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Central histaminergic modulation of vestibular function — a review

F. Bergquist, M.B. Dutia”
Centre for Integrative Physiology, School of Biomedical Sciences, University of Edinburgh, Edinburgh EH8 9XD, UK

Abstract: Histaminergic drugs have long been used to treat balance disorders in man, but their mechanisms of action in the vestibular
system are poorly understood. In this article we review the current literature on histaminergic neurotransmission in the brain focussing
particularly in the brainstem vestibular nuclei, and the role of histamine in brain plasticity during “vestibular compensation”, the
behavioural recovery that takes place after unilateral peripheral vestibular damage. Evidence that histaminergic compounds may

facilitate vestibular compensation is reviewed, and we discuss the potential of histaminergic drugs for clinical use.
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The discovery that histamine affects physiological processes
dates back to 1910 and Dale and co-authors’ findings that
histamine induces uterine contraction?, However, it was
only in 1927 that evidence for an endogenous source of
histamine emerged®, and the neuronal histaminergic path-
ways in the central nervous system (CNS) were not clearly
identified until recently™®. In the 1960s, when histamine
and the histamine analogue betahistine were first introduced
in the treatment of motion sickness and balance disorders,
histamine was therefore not looked upon as the CNS trans-
mitter and neuromodulator it is known to be today. Conse-
quently it is not surprising that from early on, research on
histaminergic regulation of vestibular function focussed
on peripheral mechanisms like regulation of blood flow in
the inner ear®, and more recently the histaminergic con-
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trol of the afferent end organ of the labyrinth®, With
increasing understanding of central histaminergic neu-
rotransmission the focus has gradually changed to include
histaminergic modulation of neurotransmission in the ves-
tibular nuclei in the brain stemit2 4 reviewed inRef 151 and should
include the role of histamine for central synaptic plasticity
and cognitive functions*8*” and perhaps also its involve-
ment in stress responsest®2,

This review aims at summarizing recent research on cen-
tral histaminergic neurotransmission which may have bear-
ings on vestibular function as well as *“vestibular compensa-
tion”, the behavioural recovery which occurs after unilat-
eral vestibular de-afferentation and which is a long stand-
ing model for neural and synaptic plasticity in the adult
brain.
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Physiology and pathophysiology of vestibular
nuclei

Several comprehensive reviews on the physiology and
pathophysiology of the central vestibular system have been
published over the last ten years®24, and only a brief over-
view will be given here.

The vestibular system continuously monitors the orien-
tation of the head with respect to gravity and the accelera-
tion of the head in space. This information, together with
other sensory inputs, is fundamentally important for spa-
tial orientation, navigation, motor control and all tasks which
in one way or another depend on knowing the orientation
of the body in space. Although the vestibular system inte-
grates information from a number of sensory sources, in-
cluding proprioceptive information from muscle spindle
afferents and vision, its major afferent input comes from
the hair cells in the semicircular canal and otolith receptors
in the inner ears of the two sides. The otolith (macular)
receptors are sensitive to linear acceleration and signal in-
formation about the orientation of the head in the field of
gravity. Angular head accelerations (rotations of the head)
stimulate hair cells in the semicircular canals. The velocity
and direction of head rotation are signalled by a differential
response from the pair of canals in the appropriate plane,
so that for example a horizontal turn to the right will stimu-
late the discharge of afferent neurons in the right horizon-
tal canal, but inhibit the discharge rate of neurons in the left
horizontal canal. This differential signal from the two ears
converges on the vestibular nuclei in the brainstem, where
it is amplified and optimised by a reciprocal, commissural
inhibitory system which connects the vestibular nuclei of
the two sides. The commissural reciprocal inhibitory sys-
tem is most prominent in the medial and superior vestibu-
lar nuclei, which are concerned with eye movements in
the horizontal and vertical planes respectively. Commis-
sural inhibition also operates in an analogous manner to
optimise response sensitivity in the otolith system, which
is concerned largely with vestibulo-spinal reflexes and pos-
tural control®27,

