
Ablation of the vestibular receptors of one inner ear

(unilateral labyrinthectomy, UL) or unilateral vestibular

neurectomy disfacilitates the second-order neurones in the

medial vestibular nucleus (MVN) ipsilateral to the lesion.

The normally high resting activity of these cells is largely

abolished immediately after UL as a result of this

disfacilitation but presumably also because of enhanced

commissural inhibition from contralateral MVN neurones,

which become hyperactive due to the loss of inhibitory drive

from the lesioned side (Smith & Curthoys, 1988a,b;

Newlands & Perachio, 1990a,b; Ris et al. 1995, 1997; for

reviews, see Smith & Curthoys, 1989; Dieringer, 1995;

Curthoys & Halmagyi, 1995). The consequent profound

imbalance in the resting activity of MVN cells on the

lesioned and intact sides is believed to cause the severe

oculomotor and postural symptoms that immediately follow

UL (spontaneous ocular nystagmus, barrel rolling, circular

walking, and yaw- and roll-head tilt; Smith & Curthoys,

1989; Curthoys & Halmagyi, 1995). Remarkably, these

severe symptoms abate rapidly so that, in the rat, barrel
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1. We have recently shown that neurones in the rostral region of the medial vestibular nucleus

(MVN) develop a sustained increase in their intrinsic excitability within 4 h of a lesion of the

vestibular receptors of the ipsilateral inner ear. This increased excitability may be important

in the rapid recovery of resting activity in these neurones during ‘vestibular compensation’,

the behavioural recovery that follows unilateral vestibular deafferentation. In this study we

investigated the role of the acute stress that normally accompanies the symptoms of

unilateral labyrinthectomy (UL), and in particular the role of glucocorticoid receptors (GRs),

in the development of the increase in excitability in the rostral MVN cells after UL in the

rat.

2. The compensatory increase in intrinsic excitability (CIE) of MVN neurones failed to occur in

animals that were labyrinthectomized under urethane anaesthesia and kept at a stable level

of anaesthesia for either 4 or 6 h after UL, so that they did not experience the stress

normally associated with the vestibular deafferentation syndrome. In these animals,

‘mimicking’ the stress response by administration of the synthetic GR agonist

dexamethasone at the time of UL, restored and somewhat potentiated CIE in the MVN cells.

Administration of dexamethasone in itself had no effect on the intrinsic excitability of MVN

cells in sham-operated animals.

3. In animals that awoke after labyrinthectomy, and which therefore experienced the full range

of oculomotor and postural symptoms of UL, there was a high level of Fos-like immuno-

reactivity in the paraventricular nucleus of the hypothalamus over 1·5—3 h post-UL,

indicating a strong activation of the stress axis.

4. The GR antagonist RU38486 administered at the time of UL abolished CIE in the rostral

MVN cells, and significantly delayed behavioural recovery as indicated by the persistence of

circular walking. The mineralocorticoid receptor (MR) antagonist spironolactone

administered at the time of UL had no effect.

5. Vestibular compensation thus involves a novel form of ‘metaplasticity’ in the adult brain, in

which the increase in intrinsic excitability of rostral MVN cells and the initial behavioural

recovery are dependent both on the vestibular deafferentation and on the activation of

glucocorticoid receptors, during the acute behavioural stress response that follows UL. These

findings help elucidate the beneficial effects of neuroactive steroids on vestibular plasticity in

various species including man, while the lack of such an effect in the guinea-pig may be due

to the significant differences in the physiology of the stress axis in that species.
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rolling and circular walking abate within 6—8 h of the

lesion, and spontaneous nystagmus disappears within 48 h,

as ‘vestibular compensation’ (VC) occurs. This behavioural

recovery is accompanied by the re-appearance of resting

activity in the ipsilateral MVN cells, which rises to near-

normal levels (rat: Hamann & Lannou, 1988; guinea-pig:

Smith & Curthoys, 1988a,b; Ris et al. 1995, 1997). The

initial, rapid stage of VC is followed by a much slower

process in which the dynamic reflex responses to vestibular

stimulation recover, though never completely (Curthoys &

Halmagyi, 1995). Since there is no regeneration of the

lesioned labyrinth or nerve, the behavioural recovery after

UL is attributed to lesion-induced plasticity in the central

vestibular pathways.

