on the deafferented MVN neurons, changes
in their intrinsic membrane excitability, as well as
a re-organization of synaptic connections within the
vestibular nuclei of the two sides, are involved in VC
(for reviews see Straka et al. 1994, Straka et al. 2005;
Darlington et al. 2002). A number of behavioural studies
have indicated that histamine facilitates VC, through
mechanisms that are presently unknown (for review
see Bergquist & Dutia, 2006). Thus betahistine, a H3

receptor antagonist and weak H1 receptor agonist (Van
Cauwenberge & De Moor, 1997), or the more selective
H3 receptor antagonist thioperamide, attenuate the initial
symptoms of barrel-rolling after UL in the rat (Pan et al.
1998). In the cat, the rate of behavioural recovery after UL
is accelerated by betahistine, albeit at high doses (Tighilet
et al. 1995), as well as by thioperamide (Tighilet et al.
2006). These effects may be mediated in part by increased
release of histamine within the vestibular nuclear complex,
since H3 receptor antagonists increase histamine release
in the brain (Arrang et al. 1983; review in Hancock,
2003; Leurs et al. 2005). The involvement of presynaptic
H3 receptors is also indicated by the finding that H3

receptor mRNA expression (Lozada et al. 2004) and H3

receptor binding (Tighilet et al. 2006) change during
vestibular compensation. Evidence for an increased release
of histamine in the vestibular nuclei after UL has been
provided by Tighilet & Lacour (1997), who demonstrated a
depletion of histamine immunoreactivity in the vestibular
nuclei during VC.

While H3 receptors were initially looked upon as
autoreceptors, it has recently become evident that they
also act as presynaptic heteroreceptors, inhibiting the
release of other neurotransmitters in the brain (see Leurs
et al. 2005 for review). H3 receptors display considerable
heterogeneity, with functionally different splice variants
(Wellendorph et al. 2002), making them potentially
interesting and versatile candidates for presynaptic
regulation of synaptic efficacy during brain plasticity.
At present, however, there are no data on how
histaminergic receptors regulate neurotransmitter release
in the vestibular nuclei, so the physiological implications
of the changes in MVN H3 receptor expression during
VC are unknown. Here we have investigated the effect
of histamine and histaminergic drugs on the release
of neuroactive amino acids from slices of the MVN
prepared from normal rats, and from animals that
underwent VC for 25 h, 1 week and 3 weeks after UL,
to elucidate the physiological actions of histamine on
neurotransmitter release in the normal MVN, and the
changes that occur during VC.

Methods

Drugs and chemicals

On the day of experiment drugs applied to the slices
were dissolved in de-ionised water and diluted in filtered
artificial cerebrospinal fluid (aCSF, consisting of (mm):
123 NaCl, 5 KCl, 2.4 CaCl2, 1.3 MgSO4, 26 NaHCO3, 1.2
KH2PO4, 10 d-glucose and 100 μm glutamine) or in a
high-potassium modified aCSF where 54 mm NaCl was
replaced with KCl resulting in a total K+ concentration
of 60 mm. In experiments with zero calcium aCSF,
CaCl2 was replaced with MgSO4. The following drugs
were used: histamine, clobenpropit dihydrobromide,
strychnine (Sigma Aldrich Ltd, Dorset, UK), and
immepip dihydrobromide (Tocris Cookson Ltd, Bristol,
UK). HPLC mobile phases were made from de-ionised
filtered water, luminescence-quality ammonium acetate
and HPLC-grade acetonitrile and methanol. The mobile
phases were filtered and degassed through a 0.2 μm
Anodisc membrane, and were used within a week of
preparation.

Animals

Experimental design and procedures were carried out in
compliance with the UK Animal (Scientific Procedures)
Act 1986. Male Lister-hooded rats (150 g, 5–6 weeks of age,
Charles River Ltd, UK) were housed 4–8 animals per cage
under standard controlled environmental conditions.

Unilateral labyrinthectomy, UL

Animals were anaesthetised with halothane and injected
with carprofen, 5 mg kg−1, s.c., for postsurgical analgesia.
After local anaesthesia with 1% lidocaine hydrochloride, a
left paramedian incision was made to expose the lamboidal
ridge and the external ear canal. The external ear canal
was opened just anterior to the exit point of the facial
nerve. The tympanic membrane was opened at its caudal
hemicircumference. A 0.7 mm drill was used to expose
and fenestrate the most anterior part of the horizontal
semicircular canal, by drilling into the caudal wall of the
medial ear lateral and superior to the oval window close to
the ceiling of the facial nerve canal. The opened horizontal
canal was followed anteriorly and ventrally into the orifice
of the vestibulum, where a 30 gauge needle was used to
mechanically remove the epithelial lining and to aspirate
all the contents. This was followed by instillation of 99%
ethanol, which was aspirated before the bone was covered
with fascia, and the skin was sutured.