Neurons in the vestibular nuclei project to eye motor
nuclei and spinal motor neurones. The vestibular influence
on eye motor nuclei serves to stabilize gaze by keeping the
gaze-direction stationary in space as the head moves. This
control system is expressed as the vestibulo-ocular reflex
(VOR), and is mediated by neurons in the medial and supe-
rior vestibular nuclei. Their influence on spinal motor cen-
tres serves to adjust muscle tone in the neck, trunk and
limb muscles in order to preserve postural stability through
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vestibulo-collic and vestibulo-spinal reflexes. Vestibular in-
formation also projects to autonomic nuclei, where infor-
mation about changes in body posture allows adjustment
of the cardiovascular system to prevent inappropriate falls
in blood pressure, for example when the body changes
position from supine to upright(,

Damage to the vestibular receptors of the inner ear or to
the vestibular nerve has long been known to cause a
characteristic, debilitating syndrome which evolves over
time. The initial syndrome after unilateral vestibular dam-
age is dominated by “static symptoms” (symptoms that
are apparent even when the head is stationary), including
ocular nystagmus, postural imbalance and in the case of
humans, the reported feeling of rotational vertigo, as well
as vegetative autonomic symptoms. Over a relatively short
time however these static symptoms subside and largely
disappear, through a process of neural and synaptic plas-
ticity known as vestibular compensation. By contrast “dy-
namic symptoms” and signs, which are observed in re-
sponse to vestibular stimulation and include a defective
VOR, improve at a much slower rate and may persist
indefinitely. Considerable efforts have been made in recent
years to elucidate the cellular mechanisms which bring about
the rapid recovery of the initial static symptoms. We will
later discuss the influence of histaminergic neuromodulation
in vestibular system plasticity, but for a fuller account of
putative mechanisms of vestibular compensation the reader
is referred to recent comprehensive reviews!?2221,

Histaminergic neurotransmission in the CNS

Anatomy of histaminergic projections

It would be beyond the scope of this review to try to fully
account for the anatomy and function of the brain hista-
minergic system, but we will give an overview with em-
phasis on anatomical and physiological characteristics of
importance for the vestibular system. We refer to recent
comprehensive reviews for more details(2162°,

There are two sources of histamine in the brain: hista-
mine containing mast cells and histaminergic neurons of
the tuberomamillary nuclei in the posterior hypothalamus.
Histamine in mast cells are generally thought to belong to a
pool with slow turnover, and it is unclear if mast cell hista-
mine contributes to the neuronal effects of histamine in the
CNS. However, mast cells account for some 20% of the
total brain histamine content!?.

The neuronal source of brain histamine is the histamin-
ergic cell group of the tuberomammillary nucleus, which
projects widely over the brain but most intensely to thala-
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mus and to cortical domains. The vestibular nuclei have,
like other brain stem structures, a moderately dense hista-
mine innervationt® 34,

Brain histamine receptors

There are four characterised histamine receptors, H1~4,
of which H1~3 are expressed in neurons of the CNS. The
H1~H3 receptors were initially characterised pharmaco-
logically2%2%3, but have later been cloned®,

The H1 receptor is, like the H2 receptor, encoded by an
intronless gene, and similar to the H2 and H3 receptors it is
a G-protein coupled receptor. H1 receptor actions are me-
diated through G-protein G,,;, and activation of the recep-
tor leads to increases in intracellular calcium via the inosi-
tol-1,4,5-triphosphate pathway. The rise in intracellular
calcium will in turn activate several calcium-dependent
processes, including opening of cation channels that leads
to depolarisation, NO synthesis, as well as opening of K*-
channels promoting hyperpolarisation*52%, In the brain the
H1 receptor stimulates wakefulness and alertness, as illus-
trated by the sedative effects of H1 antagonists that pass
the blood-brain barrier.

The H2 receptor was discovered in the exploration of
histaminergic regulation of gastric secretion® !, The re-
ceptor is coupled to the G, protein and its stimulation pro-
motes accumulation of CAMP via activation of adenylyl
cyclase. H2 receptor activation also leads to phosphoki-
nase A activation and subsequent inhibition of the small
conductance calcium-dependent potassium current, via
phosphorylation. In neurons that display afterhyper-
polarisation mediated by this current, H2 receptor activa-
tion lends them more excitable, and they will respond more
easily to a given stimulus®,