While many studies have sought evidence for synaptic or

neurochemical changes in the vestibular nuclei and related

central structures during VC, the specific cellular

mechanisms that bring about the initial rapid recovery of

resting activity in the ipsilateral MVN cells after UL are

largely unknown (Smith & Curthoys, 1989; Curthoys &

Halmagyi, 1995). We have recently shown, using slices of

the ipsilateral MVN prepared from animals that had been

labyrinthectomized at various times beforehand, that there

is a significant increase in the intrinsic excitability of the

deafferented MVN neurones between 2 and 4 h after UL

(Cameron & Dutia, 1997). This is observed as an increase in

the mean spontaneous firing rates of the ipsilateral cells

when the MVN of the two sides are isolated in vitro,

removed from the influence of the commissural inhibitory

system that normally links them in vivo. This

‘compensatory increase in excitability’ (CIE) is restricted to

the MVN cells located in the rostral part of the ipsilateral

nucleus, while the in vitro firing rates of the cells in the

ipsilateral caudal MVN and the contralateral MVN are no

different after UL. We have proposed that the development

of CIE in the rostral MVN neurones may be a cellular

mechanism for the recovery of resting activity in these cells

after UL in vivo, as it would serve to counteract their initial

disfacilitation and overcome the enhanced commissural

inhibition that follows UL (Cameron & Dutia, 1997).

In this study we investigated the effect of the acute

behavioural stress that normally accompanies UL on the

development of CIE in the ipsilateral MVN cells. Several

lines of evidence suggest that stress-related neuroactive

steroids influence the rate of vestibular compensation.

Yamanaka et al. (1995) have shown that administration of

the synthetic glucocorticoid receptor (GR) agonist

dexamethasone promotes behavioural recovery after UL in

the rabbit, while the GR antagonist RU38486 delays it. In

the guinea-pig, Jerram et al. (1995) reported that systemic

administration of methylprednisolone reduced the frequency

of spontaneous nystagmus after UL, and we have shown that

the opioid antagonist naloxone has a similar effect (Dutia et

al. 1996). In man, short-term treatment with methyl-

prednisolone has been reported to reduce vertigo in

conditions such as peripheral vestibular neuritis (Ariyasu et

al. 1990). The immunocytochemical demonstration of

glucocorticoid receptors in the MVN and the results from

recent studies using iontophoretic application of

neurosteroids in vivo indicate that steroids may modulate

the membrane properties and synaptic function in vestibular

neurones (Ahima & Harlan, 1990; Yamamoto et al. 1998).

However, Alice et al. (1998) reported that dexamethasone

had no effect on the firing rate of the majority of guinea-pig

MVN neurones in vitro and did not influence the rate of

behavioural compensation after UL. In the present

experiments, we investigated whether the development of

CIE in the rostral MVN cells in the rat was dependent on

the animal’s experience of stress after UL, by comparing the

in vitro firing rates of MVN cells in slices from animals that

had regained wakefulness and experienced stress following

labyrinthectomy with those in slices from animals that were

maintained at a stable level of anaesthesia after UL. The

results show that activation of GRs, either through the

endogenous release of glucocorticoids or by exogenous

administration of dexamethasone, is required both for the

development of CIE in the rostral MVN cells and for the

behavioural recovery after UL. Vestibular compensation is

therefore a novel instance of metaplasticity in the adult

brain, where the plastic changes in the properties of rostral

MVN neurones that cause the compensatory increase in

their excitability depend not only on the initial vestibular

imbalance after UL but also on the activation of GRs in the

course of the acute stress response that accompanies UL.

METHODS
Slice preparation and recording

Extracellular recordings of the spontaneous tonic activity of

MVN neurones were made in horizontal slices of the rat dorsal

brainstem in vitro. Slices were prepared as described in detail in

previous reports (Dutia et al. 1992; Cameron & Dutia, 1997).