Slice preparation

After decapitation under deep halothane anaesthesia, a
block of brain tissue extending from the caudal half
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Table 1. Gradient profile for eluting OPA-2-mercapto-
ethanol-amino acid derivates

Mobile Mobile
Time phase A phase B Flow
(min) (%) (%) (ml min−1)

Pre-run 100 0 2
0.1 75 25 2
6.0 33 67 2
6.1 0 100 4
7.6 0 100 4
7.7 100 0 4
8.5 100 0 4

A linear gradient going from 25% to 67% mobile phase B
was run over 6 min. This was followed by a 100% B high-flow
period to wash out late-eluting peaks, and the column was
then conditioned with approximately four column volumes of
mobile phase A. The pre-run period includes a derivatisation and
injection procedure and adds 5 min to the total cycle time.

of the cerebrum to the first millimetres of the spinal
cord was rapidly removed and placed in chilled aCSF
continuously gassed with 95% O2–5% CO2, pH 7.4,
and kept on ice. The tissue block was trimmed rostral
and caudal to the cerebellum, and the cerebellum
removed to expose the floor of the fourth ventricle. The
brainstem was mounted ventral side down, and a 450 μm
slice containing the two medial vestibular nuclei (MVNs)
was made with a vibratome (World Precision Instruments
Ltd, Hertfordshire, UK). The two MVN slices were
separated along the midline and trimmed at their caudal,
rostral and lateral borders. The MVNs were transferred
to incubation chambers and superfused with 95% O2–5%
CO2-gassed aCSF at room temperature for 30 min, and
then at 32◦C for 30 min before baseline sampling of the
superfusate was started.

Superfusion experiments

The left and the right MVN were superfused at
32◦C in separate chambers submerged in a reservoir
of continuously oxygenated aCSF. A peristaltic pump
(Minipump 3, Gilson Inc., Villiers le Bel, France) was
used to pull aCSF through the chambers to a fraction
collector (FC203B, Gilson Inc., Villiers le Bel, France) at
a flow rate of 0.104 ml min−1. Fractions were collected
every 5 min. Over the first 30 min, every second fraction
was analysed to obtain the baseline outflow of amino
acids from the slice. To change superfusion composition,
the pump was stopped for a few seconds, during which
time the chamber was manually transferred to a different
reservoir containing the intended aCSF solution. The
perfusion protocol included one or two short stimuli with
histaminergic drugs given alone or together with high-K+

aCSF. The stimulus was given for 4 min, and care was

taken to match the entire stimulus to one sample collected
by the fraction collector. In the 15 min immediately
following a stimulus, every 5 min fraction was taken for
analysis. In some experiments the slices were pretreated
with histamine antagonists, or Ca2+-free aCSF, which
started 20 min before the short stimulus, and continued
throughout the stimulus. A single high-K+ stimulus was
always given before ending the experiment to confirm
the viability of the slice. At the end of the experiment
the wet tissue weight of each slice was determined. Slices
that released less than 5 fmol GABA (mg wet tissue)−1 in
response to the final high-K+ stimulus were not considered
viable and were excluded from further analysis. This
criterion gave an overall exclusion ratio of 13%.

HPLC analysis of amino acids

Amino acids were derivatized with o-phthaldialdehyde
(OPA), separated and detected by HPLC followed by
fluorescence detection. The equipment consisted of a
cooled autosampler (AS-1559, Jasco Ltd, Great Dunmow,
UK), a binary high-pressure gradient pump system
(PU-2080, Jasco Ltd, Great Dunmow, UK), a column
block heater (model 7971, Jones Chromatography Ltd,
Mid Glamorgan, UK), and a fluorescence detector
(FD-2020Plus, Jasco Ltd, Great Dunmow, UK) with
excitation and emission wavelengths set at 340 nm
and 455 nm, respectively. The signal from the detector
was recorded and integrated with the Chrompass
Chromatography software package (Jasco Inc, Japan).