The existence of a histamine autoreceptor was demon-
strated pharmacologically in 1983, and it is known as
the H3 receptor. The molecular characterisation of this
receptor turned out to be more elusive than what was the
case with H1 and H2 receptors, and it was not cloned until
199968, Since then the understanding of this receptor sys-
tem has increased immensely, and some extensive reviews
on this topic have recently been published™® 44, As was
initially demonstrated by Arrang and co-workers, the H3
receptor acts as an autoreceptor and downregulates hista-
mine release and synthesis in histaminergic terminalst.
H3 receptors are also located on histaminergic dendrites
and cellbodies where they inhibit the firing of histamine
neurones®24, H3 receptor signalling is mediated via an-
other G-protein pathway; the G;,-mediated downregulation
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of cAMP production by adenylyl cyclase, and via inhibi-
tion of high threshold voltage sensitive calcium channels®?,
The H3 receptor is however not exclusively expressed on
histaminergic neurones as an autoreceptor; it is also found
on the terminals of other neurones, where it acts as an
inhibitory heteroreceptor, regulating the release of other
neurotransmitters. The H3 receptor is considered an at-
tractive target for the treatment of a number of conditions
both because of its regulatory effect on brain histaminer-
gic transmission and its potential for the regulation of the
release of many other neurotransmitters. H3 receptor
ligands are currently being developed with the intention to
treat obesity, sleep disorders, cognitive disorders and dis-
orders of attention®#“, The pharmacological characterisa-
tion of H3 receptors has turned out to be surprisingly
complicated. One reason for this is that the H3 receptor
has a considerable constitutive activity™!. As a result of
that, the classical simple agonist-antagonist classification
is insufficient to describe the action of H3 ligands. When
this was discovered, several drugs which were originally
considered to be antagonists, had to be reclassified as re-
verse agonists. Interestingly some ligands that were ini-
tially classified as H3 receptor antagonists have turned out
to be ligands with protean properties, meaning that their
action can range from agonism to reverse agonism de-
pending on the activity of the receptor, and which assay is
used“®47, It is also clear that the potency of H3 agonists
can vary between different tissues. Such a heterogeneity
is also present within the brain, where H3 agonists show
potencies varying by approximately one order of magni-
tude depending on which area of the brain is investigat-
ed@4%1 To some extent this can be explained by the H3
receptor being subject to alternative splicing, rendering a
number of different variants of the receptor with different
sensitivity to H3 receptor ligands“?, but differences in con-
stitutive receptor activity could also account for some of
these variations.

Physiological functions of brain histamine
Histaminergic influences on different systems in the CNS
have been extensively reviewed elsewhere2162051 and we
will here only briefly mention some features that may be of
indirect importance for the vestibular system. The direct
histaminergic effects on the vestibular nuclei will be dealt
with further on.

As in the case of other brain amines, like dopamine, se-
rotonin and noradrenaline, histaminergic neurotransmission
appears to take place mostly outside synaptic specialisations
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by release and diffusion from axonal swellings or varicosi-
ties that make few contacts with the recipient cells®2. It is
therefore not surprising that brain histamine acts mainly as
a neuromodulator, which changes strength and respon-
siveness of fast neurotransmission. Modulation of neuronal
activity can occur in response to postsynaptic H1 or H2
receptor activation, as has been demonstrated for example
in hippocampal®™, and hypothalamic neurones*l,

As mentioned, histamine also modulates neurotransmis-
sion via the presynaptic H3 receptor. H3 receptor-medi-
ated presynaptic inhibition of neurotransmitter release is
known to occur with many neurotransmitters of the CNS,
notably, GABA % glutamate™!, noradrenaline and sero-
tonin*57%81 ]l transmitters that are implicated in central
vestibular neurotransmission®,

The earliest discovered histaminergic influence on the
CNS was its promotion of wakefulness and alertness. This
effect has been attributed to histaminergic stimulation of a
number of brain structures including cholinergic projec-
tions to the cortex®64, cortex itselfte2 see however Ref. 63] ' tha|g-
mus and hypothalamus as well as the reticular forma-
tiont®+foreviewl Cortical arousal is of importance for vestibu-
lar compensation, since sedative drugs slow the recovery
process after peripheral de-afferentation, whereas stimu-
lants appear to improve it™®,

The vestibular system provides a relatively simple model
of neuronal plasticity in the adult brain. The VOR is in this
respect particularly attractive, because it provides a
sensitive, accurate and easily accessible measure of plastic
changes. Histaminergic modulation of synaptic plasticity
has however been more extensively investigated in the
hippocampus, and in terms of memory functions. Such
models can be of relevance for vestibular plasticity pro-
vided that the mechanisms can be extrapolated. There is
however also evidence for interactions between cognitive
and vestibular functionst®s,