Briefly, the animals were anaesthetized in a mixture of 3—4%

halothane in oxygen and decapitated. The whole brain was

removed into ice-cold artificial cerebrospinal fluid (aCSF;

composition (mÒ): NaCl, 124; KCl, 5; KHµPOÚ, 1·2; MgSOÚ, 1·3;

CaClµ, 2·4; NaHCO×, 26·0; ª_glucose, 10·0). The brainstem

extending from the inferior colliculi to the obex was isolated, and

the cerebellum removed to expose the MVN on the floor of the

fourth ventricle. The brainstem was cemented with the fourth

ventricle uppermost to the stage of a Vibroslice (Camden

Instruments, London, UK), and slices of the dorsal brainstem

(350—400 ìm thickness) containing the MVN were prepared. Each

slice was trimmed and cut along the midline, to give two isolated

medial vestibular nuclei. Care was taken to unambiguously identify

the left (ipsilateral) and right (contralateral) vestibular nuclei. The

ipsilateral MVN was transferred to an interface-type incubation

chamber that was continuously perfused with aCSF bubbled with

95% Oµ—5% COµ (pH 7·4; flow rate 1·5 ml min¢) and maintained

at 33 ± 0·2 °C. All slices were incubated for at least 1 h before

recording. Single unit extracellular recordings were made from

tonically active vestibular neurones in the rostral region of the

MVN using conventional glass micropipettes filled with 2 Ò sodium

gluconate (impedance 10—30 MÙ) connected to the headstage of an

Axoclamp 2A amplifier (Axon Instruments). The resting discharge

of tonically active MVN neurones was displayed and analysed on-
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line using a CED 1401 plus laboratory interface (Cambridge

Electronic Design, Cambridge, UK) linked to a microcomputer.

In these experiments MVN slices were prepared from animals that

had previously undergone a left unilateral labyrinthectomy either

under avertin anaesthesia (300 mg kg¢ tribromoethanol i.p., Dyer

et al. 1981; ‘avertin-UL’ group), or under urethane anaesthesia

(ethyl carbamate, 1·25 g kg¢; ‘urethane-UL’ group). The

labyrinthectomy was carried out by opening the horizontal semi-

circular canal duct in the temporal bone, drilling through the

horizontal and anterior semicircular canal ampullae and aspirating

the vestibule, which was then rinsed with 100% ethanol as

described in detail previously (Cameron & Dutia, 1997). The

avertin-UL animals began to recover from anaesthesia about

50—60 min following induction, typically 20—30 min after the

labyrinthectomy was completed. They showed the characteristic

severe symptoms of unilateral vestibular loss including spontaneous

nystagmus, barrel rolling, circular walking, loss of ipsilateral

extensor tone, and head yaw- and roll-tilt. These animals were

allowed to recover for 4 h in their home cages after UL, at which

point they were re-anaesthetized with halothane and decapitated

for the preparation of MVN slices as described above. The urethane-

UL animals underwent an identical surgical labyrinthectomy, and

then remained anaesthetized in a warm environment for either 4 or

6 h after UL, when they were decapitated and the brainstem

removed for the preparation of MVN slices. Although it was not

possible to confirm the success of the labyrinthectomy in the

urethane-UL animals by observing the characteristic symptoms of

vestibular deafferentation as they did not recover from anaesthesia,

in each case the completeness of the labyrinthectomy was

confirmed visually under the operating microscope.

Control experiments were done in MVN slices prepared from

normal (labyrinth intact) animals, and from animals that

underwent a sham operation either under avertin anaesthesia

(‘avertin-sham’ group), or urethane anaesthesia (‘urethane-sham’

group). In sham-operated animals the horizontal canal duct was

exposed using the same surgical approach as for the

labyrinthectomy, but the duct was not opened and the inner ear

remained intact (Cameron & Dutia, 1997). As with the

labyrinthectomized animals, avertin-sham animals were allowed to

recover for 4 h post-operation, after which MVN slices were

prepared for electrophysiological recording. None of the avertin-

sham animals showed symptoms of inner ear damage during the

recovery period. The urethane-sham group of animals were kept in

a warm environment for 4 h post-operation, after which MVN

slices were prepared as above.