The sample to be analysed (10 μl) was mixed with
4 μl of an OPA derivatisation reagent in an automated
sequence before injection on the column. The OPA reagent
was prepared fresh on the day of run by adding 3 μl of
2-mercapto-ethanol to 1 ml OPA reagent incomplete (both
Sigma-Aldrich, UK) and was stored at 2◦C for no more
than 20 h. The derivatisation mixture was allowed to react
in a separate vial for 1 min at 2◦C and 12 μl of the resulting
product was then injected on a reverse-phase Chromolith
Speedrod column, 50 × 4.6 mm, coupled in series with a
Chromolith Performance column, 100 × 4.6 mm (Merck
KGaA, Germany). The OPA-2-mercapto-ethanol-amino
acid derivates were then eluted in a linear gradient made up
from two mobile phases, A and B, as described in Table 1.
Mobile phase A contained 95% 50 mm ammonium acetate
(adjusted to pH 5.5 with 50% acetic acid), 4% methanol
and 1% acetonitrile. Mobile phase B contained 40%
50 mm ammonium acetate (pH 5.5), 20% methanol and
40% acetonitrile). With this protocol, aspartate (ASP),
glutamate (GLU), glycine (GLY), taurine (TAU) and GABA
were eluted within approximately 6 min. Except for GLY,
which partly co-eluted with threonine, all measured amino
acids were completely separated from other peaks both
in a multiple amino acid standard (Sigma-Aldrich, UK)
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Table 2. Baseline outflow and K+-evoked release of amino acids from MVN slices during normal or
Ca2+-depleted conditions

Baseline outflow K+-evoked release
Normal aCSF Ca2+-free aCSF Normal aCSF Ca2+-free aCSF

(fmol mg−1 min−1) (% change in baseline)b (fmol mg−1) (fmol mg−1)
(n = 45–53) (n = 7) (n = 10) (n = 7)

GABA 2.4 ± 0.1 −30 ± 6∗∗ 36 ± 5††† 2.4 ± 0.6‡‡‡
GLU 46 ± 5 −61 ± 11∗∗ 17 ± 11 3.7 ± 4.7
GLY 82 ± 5 −50 ± 4∗∗∗ 6 ± 20 13 ± 8
ASP 23 ± 2 −55 ± 13∗ −18 ± 11 1.6 ± 2.3
TAU 6.9 ± 0.6 −8.6 ± 4.2 6.4 ± 3.1 7.8 ± 5.2

aAccumulated outflow over 20 min, baseline outflow subtracted. First stimulus, S1. bWithin-slice
comparison. ∗, ∗∗, ∗∗∗Significantly different from corresponding baseline P < 0.05, P < 0.01 and P < 0.001
rfespectively, one-way ANOVA (F = 19.4, d.f. = 9) followed by Sidak–Holm adjusted t tests. †††Significantly
different from 0.0 in one-sample t tests at level P < 0.001. P values adjusted for multiple comparison
with the Sidak–Holm method. ‡‡‡Significantly different from K+-evoked outflow in normal aCSF at level
P < 0.001, unpaired t test with Sidak–Holm adjusted P values.

and in samples obtained from slice superfusates, rat brain
tissue homogenates and microdialysates. The system was
calibrated daily and monitored regularly with external
standards at two levels containing 0.5 μm or 1 μm ASP,
GLU, GLY, TAU and 0.05 μm or 0.1 μm GABA.

Calculations and statistics

The amino acid outflow (fmol mg−1) of each fraction
was calculated by multiplying the measured concentration
(fmol μl−1) with the corresponding superfusion volume
(520 μl), and dividing by the wet tissue weight (mg).
The mean baseline outflow rate was calculated as the
mean of samples 2 and 3. When the initial response to
a stimulus was positive in relation to baseline, the evoked
outflow for each stimulus was calculated by determining
the maximum area under the curve over the following
20 min after subtracting the baseline. When the initial
response was negative relative to baseline, a negative area
was calculated instead using the same algorithm. Statistical
analysis was performed using GraphPad Prism version 4.00
for Windows (GraphPad Software, San Diego, California,
USA). Group comparisions were made with one-way
ANOVA. When appropriate, post hoc tests were performed
using the Sidak–Holm step-down multiple comparisions
procedure, which avoids type I errors while preserving
statistical power (Ludbrook, 1998). The Sidak–Holm
adjusted P values were calculated in spreadsheets using
the formula

P ′ = 1 − (1 − P)i , i = 1, 2, . . . n

where i is the number of P values greater than or equal to
the P value being adjusted.

Results

Characterisation of amino acid release from slices of
the medial vestibular nucleus from normal animals

The release of amino acids from MVN slices prepared from
normal animals was measured under baseline conditions
and in response to a 4 min stimulus of high-K+ aCSF (see
Methods). The baseline release of GABA, GLU, ASP and
GLY was significantly decreased in Ca2+-free aCSF, while
the baseline TAU outflow was not affected (Table 2). In
response to the high-K+ stimulus, there was a large and
repeatable increase in GABA release (Fig. 1A), which was
inhibited by >90% in Ca2+-free aCSF (Fig. 1B, Table 2). By
contrast, the K+ stimulus evoked small and insignificant
increases in the outflow of TAU, and highly variable
changes in the release of GLY, GLU and ASP, with either
an increase or a decrease compared to baseline. As a
consequence, the mean K+-evoked responses of GLY, GLU,
and ASP were not significantly different from baseline
(Table 2).