The hippocampus is not densely innervated by histamin-
ergic neurons, but histamine has been shown to promote
long term potentiation in hippocampal neurons via two dis-
tinct mechanisms, one which is H2 receptor-mediated, and
one which is mediated by a direct effect of the polyamine
histamine at the spermidine binding site of the NMDA-
receptor, The histaminergic influence on memory pro-
cesses is however complex, because although intracerebro-
ventricular injection of histamine appears to enhance some
memory functions®™, depletion of histamine can both im-
prove and inhibit spatial memory™®™, and both improve-
ment of water maze performance and impaired object rec-
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ognition was recently described in histidine decarboxylase
deficient mice, which do not produce histaminel™!,

Activation of the stress axis has a somewhat conten-
tious role for vestibular compensation. Glucocorticoid
receptor antagonists prevent cellular plastic changes
associated with vestibular compensation, but excessive
stress has been shown to impair vestibular compensa-
tion[r2 73 reviewed in Ref.741 Brain histamine stimulates the secre-
tion of stress related messengers like ACTH, prolactin, and
vasopressint’>78, There is therefore a possible connection
between brain histamine and glucocorticoidal regulation of
vestibular functions, but probably also between brain his-
tamine and peripheral regulation of vestibular organs, since
vasopressin influences the production of endolymph, and
has been suggested to be involved in the pathophysiology
of Meniere’s diseasel™.

Histamine and the central vestibular system

Electrophysiological effects of histaminergic drugs in
vivo and in vitro

Early studies of iontophoretically applied histamine onto
vestibular neurones in vivo indicated mixed, but largely
inhibitory effects that could be blocked by the H2 receptor
antagonist metiamide, but not by the H2 blocker cimeti-
dinel"®80],

In vitro, histamine depolarises the majority of neurones
tested in slice preparations of medial vestibular nucleit*>48182,
A number of technical explanations have been put forward
to explain this discrepancy compared to in vivo findings,
including methods of anaesthesia, uncertainty of neuronal
identity, and small number of investigated neurons®, One
may add to this that some of the antagonists used in the
early studies have later been found less selective than ini-
tially believed®?,

Behavioural effects

There is only one study in vivo, that directly explores the
behavioral influence of histaminergic neurotransmission in
the vestibular nuclei® (data also in®¥), and it supports the
findings from in vitro slice studies that histamine has an
overall stimulating influence on vestibular nuclei in vivo.
Unilateral disruption of histaminergic neurotransmission in
the vestibular nuclei, either with the H2 receptor antago-
nist cimetidine or the H3 receptor agonist alphamethylhis-
tamine, leads to a syndrome similar to that seen after ipsi-
lateral peripheral de-afferentation, only less pronounced.
The authors also reported decreased gain of the horizontal



F. Bergquist et al: Histamine and Vestibular Function

VOR after systemic treatment with the H3 reverse agonist
thioperamide, a phenomenon that was previously also found
with betahistine®®l, another H3 receptor antagonist. This
may appear somewhat contradictory, considering that his-
tamine stimulates vestibular neurones and that H3 antago-
nists increase the activity of histaminergic neurones, but
as de Waele et al. point out®®, the systemic effects of H3
inhibition may include action in several parts of the ner-
vous system. In the face of more recent insights on the
physiology of H3 receptors, the possible role of histamin-
ergic presynaptic inhibition of the release of other neu-
rotransmitters in the vestibular nuclei should also be
considered. We have recently discovered that histamine
can inhibit GABA-release from slices containing the medial
vestibular nucleus (Bergquist et al., unpublished findings),
and if that reflects a histaminergic control of the commis-
sural inhibitory pathways, a decreased gain in the horizon-
tal VOR would be a consequence of increased histamine
release in the medial vestibular nuclei.