Some of the urethane-UL animals were treated with either the

synthetic glucocorticoid agonist dexamethasone, or the

mineralocorticoid antagonist spironolactone (Sigma, 5 mg kg¢ i.p.,

30 min before UL and 2 h post-UL). Some of the avertin-

anaesthetized animals were treated with the glucocorticoid receptor

antagonist RU38486 (5 mg kg¢ i.p., 30 min before UL).

Fos staining

The expression of Fos-like immunoreactivity in the paraventricular

nucleus of the hypothalamus (PVN) was quantified as an index of

the degree of activation of the hypothalamo-pituitary-adrenal

stress axis after UL. Avertin-sham animals or avertin-UL animals

were anaesthetized with halothane and decapitated at either 1·5, 3

or 6 h post-operation. The brains were rapidly removed and cooled

by immersion in 2-methylbutane at −30°C. Coronal sections

(15 ìm) at the level of the PVN were cut and thaw-mounted on

gelatin-coated slides, and stored at −70°C until required. The

sections were fixed in 4% paraformaldehyde and 0·1% glutar-

aldehyde for 30 min, and washed in 0·2% Triton X-100 in 0·1 Ò

phosphate buffer, pH 7·4 (PBT, 4 ² 15 min). Endogenous

peroxidase activity was reduced by immersion in methanol for

20 min, followed by washing in PBT (3 ² 15 min). The sections

were incubated with a primary antibody to Fos (Oncogene Science,

NY, USA, 1:1000 in normal goat serum) for 24 h at 4°C, washed

with PBT (2 ² 10 min), and incubated with avidin-conjugated anti-

goat secondary antibody for 30 min (Vector Laboratories,

Peterborough, UK). Fos-like immunoreactivity was visualized

using the Vectastain ABC kit followed by incubation in peroxidase

substrate solution (VIP, Vector UK). The number of Fos-positive

cells per square millimetre in six alternate sections of the PVN

from each animal were counted under bright-field illumination

using an image analysis system (NIH Image), and the mean

number of Fos-positive PVN cells per square millimetre was

calculated for each group of animals.

The experiments in this study were carried out in accordance with

the provisions of the UK Animals (Scientific Procedures) Act, 1986.

RESULTS

Effects of anaesthesia on the expression of CIE in
MVN neurones after UL

The spontaneous in vitro discharge rates of MVN cells were

systematically sampled in the rostral region of the ipsilateral

nucleus, in slices prepared from animals that had regained

wakefulness after either a sham operation or a unilateral

labyrinthectomy (UL) under avertin anaesthesia 4 h

previously (‘avertin-sham’ group, n = 9 animals, and

‘avertin-UL’ group, n = 9 animals). The mean firing rates of

rostral MVN cells in slices from avertin-sham animals were

no different from those in slices from normal animals

(15·22 ± 1·4 spikes s¢, n = 49 cells in avertin-sham slices

vs. 15·15 ± 1·1 spikes s¢, n = 62 cells in normal (labyrinth-

intact) controls; data from Cameron & Dutia, 1997; Fig. 1A).

In slices prepared from avertin-UL animals, the mean

discharge rate of the rostral MVN cells was significantly

higher than that in avertin-sham controls (21·61 ± 1·8

spikes s¢, n = 61 cells, P < 0·05, Mann—Whitney ranked

sum test). This result confirms our earlier report of a

significant increase in intrinsic excitability of ipsilateral

rostral MVN cells within 4 h after unilateral labyrinthectomy

in the rat (Cameron & Dutia, 1997).

