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Role of the flocculus in mediating vestibular nucleus neuron
plasticity during vestibular compensation in the rat
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and * Molecular Medicine Centre, Western General Hospital, Crewe Road, Edinburgh EH4 2XU, UK

We investigated the role of the cerebellar flocculus in mediating the adaptive changes that occur in
the intrinsic properties of brainstem medial vestibular nucleus (MVN) neurons during vestibular
compensation. Ipsi-lesional, but not contra-lesional, flocculectomy prevented the compensatory
increase in intrinsic excitability (CIE) that normally occurs in the de-afferented MVN neurons
within 4 h after unilateral labyrinthectomy (UL). Flocculectomy did not, however, prevent the
down-regulation of efficacy of GABA receptors that also occurs in these neurons after UL,
indicating that these responses of the MVN neurons to deafferentation are discrete, parallel
processes. CIE was also abolished by intra-floccular microinjection of the metabotropic glutamate
receptor (mGluR) antagonist AIDA, and the protein kinase C inhibitor bisindolymaleimide I (BIS-I).
The serene—threonine kinase inhibitor H-7 had no effect when microinjected at the time of de-
afferentation, but abolished CIE if microinjected 2 h later. These cellular effects are in line with the
recently reported retardatory effects of BIS-I and H-7 on behavioural recovery after UL. They
demonstrate that the increase in intrinsic excitability in MVN neurons during vestibular
compensation is cerebellum dependent, and requires mGluR activation and protein
phosphorylation in cerebellar cortex. Furthermore, microinjection of the glucocorticoid receptor
(GR) antagonist RU38486 into the ipsi-lesional flocculus also abolished CIE in MVN neurons. Thus
an important site for glucocorticoids in facilitating vestibular compensation is within the cerebellar
cortex. These observations ascribe functional significance to the high levels of GR and 11-4-HSD
Type 1 expression in cerebellum.
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Recent studies have identified two cellular mechanisms of
plasticity in medial vestibular nucleus (MVN) neurons
during ‘vestibular compensation’, the behavioural
recovery that takes place after de-afferentation of the
vestibular receptors of one inner ear. Following unilateral
labyrinthectomy (UL), neurons in the rostral region of the
MVN on the lesioned side (the ‘ipsi-lesional side’) develop
a sustained increase in their intrinsic excitability. This
is observed as a significant elevation of their mean
spontaneous discharge rate in isolated slices of the MV N in
vitro (Cameron & Dutia, 1997, 1999; Johnston et al. 2001;
Ris et al. 2001; Him & Dutia, 2001), and which is revealed
in intracellular experiments to be due to changes in the
intrinsic membrane properties of ‘Type B’, but not “Type
A’, MVN neurons (Him & Dutia, 2001). Intriguingly, the
development of this ‘compensatory increase in intrinsic
excitability’ (CIE; Cameron & Dutia, 1999) is conditional
upon the activation of nuclear glucocorticoid receptors
(GRs). Thus, the development of CIE in MVN neurons is
prevented by systemic administration of the GR
antagonist RU38486, and does not develop in animals that
remain anaesthetized after UL; however in anaesthetized

animals that are treated with the synthetic GR agonist
dexamethasone simultaneously with UL, CIE develops in
ipsi-lesional MVN neurons (Cameron & Dutia, 1999).
Thus the acute stress that normally accompanies the severe
behavioural symptoms immediately after UL facilitates the
neuronal plasticity underlying vestibular compensation
(Cameron & Dutia, 1999; reviews, Darlington & Smith,
2000; Seemungal et al. 2001). The locus of this striking
glucocorticoid-mediated plasticity is uncertain.

Secondly, in parallel with the development of CIE, there is
a rapid down-regulation of the functional efficacy of
GABA receptors (Yamanaka et al. 2000; Johnston et al.
2001), and glycine receptors (Vibert et al. 2000), in ipsi-
lesional MVN neurons after UL. These post-lesional changes
in the MVN neurons are appropriate to counteract the
disfacilitation and increased commissural inhibition that
silences these cells immediately after UL (for discussion see
Yamanaka et al. 2000; Graham & Dutia, 2001). Although
other adaptive processes may also be involved in the initial
stages of vestibular compensation, these changes in intrinsic
properties of MVN neurons are likely to be important in
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the early restoration of their resting discharge after de-
afferentation, which is necessary for behavioural recovery.