Histaminergic responses to vestibular stimulation and
over-stimulation

As can be expected from a neuromodulator which responds
to stress, sustained or unbalanced activity of the vestibular
system leads to activation of the histaminergic system.
Histamine release in the anterior hypothalamus of rats in-
creases in response to unilateral vestibular stimulation, but
not to an unspecific cold stressor®, It was shown that the
histamine content of the medullary pontine part of the brain
increases in normal rats in response to rotation around two
separate axes — a conflicting vestibular stimulus that can
be used to evoke motion sickness, but no increase was
observed when bilaterally labyrinthectomised rats were
stimulated in this way™®. Indirect evidence for increased
histaminergic activity and histamine release in vestibular
nuclei has also been reported after unilateral labyrinthec-
tomy in cats®®l, Although these investigations indicate that
conflicting vestibular input activates the histaminergic
system, it is not quite clear whether this is a specific ves-
tibular response or if it is a more general stress response
(see previous section), since the only study where the ef-
fects of another stressor was reported, used a very mild
stressor and anaesthetised animalst®., An interesting ob-
servation made in unilaterally stimulated animals is that
unbalanced or conflicting vestibular inputs lead to a
pronounced increase in plasma vasopressin®!. This could
also be related to increased histamine signalling, since
vasopressinergic neurons are under histaminergic
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control®®,

Histamine and vestibular compensation

Vestibular compensation in animals is a long standing model
for neuronal plasticity in adult brain, and histamine is of
particular interest in this context given its role for plasticity
in other parts of the brain, for learning and for wakefulness.

Brain histamine can influence vestibular compensation
at several levels, as outlined above. Some of these influ-
ences will be specific to the vestibular system; examples
of this are the stimulatory effects of histamine on vestibu-
lar neurons in brain slices, and its role as a presynaptic
modulator of neurotransmitter release. Other effects are
unspecific and can be exemplified by histaminergic pro-
motion of alertness, which is a pre-requisite for effective
learning, as well as by histamine’s role in the general stress
response, which is linked with the course of vestibular
compensation. In the following section we will list the dif-
ferent mechanisms by which histamine could modulate
vestibular compensation, and we will then summarize the
evidence for central histaminergic modulation of vestibu-
lar compensation derived from clinical studies and from
behavioural animal studies.

Local histaminergic modulation of synaptic input?
Direct histaminergic modulation of synaptic input to the
vestibular nuclei is most likely mediated by H3 receptor
mediated presynaptic inhibition of neurotransmitter release.
The expression of H3 receptor mMRNA changes during the
course of vestibular compensation in rats®4. A decrease in
H3 receptor binding was also found in cats treated with
betahistine, which itself has a histamine depleting effect on
vestibular nuclei that is similar to the effect of vestibular
de-afferentation®,

Vestibular second order neurons are stimulated mainly
by the afferent input from the VIIIth nerve, and are inhib-
ited by commissural neurons and Purkinje cells. Vestibular
de-afferentation removes the excitatory influence from the
VIlIth nerve, and neurons of the ipsilesional vestibular
nucleus fall silent short after. This early silencing of ipsi-
lesional vestibular neurons is not the result of the lost input
from the eighth nerve only, but depends on the commis-
sural inhibitory connections between the two nuclei®. This
reciprocal inhibitory system is therefore believed to play
an important role both in the development and the recov-
ery of static symptoms after the loss of input from one
labyrinth. There is some evidence that the efficacy of the



298

commissural inhibitory pathway may change in response
to histaminergic drugs as indicated by a decreased gain of
the VORI3#!, Barresi and co-workers®®! recently evalu-
ated the effect of intraperitoneal administration of the H1/
H3 ligand betahistine on the responsiveness of vestibular
neurones to labyrinthine stimulation in rat. It was found
that betahistine could either increase or decrease the gain
of responding neurones, and although the location of drug
action is not known, presynaptic regulation of neurotrans-
mitter release was suggested to play a role®®l. A possible
explanation of the histaminergic inhibition of vestibular gain
may be H3 receptor-mediated inhibition of GABA release
in the medial vestibular nucleus (Bergquist et al.,
unpublished). This histaminergic inhibition of GABA re-
lease is in agreement with a histaminergic down modula-
tion of the commissural pathways which normally ampli-
fies vestibular gain.

Local inhibition of release could also influence the
GABAergic cerebellar input to vestibular neurones. This
input increases on the contralesional side after unilateral
de-afferentation and probably contributes in some extent
to the rebalancing of vestibular activity®®. Inhibition of
contralesional cerebellar projections would not improve
compensation, but on the ipsilesional side, such a mecha-
nism could tentatively aid the recovery of firing rates.