Histamine inhibits K+-evoked GABA release through
H3 receptor activation. The effects of histamine
on the K+-evoked GABA release were investigated
by including histamine (100 μm) in the high-K+

stimulus pulse. In the presence of histamine, the
mean K+-evoked GABA release was reduced to about
half of that in controls (18.1 ± 1.6 fmol mg−1 versus
31.3 ± 4.0 fmol mg−1, Fig. 2A). Histamine alone did not
induce detectable changes in baseline outflow of any of the
amino acids (n = 4; data not shown).

To determine whether the inhibition of evoked GABA
release by histamine was due to its action on presynaptic H3

receptors, the selective H3 agonist immepip (0.03–100 nm)
was included in the K+ stimulus. This resulted in a
dose-dependent inhibition of K+-evoked GABA release
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as shown in Fig. 3. The IC50 of immepip, determined
from this dose–response experiment, was 0.2 nm (95%
confidence interval: 0.03–1 nm). The inhibition reached
a plateau at approximately 50% of control release at
immepip concentrations of 10–100 nm.

The inhibitory effect of 100 nm immepip on K+-evoked
GABA release was fully reversed by adding the selective
H3-receptor reverse agonist clobenpropit (100 nm) to the
K+ stimulus (Fig. 2A). When given alone, clobenpropit
did not alter the K+-evoked GABA release as compared to
control slices (n = 7; data not shown).

H1/H2 receptor activation also inhibits evoked GABA
release. Since the maximum inhibition of K+-evoked
GABA release obtained with immepip was similar
to the inhibition seen with histamine, H3-receptor
activation may explain most of the inhibitory effects
of histamine. This hypothesis was investigated by
pretreating MVN slices with clobenpropit before
introducing the combined histamine and high-K+
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Figure 1. K+-evoked GABA release is Ca2+ dependent
A, GABA release (GABAout, mean ± S.E.M.) in normal aCSF, and in
response to two 4 min stimuli with 60 mm K+ aCSF (arrows indicate
start of stimuli), n = 10. B, calcium dependency of baseline and
K+-evoked GABA overflow, n = 7. Calcium-depleted conditions are
indicated by the hatched horizontal bar and the arrows indicate start
of K+ stimuli.

stimulus. At the concentrations used here (100 nm),
clobenpropit should inhibit H3 receptors selectively,
leaving H1 and H2 receptors unaffected (Barnes et al. 1993).
Unexpectedly, histamine reduced the evoked GABA release
to about half of that in controls even after pretreatment
with clobenpropit (Fig. 2A).

The H1/H2 receptor-mediated inhibition of evoked GABA
release is strychnine sensitive. Pretreatment with 100 nm

clobenpropit followed by the combined histamine and
high-K+ stimulus was the only experimental condition
that evoked a significant increase in GLY release
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Figure 2. Histaminergic modulation of evoked GABA and
glycine release
A, histaminergic modulation of K+-evoked GABA release
(accumulated release, fmol mg−1, mean ± S.E.M.). The agonists
histamine and immepip were only present during the 4 min-long
60 mM K+ stimulus. The antagonists clobenpropit and strychnine were
introduced 20 min before the K+ stimulus. One-way ANOVA
(F = 4.85, d.f. = 5, P = 0.0013) was followed by Sidak–Holm adjusted
t tests. ∗P < 0.05 compared to control. Each experiment was repeated
in 6–13 slices, as indicated in the bars. B, histaminergic modulation of
K+-evoked glycine (GLY) release. Bars show the GLY release in
response to the 4 min-long 60 mM K+ stimulus, mean ± S.E.M., during
treatment with histaminergic drugs and strychnine as described in A.
One way ANOVA (F = 2.73, d.f. = 5, P = 0.0313) was followed by
Sidak-Holm adjusted t tests. ∗P < 0.05 compared to control. Data
obtained from the same slices as in A (n = 6–13, see A).
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Table 3. Baseline release of amino acids (fmol mg−1 (fraction)−1) from MVN slices prepared
from normal animals or from animals at different stages of compensation after vestibular
de-afferentation

Normal BL, 25 h UL, 25 h UL, 1 week UL, 3 weeks
(n = 45–53) (n = 7) (n = 49) (n = 16) (n = 16)

GABA 2.4 ± 0.1 2.7 ± 0.2 2.8 ± 0.2 2.4 ± 0.2 2.4 ± 0.2
GLU 45.6 ± 4.9 20.3 ± 2.9 38.8 ± 2.5 28.3 ± 3.4 28.4 ± 3.5
GLY 81.6 ± 4.8 35.4 ± 1.8∗ 63.4 ± 4.7 43.2 ± 5.1∗∗ 36.6 ± 1.6∗∗

ASP 23.4 ± 2.2 8.6 ± 0.9 11.3 ± 0.9∗∗ 10.3 ± 1.7∗ 10.2 ± 2.3∗

TAU 6.9 ± 0.6 5.2 ± 0.5 9.5 ± 1.0 5.8 ± 0.7 4.0 ± 0.3

BL, bilateral labyrinthectomy; UL, unilateral labyrinthectomy. The baseline releases from the left
and right side. MVNs were pooled since paired t tests revealed no differences between sides at
any time point after UL or BL. Pooled data analysed by one-way ANOVA (P < 0.0001, F = 54.4,
d.f. = 24) followed by Sidak–Holm adjusted t tests, ∗P < 0.05 ∗∗P < 0.01 compared to baseline
release in normal slices. Data from normal slices also displayed in Table 2.