By contrast, in slices prepared from animals that were

unilaterally labyrinthectomized under urethane anaesthesia

and which then remained anaesthetized for 4 h after UL

(‘urethane-UL, 4 h’ group, n = 6 animals), this increase in

intrinsic excitability of the rostral MVN cells did not occur

(Fig. 1B). The mean in vitro firing rates of the rostral MVN

cells in these slices were not significantly different from

urethane-sham controls (16·79 ± 1·49 spikes s¢, n = 58

cells in ‘urethane-UL, 4 h’ slices vs. 15·35 ± 1·31 spikes s¢,

n = 76 cells in urethane-sham controls, Fig. 1B). To test the

possibility that the development of CIE in the rostral cells in

the urethane-UL animals was simply delayed compared

with that in avertin-UL animals, a further six animals were

labyrinthectomized under urethane and kept anaesthetized

for 6 h post-UL (‘urethane-UL, 6 h’, Fig. 1B). In slices
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prepared from these animals, the mean in vitro firing rate

of the rostral MVN cells was no different from that in the

‘urethane-UL, 4 h’ animals (16·98 ± 1·2 spikes s¢, n = 48

cells, Fig. 1B).

Effects of GR activation by exogenous dexamethasone
in urethane-anaesthetized animals after UL

In a further group of five animals that were labyrinth-

ectomized under urethane anaesthesia, we ‘mimicked’ the

acute activation of the stress response after UL by

administering the synthetic GR agonist dexamethasone

(5 mg kg¢, 30 min before UL and 2 h post-UL (Yamanaka

et al. 1995; ‘urethane-UL, Dex-treated’ group). As shown in

Fig. 1C, administration of dexamethasone restored CIE in

the rostral MVN cells in these animals. In slices prepared

4 h after UL from these animals, the mean firing rate of the

rostral MVN cells was close to that seen in avertin-UL

animals (22·31 ± 1·8 spikes s¢, n = 42 cells; Fig. 1C). This

was again significantly higher than the mean spontaneous

firing rate in urethane-UL controls (Fig. 1B, P < 0·05), and

also significantly higher than that in ‘urethane-sham, Dex-

treated’ controls (Fig. 1C). Dexamethasone administration
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Figure 1. Compensatory increase in intrinsic excitability of rostral MVN cells after UL under
various experimental conditions

Mean (± s.e.m.) spontaneous firing rates of rostral MVN neurones in slices of the ipsilateral medial

vestibular nucleus in vitro, under various experimental conditions. A, mean spontaneous firing rates of

rostral MVN neurones in slices from control animals and animals that were sham operated (Avertin-sham)

or labyrinthectomized (Avertin-UL) under avertin anaesthesia. Note the significant increase in the mean

spontaneous firing rate of MVN cells in the avertin-UL group compared with the avertin-sham controls

(* P < 0·05, Student’s t test). B, mean spontaneous firing rates of rostral MVN cells in slices from urethane-

anaesthetized animals that underwent a sham operation (urethane-Sham), or a left labyrinthectomy either

4 h earlier (‘urethane-UL, 4 h’ group) or 6 h earlier (‘urethane-UL, 6 h’ group). There was no significant

change in the spontaneous discharge rate of the rostral MVN cells after UL in these animals. C, mean

spontaneous firing rates of rostral MVN cells in slices from urethane-anaesthetized animals that were

treated with the glucocorticoid receptor agonist dexamethasone, and subjected either to a sham operation

(‘urethane-Sham, Dex-treated’ group) or to a left labyrinthectomy (‘urethane-UL, Dex-treated’ group) 4 h

earlier. The significant increase in the spontaneous firing rate of rostral MVN cells after UL is restored in

the urethane-anaesthetized animals by dexamethasone. D, mean spontaneous firing rates of rostral MVN

cells in slices from animals labyrinthectomized under avertin anaesthesia 4 h earlier, which were treated

with either the GR antagonist RU38486 (‘avertin-UL, RU-treated’ group) or the mineralocorticoid receptor

antagonist spironolactone (‘avertin-UL, Sp-treated’ group). The increase in spontaneous firing rate of the

rostral MVN cells after UL is abolished by the GR antagonist, while the MR antagonist has no effect.



to urethane-sham animals (‘urethane-sham, Dex-treated’

group) had no effect (Fig. 1C; mean in vitro firing rate of

rostral MVN cells 15·8 ± 1·59 spikes s¢, n = 34 cells,

n = 5 animals).