Local histaminergic modulation of vestibular neurones?
The recovery of spontaneous firing of ipsilesional vestibu-
lar neurones has been shown to be, at least partly, ex-
plained by an increase in intrinsic excitability®%71, Hista-
mine increases the sensitivity of neurones in the hippoc-
ampus via H2 receptor activation and this effect persists
for at least 45 min after a short application®. The mecha-
nism of this phenomenon involves decreased after
hyperpolarisation via inhibition of calcium-dependent po-
tassium channels*®!, As previously mentioned hista-
mine has H2 recepeor-mediated excitatory effects also on
vestibular neurons, leading to increases in firing ratest29,
but not necessarily via calcium-dependent potassium chan-
nels®™ and the effects are only transient®?. So, although
histamine has been shown to induce prolonged changes in
excitability in other neurons, this does not seem to be the
case in vestibular neurones. In vivo, a sustained increase
in histamine release in vestibular nuclei could still be im-
portant for restoration of the resting activity of ipsilesional
vestibular neurones. It was recently demonstrated that af-
ter unilateral vestibular de-afferentation in cats, histidine
decarboxylase mRNA, encoding the enzyme needed for
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histamine production, is strongly up-regulated in the ipsi-
lesional tuberomamillary body®. This up-regulation per-
sists for at least three weeks, indicating that histamine re-
lease is increased in ipsilesional vestibular nuclei during the
early phases of vestibular compensation. Postlesional in-
creases in ipsilesional vestibular histamine release are prob-
ably also enhanced by the down-regulation of H3 recep-
tors that occurs in ipsilesional vestibular nuclei after unilat-
eral vestibular de-afferentationt®.

Histaminergic modulation of vestibular stress responses
The interplay between stress responses and vestibular com-
pensation has received particular attention. It is often claimed
that stress is a triggering factor for episodes of vertigo in
Meniere’s disease, and although this has been difficult to
confirm®1, Recent investigations indicate that patients with
Menieres disease display changes in the expression of stress
related genes that are not evoked by simply experiencing
the stress of vestibular symptoms®®!, Furthermore patients
with Meniere’s disease have been shown to have higher
levels of the stress markers prolactin and vasopressin than
what is seen in control patients, even between episodes of
vertigo*®1%, However, the exact role of stress hormones
in this context still needs to be determined. A certain amount
of glucocorticoid activation appears to be necessary for
the appearance of compensatory increases in intrinsic ex-
citability of vestibular neurones after labyrinthectomy!’,
but additional immobilisation stress impairs vestibular com-
pensation™®. It was suggested by Cameron and Dutial™?
that the slower vestibular compensation which is observed
after long-acting anaesthetics could be related to a delayed
stress response. However, a study addressing this possi-
bility found no difference in time to behavioural recovery
between animals that were awakened directly after
labyrinthectomy, and others that were kept anaesthetised
with halothane for four hours®®l, The delayed compensa-
tion in animals that have received long-acting anaesthetics
is therefore more probably related to the characteristics of
the anaesthetic drugs used.

The mechanisms by which stress affects vestibular com-
pensation are still unclear, but regardless of whether stress
improves or impairs vestibular compensation, it provides
another possible mechanism by which histamine may
modulate vestibular function. This may occur as result of
central histaminergic regulation of stress hormones acting
at the level of the cerebellum or brainstem, but also by a
peripheral vasopressin mediated regulation of vestibular
endorgans (see Section “Histamine as a part of stress
response”).
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Histaminergic regulation of the cerebellum?

The cerebellum has received a lot of attention for its pos-
sible role in vestibular compensation, but the evidence is
not unequivocal. On one hand, removing the cerebellar floc-
culus prevents the early increases in excitability in ipsilesional
vestibular neuronest®, and many studies have demonstrated
biochemical changes in the cerebellum after labyrinthec-
tomy?21%1 On the other hand, available behavioural data
do not provide unanimous support for a causal role for the
cerebellum in vestibular compensation®, A conservative
interpretation of the studies performed this far is that the
cerebellum is influential, but not crucial for vestibular
compensation. There is evidence for a neuromodulatory
effect of histamine in the cerebellum too**%, Functional
consequences of the relatively sparse histaminergic inner-
vation were until recently not known, but a recent report
indicates that histaminergic neurotransmission in the cer-
ebellum facilitates motor functions in balance and endur-
ance tests™, It is not known whether this also involves a
histaminergic influences on cerebellar inputs to the vesti-
bular systems.