(Fig. 2B). We investigated the effects of adding 1 μm

strychnine to the clobenpropit pretreatment, to test the
possibility that increased glycinergic transmission was
involved in H1/H2 receptor-mediated inhibition of GABA
release. The combined pretreatment completely abolished
the inhibitory effect of histamine on evoked GABA
release (Fig. 2A). Evoked GABA release was unaltered by
pretreatment with strychnine alone (n = 7, data not
shown).
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Figure 3. Dose-dependent inhibition of evoked GABA release
by immepip
The inhibitory effect of the H3 agonist immepip on K+-evoked GABA
release was investigated in an accumulated dose–response, where
increasing doses of immepip were presented in two successive K+
stimuli before confirming the viability of the slice with a third stimulus.
Non-linear regression, sigmoidal dose–response with top restraint
<31.2 fmol mg−1 (which was the mean response of stimulus 1 and 2
in control experiments). R2 = 0.3328, n = 3–9 for each tested
concentration.

Effects of unilateral and bilateral labyrinthectomy
on amino acid release and on H3-mediated inhibition
of GABA release

To determine if the baseline release of amino acids or
the K+-evoked GABA release from the MVN is altered
during vestibular compensation, we investigated MVN
slices prepared from animals that had undergone either a
bilateral labyrinthectomy 25 h earlier, or a unilateral (left)
labyrinthectomy 25 h, 1 week or 3 weeks earlier. The left
and right MVNs were superfused separately to reveal any
lateral differences due to de-afferentation.

The baseline release of GABA was not significantly
different from normal at any time after UL (Table 3). In
MVN slices from bilaterally labyrinthectomised animals,
the mean K+-evoked GABA release was lower than normal,
but this difference did not reach significance (Fig. 4A).
A marked asymmetry in evoked GABA release between
the ipsi-lesional and contra-lesional MVNs was found in
slices from 25 h post-UL animals, with the release from
the contra-lesional MVN being significantly lower than
normal (Fig. 4A). At later time-points (1 and 3 weeks
post-UL), evoked GABA release in the contra-lesional
MVN had recovered to the normal level, and there was
no longer a significant difference in evoked GABA release
from either the ipsi-or contra-lesional MVNs compared to
that from normal slices (Fig. 4A).

The baseline release of GLY was significantly lower than
normal in slices from animals that received a bilateral
labyrinthectomy 25 h earlier (Table 3). A similar trend
was found in slices from UL animals, but the decrease
in baseline GLY release was only significant after 1 and
3 weeks post-UL (Table 3). Baseline release of ASP was
significantly lower than normal at all time points after UL,
and a similar, although not significant, decrease in baseline
ASP release was found after bilateral labyrinthectomy. The
evoked release of GLY, GLU, ASP and TAU in response
to the K+ stimulus was not altered at any time point
post-labyrinthectomy (not shown).
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Changes in H3 receptor-mediated effects on GABA release
during vestibular compensation. In sharp contrast to
its effects in the normal MVN, the H3 receptor agonist
immepip (100 nm) did not inhibit K+-evoked GABA
release from the ipsi-lesional MVN at any time point
after UL. A trend towards a recovery of its normal
inhibitory effects on ipsi-lesional GABA release was
indicated by a gradual, although not significant, decrease
in the evoked GABA response in the presence of immepip
at 1 and 3 weeks post-UL (32.4 ± 5.8 fmol mg−1 at
25 h, 25.9 ± 4.0 fmol mg−1 at 1 week and 19.9 ± 4.1 fmol
mg−1 at 3 weeks post UL; P = 0.215, one-way ANOVA
F = 1.644 degrees of freedom (d.f.) = 2; n = 10, 8, and 8,
respectively).

In the contra-lesional MVN, 100 nm immepip had a
marked effect on K+-evoked GABA release at 25 h post-UL
(Fig. 4B), but not at later time points (not shown). In the
presence of immepip, the contra-lesional evoked GABA
release was restored to a normal level, thereby abolishing
the asymmetry in evoked GABA release between the ipsi-
and contra-lesional MVNs that was characteristic at 25 h
post-UL (Fig. 4B).