Effects of the GR antagonist RU38486 on the
expression of CIE in rostral MVN cells in avertin-UL
animals

In the converse experiment, we investigated whether the

endogenous secretion of glucocorticoids after UL in the awake

animal was important for the development of the increase in

excitability of the rostral MVN cells, by administering the

GR antagonist RU38486 (5 mg kg¢ i.m., 30 min before

UL), to animals labyrinthectomized under avertin

anaesthesia (‘avertin-UL, RU-treated’ group, n = 4 animals).

In slices prepared 4 h after UL from these animals, the

mean in vitro firing rates of the rostral MVN cells were no

different from those in avertin-sham controls (Fig. 1D;

16·1 ± 1·5 spikes s¢, n = 42 cells). By contrast the

administration of the mineralocorticoid receptor (MR)

antagonist spironolactone to avertin-UL animals (5 mg kg¢

i.p., 30 min before UL; ‘avertin-UL, Sp-treated’ group,

n = 4 animals) did not prevent the development of CIE in

the rostral MVN cells after UL (Fig. 1D; mean

20·5 ± 1·4 spikes s¢, n = 31 cells). Thus the activation of

GR, but not MR, in the awake animals after UL is

necessary for the increase in intrinsic excitability of the

rostral MVN cells in the early stage of vestibular

compensation.

Effects of the GR antagonist RU 38486 on
behavioural recovery after UL

The effects of the GR antagonist RU38486 on the

behavioural recovery after UL were further studied in two

groups of 12 animals, using the decline in the incidence of

circular walking as an index of behavioural compensation

after UL. We have previously shown that circular walking

in the rat declines with a time course similar to that for

ocular nystagmus rather than the longer-lasting postural

symptoms (Cameron et al. 1997). One group of 12 animals

was labyrinthectomized under avertin anaesthesia and

treated with RU38486 (5 mg kg¢ i.m., 30 min before UL),

while a control group of 12 animals was similarly

labyrinthectomized and injected with saline. In the

RU38486-treated group, there was a significantly lower

incidence of circular walking 2 h after UL compared with

that in the control group (Fig. 2). This presumably is due to

a slower recovery from the effects of anaesthesia in these

animals. However over the following 3 h, the incidence of

circular walking in the RU38486-treated animals was not

significantly different from that in the control animals.

Subsequently, the incidence of circular walking in the

control animals decreased significantly between 5 and 6 h

post-UL (Fig. 2; Cameron et al. 1997), but this did not occur

in the RU38486-treated animals which continued to show

undiminished levels of circular walking until 7 h after UL

(Fig. 2). On the following day (•22 h post-UL), circular

walking was not observed in either the RU38486-treated or

the control groups.

Stress and vestibular plasticityJ. Physiol. 518.1 155

Figure 2. Effects the glucocorticoid receptor antagonist RU38486 on the incidence of circular
walking in avertin-UL animals

5, control group, n = 12 animals; 4, RU38486 treated group, n = 12 animals. The number of circular

movements carried out by the labyrinthectomized animals over a 3 min period when placed in an open

enclosure, were measured at hourly intervals after recovery from avertin anaesthesia. The bars show the

mean (± s.e.m.) number of circular walks for the two groups at each time point. Asterisks indicate a

significant difference between the RU38486-treated and control groups (P < 0·05, Mann—Whitney ranked

sum test).



Evidence for the activation of the stress axis after
UL: Fos expression in the paraventricular nucleus of
the hypothalamus after UL

As illustrated in Fig. 3, Fos-immunoreactive neurones were

observed in both parvocellular and magnocellular regions of

the PVN in brains from avertin-sham and avertin-UL

animals (Fig. 3A). The numbers of Fos-positive cells in the

PVN from avertin-UL animals at 1·5 h and at 3 h post-UL

were significantly higher than those in the avertin-sham

controls (Fig. 3B). This significant difference was not

present at 6 h post-UL, when the number of Fos-positive

cells in avertin-UL animals declined to the same level as in

the sham-operated controls.