Several lines of evidence indicate that the cerebellar
flocculus—paraflocculus complex (floccular lobe, FL) plays
an important role in vestibular compensation. Ablation of
the vestibulocerebellum (paraflocculus—flocculus, uvula
and nodulus), or disruption of climbing fibre inputs to
flocculus, severely delays compensation (Llinas et al. 1975;
Azzena et al. 1979; Jeannerod et al. 1981; Courjon et al.
1982; review, Darlington & Smith, 2000). Flocculectomy
after compensation causes the reappearance of UL-
induced behavioural deficits (decompensation; Kitahara
et al. 1997). Recent studies have implicated cerebellar
protein kinase C (PKC) activation in the early stages of
vestibular compensation. Goto et al. (1997) reported an
asymmetry in PKC expression in ipsi- and contra-lesional
FL 6 h post-UL, which returned to normal 24 h post-UL.
Subsequently Barmack et al. (2001) showed changes in
intracellular distribution of PKC-d, but not PKC-y, in
vestibulocerebellar Purkinje cells within 12 h post-UL,
and suggested that this may result in a reduction in
synaptic GABA release within the ipsi-lesional MVN.
Behaviourally, Balaban et al. (1999) showed that intra-
cerebroventricular injection of the PKC inhibitor BIS-I
delayed compensation of spontaneous nystagmus at 8 h
post-UL but not at later times, and suggested this could be
due to inhibition of cerebellar long-term depression (LTD).
Here, we investigated the hypothesis that cerebellar
cortical plasticity, possibly involving LTD in flocculus
after UL, may have a role in mediating post-lesional
plasticity in ipsi-lesional MVN neurons in the early stages
of compensation (4 and 48 h post-UL). The effects of
flocculectomy and intra-floccular microinjection of a
mGluR antagonist or a PKC inhibitor to inhibit LTD were
investigated. Furthermore, the cerebellum has a very high
density of GR whose function is presently unknown, but
which may also regulate LTD; we also explored their
possible role in mediating MVN plasticity.

METHODS

Slices of the ipsi-lesional MVN were prepared from Sprague-
Dawley rats (80-120 g), that had undergone a left unilateral
labyrinthectomy (UL) either 4 or 48 h previously. The surgical
techniques for UL and the methods for slice preparation were
identical to those described in our earlier studies (Dutia et al. 1992;
Cameron & Dutia, 1997, 1999; Yamanaka et al. 2000; Johnston et
al. 2001). Procedures were conducted in accordance with the UK
Animals (Scientific Procedures) Act 1986. In summary, the
labyrinthectomy was carried out under surgical anaesthesia and
aseptic conditions by opening the horizontal semi-circular canal
duct in the temporal bone with a 0.7 mm diameter dental drill,
following the open canal duct anteriorly to the vestibule of the
inner ear, and aspirating the contents of the vestibule, which was
then rinsed with 100 % ethanol. Either 4 or 48 h later, the animal
was decapitated by guillotine under halothane anaesthesia and the
whole brain quickly removed into ice-cold artificial cerebrospinal
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fluid (aCSF; composition (mMm): 124 NaCl, 5 KCl, 1.2 KH,PO,, 2.4
CaCl,, 1.3 MgSO,, 26 NaHCO; and 10 D-glucose, equilibrated
with 95% O,~5% CO,). The brainstem was isolated and
cemented with the fourth ventricle uppermost to the stage of a
Vibroslice (Campden Instruments, Loughborough, UK).
Horizontal slices of 350 xm thickness containing the MVN were
cut. Each slice was cut down the midline and trimmed to give
two isolated medial vestibular nuclei. Care was taken to
unambiguously identify the left (ipsi-lesional) and right (contra-
lesional) nuclei. The ipsi-lesional MVN was transferred to an
interface-type incubation chamber that was continually perfused
with aCSF (flow rate 1.8 ml min ') bubbled with 95 % O,-5 % CO,
and maintained at 33 + 0.2 °C. After an incubation period of 1 h,
conventional glass extracellular microelectrodes filled with 2 m
NaCl (impedance 10-15M€Q) coupled to an Axoclamp 2B
amplifier (Axon Instruments, Union City, CA, USA) were used to
explore the MVN for tonically firing neurons. The spontaneous
discharge of tonically active MVN neurons was displayed and
analysed online using a micro 1401 A/D interface (CED,
Cambridge, UK) linked to a PC running Spike 2 software (CED,
Cambridge, UK). As in previous studies, MVN neurons showed
stable spontaneous resting discharge rates in vitro, with no
evidence to indicate a decline in spontaneous activity over time.