Since a glycinergic pathway is involved in the inhibition
of evoked GABA release via H1/H2 receptors in normal
MVN slices (above; Fig. 2), the effect of the glycine receptor
antagonist strychnine (1 μm) on K+-evoked GABA release
was also investigated with slices from 25 h post-UL animals
(Fig. 4B). Strychnine treatment also restored K+-evoked
GABA release from the 25 h post-UL contra-lesional MVN
to a normal level, in a similar way to the effects of immepip
(Fig. 4B).

Discussion

This study is the first to demonstrate that histamine
has complex modulating effects on inhibitory
neurotransmitter release in the MVN, and that
histaminergic modulation of neurotransmitter release in
the MVN changes during vestibular compensation after
unilateral labyrinthectomy.

The origin of neuroactive amino acids released
from normal slices of the MVN

The release of endogenous neuroactive amino acids from
MVN slices has not previously been investigated. Our
characterisation demonstrates that the basal release of
GABA from MVN slices is two orders of magnitude
smaller than that of GLU and GLY, and one order of
magnitude smaller than that of ASP. High extracellular
K+ evokes a robust and reproducible 10–20-fold increase
in GABA release, which is almost completely calcium
dependent. This indicates that the K+-evoked GABA
release has neuronal origin, and suggests that GABAergic

neurons and terminals have a low releasing activity in
the unstimulated MVN slice. The rat MVN contains
both GABAergic cell bodies and GABAergic terminals
projecting from the cerebellum (Houser et al. 1984;
Nomura et al. 1984; see also review by Barmack, 2003).
In mice, approximately two-thirds of GABA immuno-
reactivity in the vestibular complex has been attributed to
Purkinje cell terminals (Baurle et al. 1992). Such terminals
will not be spontaneously active in the acutely prepared
MVN slice, but will still be excitable, and probably make
a substantial contribution to the evoked GABA release
measured in these experiments. Similar to the baseline
release of GABA, the baseline release of GLY, GLU and
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Figure 4. K+-evoked GABA release (mean ± S.E.M) from
vestibular slices of labyrinthectomised animals
The number of slices included in each group is indicated inside the
bars. The effects of labyrinthectomies (A) and of drug treatments of
slices from 25 h post-UL animals (B) were analysed together by
one-way ANOVA (P = 0.0003, F = 3.472, d.f. = 12) followed by
Sidak–Holm corrected t tests. ∗∗P < 0.01 compared to normal
controls, ##P < 0.01 compared to untreated contra-lesional slices
prepared 25 h after UL. For clarity the untreated 25 h post-UL slices are
shown in B as well as in A.
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ASP was also calcium dependent. However, the K+-evoked
response of those amino acids was highly variable
between slices, precluding a systematic analysis of these
neurotransmitters in the present study.

Histaminergic modulation of evoked GABA release
in the normal MVN

Histamine inhibits evoked GABA release from the normal
MVN in two different ways, as summarised in Fig. 5A–C.
An H3-receptor mediated pathway was demonstrated by
the potent and dose-dependent inhibitory action of the
selective H3 agonist immepip on K+-evoked GABA release
(Figs 3 and 5A and B). This was further corroborated by the
finding that the reverse H3 agonist clobenpropit abolished

Figure 5. Proposed circuitry for histaminergic modulation of GABA release in the medial vestibular
nucleus (MVN)
A, B and C, the inhibitory effects of histamine on GABA release from normal MVN slices. A, K+-evoked GABA release
in untreated MVN slices. B, histamine inhibits GABA release directly by activation of H3 receptors on GABAergic
terminals, but has a balanced effect on glycinergic neurons (GLY) due to activation of both H1/H2 and H3 receptors.
C, in the presence of an H3 antagonist, histamine inhibits GABA release indirectly via H1/H2-mediated stimulation of
GLY neurons. D and E, H3 receptor-mediated modulation of GABA release in the ipsi- and contra-lesional MVNs 25 h
after unilateral labyrinthectomy. D, the suppression of contra-lesional GABA release together with normalisation of
GABA release following treatment with strychnine (see Figure 4), indicates that glycinergic transmission is amplified
in contra-lesional slices 25 h after unilateral labyrinthectomy. E, direct H3-mediated inhibition of GABA release is
downmodulated, but the GABA release from the contra-lesional MVN is restored by H3-agonist treatment. The
latter phenomenon can be mediated by inhibition of glycine release via activation of H3 receptors with normal
sensitivity.

the inhibitory effect of immepip (Fig. 2A). The potency of
immepip (IC50: 0.03–1 nm), was at least three times higher
than previously described in the striatum and substantia
nigra (Garcia et al. 1997; Arias-Montano et al. 2001),
but is in line with that observed for electrically evoked
[3H]noradrenaline release from rat cortex (IC50: 0.6–1 nm,
Alves-Rodrigues et al. 2001). The present findings should
be seen in the light of previous reports of H3-receptor
heterogeneity (Schwartz et al. 1991; Hancock, 2003; Leurs
et al. 2005), and suggest that H3 receptors in the MVN are
highly sensitive to activation in normal conditions.