Histamine and behavioural animal models of vestibu-
lar compensation

Relatively few studies have evaluated the role of histamine
for vestibular compensation in animals. Histamine analogues
with primarily H3 receptor affinity (betahistine and
thioperamide) have been shown to improve the recovery
after vestibular de-afferentation in cats® ! and to reduce
acute symptoms in rats®*. In contrast, the H1 antagonist
dimenhydrinate slowed down recovery after unilateral de-
afferentation®®, and similar effects have been seen with
other sedative compounds®!. More recently an H1-
antagonist, chlorpheniramine, was reported to accelerate
compensation in hemilabyrinthectomised goldfish™?l, The
chlorpheniramine induced improvement in body tilt did
however only occur after one week, when the symptoma-
tology had stabilized and could possibly be explained by
symptomatic relief rather improved compensation.

Clinical evidence for histaminergic modulation of ves-
tibular compensation

H1 receptor antagonists that pass the blood brain barrier
(typical compounds are diphenhydramine, promethazine,
dimenhydrinate) have sedative as well as vestibulo-depres-
sant effects. Their use for motion sickness is well
established, and the mechanism of action is believed to
include anti-emesis via histaminergic effects on emetic cen-
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tres in the brain®411 as well as unspecific sedative ef-
fects of the drugs. H1 antagonists may also have some
direct vestibulostatic effects as indicated by the H1/H2 re-
ceptor-mediated excitation of vestibular neurones®2. It is
likely that the overall sedative effect of H1 antagonists post-
pones compensation (see previous section), but this issue
has not been investigated clinically. It is also worth noting
that several clinically used H1 antagonists are not selective
for histamine H1 receptors, but also have antimuscarinergic
effects™™*l, which may contribute to the amelioration of
autonomic symptoms of motion sickness.

The anti-vertigo effects of two calcium channel
antagonists, flunarizine and cinnarizine has also been at-
tributed to H1 receptor antagonism®, but these drugs have
a particularly promiscuous pharmacology, as is exempli-
fied by the high risk of drug-induced parkinsonism which
is associated with their use*,

Betahistine was introduced in the treatment of vestibular
symptoms some 30 years ago. The drug is a histamine
analogue displaying partial H1 agonism and H3 antago-
nism*®, and has been evaluated ina number of small clinical
studies, but due to doubts regarding the efficacy of the
drug it is no longer registered in the United States of America
and several other countries. The clinical evidence for its
use in Meniere’s disease was recently reviewed by James
and Burton®™®!, and they concluded that larger randomised
double blinded studies were needed to determine if
betahistine was superior to placebo treatment. Since then,
an Italian multi-centre study, sponsored by the pharma-
ceutical research company Griinenthal-Formenti has been
published™®1, This study is the largest single study of
betahistine vs. placebo for peripheral vertigo, including 81
patients with Meniere’s disease and 63 with benign posi-
tional vertigo, as defined by the American Academy of
Otolaryngology-Head and Neck Surgery (AAO-HNS)
criteria. Significant improvements of frequency, duration
and intensity of vertigo attacks compared to placebo, were
reported in both patient groups taking betahistine, with im-
provements in most measures approaching twice those
seen in the placebo group.

Summary

Histamine is a neuromodulator with widespread distribu-
tion in the brain. It promotes neuronal plasticity at several
levels of the nervous system. Both clinical and experimen-
tal evidence indicate that the vestibular system is directly
and indirectly under histaminergic control, but even though
histaminergic drugs have been a mainstay in the treatment
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of vestibular disorders for many decades, our knowledge
of action mechanisms remains insufficient. Over the last
ten years, genetic and pharmacological advances have fun-
damentally changed the understanding of central histamin-
ergic neurotransmission, and the pharmaceutical industry
is currently exploring the potential of novel histaminergic
drugs for treatment of neurological, behavioural and psy-
chiatric disorders. The introduction of novel histaminergic
compounds may shed further light on the action mecha-
nisms by which histamine regulates vestibular functions
and may also provide new therapeutic alternatives for treat-
ment of vestibular dysfunction.
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