DISCUSSION

These results show that the increase in intrinsic excitability

of rostral MVN neurones after unilateral vestibular

deafferentation in the rat and the behavioural recovery that

takes place in the initial rapid stage of vestibular

compensation are dependent on the activation of

glucocorticoid receptors (GRs). Thus the compensatory

increase in intrinsic excitability (CIE) in the rostral MVN

cells fails to occur in animals that remain anaesthetized

after UL so that they do not experience the vestibular

deafferentation symptoms and the accompanying stress, but

‘mimicking’ the activation of the acute stress response in

these animals by administration of the GR agonist

dexamethasone restores CIE in these neurones. Conversely,

in animals that recover wakefulness after UL under avertin

anaesthesia and so experience the severe oculomotor and

postural symptoms of UL, the GR antagonist RU38486

abolishes CIE in the rostral MVN cells. Using circular

walking as an index of behavioural recovery after UL,

which declines with a time course similar to that of ocular

nystagmus rather than the postural symptoms (Cameron et

al. 1997), RU38486 also delays behavioural recovery as

evidenced by the persistence of circular walking. Taken

together, these findings indicate that the activation of GRs

has an important role in the initial rapid stage of vestibular

compensation in the rat, and that the acute stress response

that accompanies unilateral vestibular deafferentation is

necessary for the induction of the neuronal plasticity that

underlies the behavioural recovery after UL. The high levels

of Fos-like immunoreactivity in the paraventricular nucleus

of the hypothalamus in avertin-UL animals over the first

3 h after UL confirm a strong activation of the stress axis

over this time (Fig. 3; Cirelli et al. 1996).

It is interesting that the increase in excitability of the MVN

cells is observed at 4 h post-UL, and the decrease in circular

walks in control (non-RU treated) animals occurs between 5

and 6 h after UL (Fig. 2). Assuming that the decrease in

circular walking is related to a ‘re-balancing’ of the in vivo

firing rates of the MVN cells on the lesioned and intact

sides, and given that this has to take place from an initial

situation where there is a profound disparity in the firing

rates on the two sides (near silence on the lesioned side,

hyperactivity on the intact side; Curthoys & Halmagyi,

1995), the time lag of an hour or so is not unreasonable.

Although we have used circular walking as a convenient

S. A. Cameron and M. B. Dutia J. Physiol. 518.1156
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Figure 3. Evidence for the activation of the stress axis after unilateral labyrinthectomy

A, micrograph of the paraventricular nuclei of the hypothalamus showing immunoreactivity for Fos 1·5 h

after an avertin-UL. Calibration bar, 100 ìm. B, mean (± s.e.m.) numbers of Fos-immunoreactive cell

bodies in the paraventricular nucleus of avertin-sham animals (5) and avertin-UL animals (4), at various

times post operation. The numbers of animals in each group are indicated at the foot of each column.

Asterisks indicate significant differences between the avertin-UL and avertin-sham groups (P < 0·01,

Mann—Whitney ranked sum test).



index of behavioural recovery, it is possible that other initial

symptoms of UL may recover more or less rapidly than this;

at present the precise relationship between neuronal activity

in the MVN and behaviour is unknown. Nevertheless, the

effects of GR blockade on behaviour and the cellular

responses are consistent, so that circular walking does not

diminish, and the increase in intrinsic excitability does not

occur in RU-treated animals.

Our findings in the rat are in agreement with those of

Yamanaka et al. (1995), who demonstrated that

administration of dexamethasone accelerates behavioural

compensation after UL in the rabbit, while the GR antagonist

RU38486 retards it. Our findings also suggest that the

beneficial effects of neurosteroids on vestibular vertigo in man

(Ariyasu et al. 1990) may be mediated at least in part

through their actions on the cellular mechanisms that

regulate the excitability of MVN neurones. In contrast, Alice

et al. (1998) observed that dexamethasone had no effect on the

firing rates of the majority of guinea-pig MVN cells in vitro,

and had no influence on the rate of behavioural recovery

after UL in the guinea-pig. In slices of the rat MVN, we

have also found that brief (60 s) pulses of dexamethasone do

not affect the spontaneous in vitro firing rates of MVN cells

(M. R. Sulaiman, T. Yamanaka & M. B. Dutia, unpublished

observations). This indicates that dexamethasone does not

have rapid membrane effects on MVN cells, and that instead

its facilitation of CIE in the rostral MVN cells after UL

probably involves a genomic response (Joels, 1997). The

time course of the increase in intrinsic excitability over

2—4 h after UL in vivo (Cameron & Dutia, 1997) and its

sensitivity to the antagonist RU38486 as demonstrated in

the present experiments also indicate a genomic mechanism

of action.