In addition to the direct action of histamine on H3

receptors, the present study revealed a novel indirect
glycinergic pathway that inhibits GABA release in
response to H1/H2 receptor activation. Histamine-induced
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inhibition of GABA release persisted after blockade
of H3 receptors by clobenpropit, and this was the
only experimental condition where GLY release was
significantly increased in response to the high-K+ stimulus
(Figs 2B and 5C). Increased glycinergic transmission was
confirmed by the complete reversal of H1/H2 receptor-
mediated inhibition when slices were pretreated with
the glycine receptor antagonist strychnine. We propose
that excitatory H1/H2 receptors on glycinergic neurons
can increase GLY release when activated in the presence
of H3-receptor blockade, and that the increase in GLY
release in turn inhibits GABA release (Fig. 5C). Glycinergic
neurons in the MVN are known to be involved in the
vestibulo-ocular reflex pathways, mediating the inhibitory
projection to the ipsilateral abducens nucleus (Spencer
et al. 1989), while the reciprocal vestibular commissural
inhibitory system, which links the MVNs of the two sides, is
predominantly GABAergic (Furuya & Koizumi, 1998). The
present findings therefore demonstrate a novel possible
route by which glycinergic neurons may also modulate
the activity of the vestibular commissural system, by
regulating the release of GABA within the MVN. The
commissural inhibitory system plays a fundamentally
important role in shaping the dynamics and response
gain of MVN neurons to vestibular inputs. Histaminergic
modulation of commissural GABA release may therefore
be useful in situations where a high sensitivity to vestibular
inputs is undesirable, for example in motion sickness
when vestibular signals are in conflict with visual and
proprioceptive information. As mentioned above, there
is strong evidence for increased histamine release in such
situations (Horii et al. 1993). In addition, histaminergic
inhibition of GABA release at Purkinje cell synapses
on MVN neurons might also regulate the gain of the
cerebellar inhibitory input to the MVN, providing a further
neuromodulatory control at the level of the brainstem to
parallel the modulatory actions of histamine within the
cerebellum itself (Zhu et al. 2006).

Changes in GABA neurotransmission in the MVN
during vestibular compensation

Several previous studies have implicated changes in
GABA receptor function as well as GABA expression and
metabolism in the MVN during vestibular compensation.
In cats subjected to UL, GABA immunoreactivity increases
in neuronal varicosities in the ipsi-lesional MVN one
week post-UL (Tighilet & Lacour, 2001). There is also
an increase in mRNA levels for proteins mediating GABA
synthesis and uptake (GAD65, GAD67 and GAT) in the
ipsi-lesional vestibular nuclei 6–50 h after UL in rats (Horii
et al. 2003). The responsiveness of MVN neurons to
GABAergic compounds is markedly downregulated in the
ipsi-lesional MVN compared to normal (Yamanaka et al.
2000; Johnston et al. 2001). However, this is not reflected
in significant changes in expression of ipsi-lesional GABA

receptor subunits (Eleore et al. 2005; Gliddon et al.
2005a; Zhang et al. 2005), suggesting that the changes in
GABA receptor function may be due to post-translational
modifications of the receptor subunits, or modulations of
the receptor complex, rather than changes in expression
levels.

In the present study, we did not detect any significant
changes in either basal GABA release or K+-evoked GABA
release in the ipsi-lesional MVN, at any time point after
UL. However in the short term after UL there was a
marked asymmetry in evoked GABA release between the
ipsi- and contra-lesional MVNs, with GABA release
from the contra-lesional MVN being significantly reduced
at 25 h post-UL. This was due to a suppression
of contra-lesional GABA release through the indirect
glycinergic pathway, since the evoked GABA response was
fully restored to normal by strychnine (Fig. 2). At later time
points, the evoked release of GABA in both ipsi-lesional
and contra-lesional MVN was not different from normal.
The glycinergic suppression of contra-lesional GABA
release at 25 h post-UL is therefore an early component of
the response of the vestibular system to de-afferentation,
which does not persist in the longer term (Guilding &
Dutia, 2005).

It would thus appear that in the immediate aftermath
of UL, GABAergic neurotransmission in both ipsi-lesional
and contra-lesional MVN is attenuated: in the ipsi-lesional
MVN by a reduced responsiveness of the MVN neurons
to GABA (Yamanaka et al. 2000; Johnston et al. 2001),
and in the contra-lesional MVN by a suppression
of GABA release by endogenous GLY. It has been
proposed that the downregulation of ipsi-lesional GABA
receptors is a ‘compensatory’ process, since it will
promote the recovery of the resting discharge of the
de-afferented ipsi-lesional cells (Yamanaka et al. 2000;
Straka et al. 2005). On this basis, the reduction in evoked
contra-lesional GABA release is ‘anticompensatory’,
in that the contra-lesional cells, which tend to be
hyperactive after UL, will receive less GABAergic
inhibition. The decrease in contra-lesional GABA release
could, however, be counteracted by the increased
glycinergic transmission, and because the contra-lesional
MVN cells do not downregulate their GABA receptors
(Yamanaka et al. 2000) or inhibitory GLY receptors (Vibert
et al. 2000), they will continue to be responsive even to
basal levels of these neurotransmitters in the initial period
after UL. The present results imply an important role
for glycine, in addition to GABA, in the MVN after UL,
and further experiments are necessary to characterise the
changes in glycinergic neurotransmission that may occur
during compensation.

Histamine and vestibular compensation

While in the normal MVN the H3 agonist immepip
caused the inhibition of evoked GABA release, this effect
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was markedly downregulated after UL. Immepip did
not inhibit evoked GABA release at any time point
post-UL in either the ipsi- or contra-lesional MVN. This
lasting downregulation of H3 receptor effects could in
part be explained by a change in H3-receptor subunit
isoforms, as was recently indicated by changes in mRNA
expression in the vestibular nuclei after UL (Lozada et al.
2004). Alternatively, an increase in constitutive receptor
activity could account for a change in responsiveness, since
agonistic effects of some H3 ligands are weaker and may
even change to antagonism or reverse agonism when the
constitutive activity increases (Gbahou et al. 2003). To the
best of our knowledge, immepip has not been reported to
act as a protean ligand in this manner, so at present the
contribution of such a mechanism is not known.

In contrast to the sustained downregulation of its
direct inhibitory effects on evoked GABA release after UL,
immepip completely reversed the glycinergic suppression
of GABA release in the contra-lesional MVN at 25 h
post-UL, and removed the asymmetry in evoked GABA
release between the ipsi- and contra-lesional MVN at this
time point (Fig. 4). The effects of H3 receptor activation
on glycinergic and GABAergic neurotransmission in the
MVN therefore appear to be modulated differently after
UL: the direct inhibition of GABA release by presynaptic
H3 receptors is downregulated within 25 h post-UL and
remains downregulated for more than 3 weeks post-UL,
while in the short term after UL H3 receptors act to
modulate the indirect, glycinergic pathway that suppresses
GABA release in the contra-lesional MVN (Fig. 5D, E). The
actions of histamine on MVN neurons during vestibular
compensation are therefore also likely to differ at different
times after UL. Assuming that the early asymmetry in
evoked GABA release between the MVNs of the two sides
is an undesirable consequence of UL, then histamine
may facilitate behavioural recovery in the early stages
of compensation by relieving the suppression of GABA
release in the contra-lesional MVN and abolishing the
asymmetry. At later stages of compensation, however,
it is unlikely that histaminergic modulation of GABA
release in the MVN may contribute to recovery, because
the H3 receptor-mediated effects remain functionally
downregulated in the long term, and the indirect
glycinergic suppression of GABA release has subsided.
Instead the main effects of histamine on MVN neurons
are likely to be mediated by the excitatory postsynaptic
H1/H2 receptors, as previously suggested (Wang & Dutia,
1995). The facilitation of vestibular compensation by
H3 antagonists, which is typically seen after long-term
treatments lasting several weeks (Tighilet et al. 1995;
Pan et al. 1998; Tighilet et al. 2006), may furthermore
involve the actions of histamine in other regions
of the CNS that are implicated in the behavioural
adaptation after labyrinthectomy, like the cerebellum
and areas that regulate wakefulness and stress responses

(for a discussion and review, see Bergquist & Dutia,
2006).

GABAergic transmission has important roles in
vestibular physiology and is believed to play a role also
in vestibular compensation (Gliddon et al. 2005b). This
study demonstrates that GABA release in the MVN is
strongly inhibited by histamine, both via presynaptic
inhibitory H3 receptors and via H1/H2 receptors, which
activate a glycinergic inhibitory pathway. Histamine
stimulates MVN-neurons via H1/H2 activation (Phelan
et al. 1990; de Waele et al. 1992; Wang & Dutia,
1995), and histaminergic inhibition of GABA release
provides a parallel disinhibitory mechanism that may
assist in tuning the efficacy of vestibular inhibitory
commissural pathways, as well as cerebello-vestibular
GABAergic projections. Histaminergic modulation of
neurotransmitter release in the MVN may be important
in vestibular synaptic plasticity and behavioural recovery
after unilateral vestibular de-afferentation, and should be
further explored.
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