In the guinea-pig, the lack of effect of dexamethasone on

vestibular compensation is likely to be due to the significant

differences in various components of the pituitary—adrenal

stress axis in this species (for reviews, see Funder, 1994;

Keightley & Fuller, 1996). The guinea-pig has very high

circulating levels of cortisol, and low-affinity, low-capacity

transcortin so that free cortisol levels are relatively much

higher than in other species. The guinea-pig also has very

low-affinity glucocorticoid receptors, with approximately

one-twentieth the affinity for dexamethasone as those in the

mouse and rat (Kraft et al. 1979; Funder, 1994). Dexa-

methasone administration to the guinea-pig may therefore

have little effect on the rate of vestibular compensation, as it

is likely that almost all GRs are normally already occupied

in this species. While the guinea-pig has been extensively

used in cellular and behavioural studies of vestibular

compensation (e.g. Smith & Curthoys, 1989; Ris et al. 1995,

1997; Alice et al. 1998), the present results suggest that

there may exist, at the cellular level, some fundamental

differences in the mechanisms underlying the recovery of

neuronal function after UL in this species. It is possible that

another component of the stress response may substitute for

the role normally played by glucocorticoids. Indeed the

finding that adrenocorticotrophic hormone (ACTH)

accelerates vestibular compensation in the guinea-pig

(Gilchrist et al. 1994, 1996) suggests that ACTH may be a

candidate for this role. Thus, as with its adaptations to

other endocrine systems that are affected (Keightley &

Fuller, 1996), the guinea-pig may have evolved an

alternative, equivalent but GR-independent mechanism to

achieve normal behaviour, in this case compensation. The

precise differences between the species will become clear

only with further characterization of the initial cellular

processes that take place after UL, and when the role of

GRs in vestibular compensation is understood.

As we have proposed earlier, the increase in intrinsic

excitability in the rostral MVN cells may be due to a

downregulation of GABA receptor efficacy in these cells

(Cameron & Dutia, 1997). In recent experiments we have

confirmed that the functional efficacy of both GABAA and

GABAB receptor-mediated inhibition in the rostral MVN

cells is significantly downregulated in rostral MVN cells

within 4 h after UL (Dutia, 1999). In addition, there are

significant changes also in the intrinsic membrane properties

of Type B, but not Type A, MVN cells within 4 h after UL

(Johnston et al. 1994; Dutia, 1999). The present results

suggest that the activation of GRs is necessary in order to

initiate these adaptive changes in the properties of the rostral

MVN cells. The initial rapid stage of vestibular compensation

is therefore a novel instance of ‘metaplasticity’ in the adult

brain (Abraham & Bear, 1996; Abraham & Tate, 1997;

Fischer et al. 1997), where the neuronal plasticity that occurs

after UL is dependent not only on the imbalance in afferent

input and commissural inhibition between the vestibular

nuclei of the lesioned and intact sides, but also on the

concomitant activation of GRs. While the concept of

metaplasticity has been elaborated largely in relation to

glutamatergic NMDA receptor function and synaptic

efficacy, in the present case GR activation appears to be a

necessary process which in itself does not modify the

cellular properties of the rostral MVN cells in sham-

operated animals, but enables the subsequent plastic changes

in these cells to take place after vestibular deafferentation.

The acute stress response that follows UL in vivo therefore

appears to play a functionally important role in enabling the

cellular processes that mediate the restoration of resting

activity in the deafferented MVN cells, and the behavioural

recovery that follows.
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