Two series of experiments were carried out. In the first series
(‘recovery experiments’) we investigated the effects of ablation of
the flocculus—paraflocculus complex by aspiration, in animals
that underwent UL under avertin anaesthesia (300 mg kg™
tribromoethanol 1.P.; Cameron & Dutia, 1997, 1999; Yamanaka et
al. 2000). These animals began to recover from anaesthesia
30-40 min after induction, and were returned to their home cages
for either 4 or 48 h post-UL at which time they were killed for the
preparation of MVN slices. These animals all showed the
characteristic signs of unilateral vestibular loss upon recovery
from anaesthesia (spontaneous nystagmus, barrel rolling,
ipsilateral limb flexion and contralateral extension). Within 1-2 h
these animals were able to locomote, eat and drink, and showed no
ill effects other than those due to the vestibular loss. The effects of
ipsi-lesional, contra-lesional and bilateral flocculectomy were
investigated.

The second series of experiments (‘non-recovery experiments’)
was carried out on animals that underwent UL under urethane
anaesthesia (ethyl carbamate, 1.25gkg™ 1p.), and which
remained anaesthetised in a warm environment for 4 h post-UL
(Cameron & Dutia, 1999). In these experiments we investigated
the effects of intra-floccular microinjection of drugs through a
cannula stereotaxically implanted in the ipsi-lesional FL (10 mm
caudal and 4.5 mm lateral to bregma, implanted to a depth of
7.0 mm). The correct positioning of the cannula tip within the FL,
and the restricted diffusion of the injected solution within the
complex, was confirmed microscopically using the dye 5 % Alcian
blue. In previous studies we have shown that under these
experimental conditions, the development of CIE in the rostral
ipsi-lesional MVN cells is dependent on the activation of
glucocorticoid receptors (GR) (Cameron & Dutia, 1999).
Accordingly the synthetic GR agonist dexamethasone 21-
phosphate (Sigma, Poole, UK) was administered to the urethane-
anaesthetized animals (5 mg kg ™' 1.p. 15 min before UL; Cameron
& Dutia, 1999).

Drugs
Dose-response relationships for the inhibitory effects of GABA
agonists on the tonic in vitro discharge of MVN neurons in slices
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were obtained as in previous studies (Dutia ef al. 1992; Yamanaka
et al. 2000). The GABA, agonist, muscimol (5-aminomethyl-3-
hydroxyisoxazole) and GABAy agonist baclofen (4-amino-3-(4-
chlorophenyl)-butanoic acid) were obtained from Sigma. Aliquots
(500 ul) of stock solutions of the drug were made in distilled water
and frozen until used. Test solutions of the agonists were made by
diluting the stock solution in oxygenated aCSF immediately
before use, and applied to the slices by switching the perfusion
inlet tube to the appropriate reservoir containing the agonist. The
inhibitory response of each cell to a 60 s application of agonist was
measured as the maximal decrease in discharge rate expressed as a
percentage of the resting discharge rate (Dutia et al. 1992).

Drugs for microinjection into the FL (non-recovery experiments)
were made up in sterile physiological saline and administered
usinga5 ulvolume Hamilton syringe, ata rate of 0.1 #l min™" over
10 min (total volume, 1 ul). Stock solutions of the specific and
potent PKC inhibitor bisindolymaleimide I hydrochloride (BIS-I;
purchased from Calbiochem, Nottingham, UK; Toullec et al.
1991), the broad-spectrum serene—threonine protein kinase
inhibitor, H-7 dihydrochloride ((1)-1-(5-isoquinolinesulphonyl)-
2-methylpiperazine; purchased from Tocris, Bristol, UK; Hidaka
etal. 1984) and the group 1 mGluR antagonist (RS)-1-aminoindan-
1,5-dicarboxylic acid (AIDA; purchased from Tocris, Bristol, UK;
Moroni ef al. 1997) were made up in distilled water and frozen
until required. A stock solution of the glucocorticoid receptor
antagonist RU38486 was made up in sterile peanut oil. Test
solutions of these drugs were made up immediately before use by
diluting the stock solution in sterile physiological saline. The final
concentrations used for microinjection were AIDA, 1 mm; BIS-1,
25 uM; H-7,25 mm; and RU38486, 50 uMm.

Data were analysed using SigmaStat for Windows (SPSS, Chicago,
IL, USA), and Graphpad Prism version 3 (GraphPad Software,
San Diego, CA, USA). Values are presented as means + S.E.M. as
appropriate.

RESULTS

The effects of flocculectomy on MVN neuronal
plasticity after UL

In animals that were subjected to a left UL under avertin
anaesthesia (‘recovery experiments’, Methods), the effects
of ablating either the ipsi-lesional (left) or contra-lesional
(right) FL at the time of UL were investigated. Figure 1
shows the mean in vitro discharge rates of rostral ipsi-
lesional MVN neurons in slices prepared from animals
that had undergone vestibular compensation for either 4
or 48 h post-UL. In slices prepared from UL animals in
which the bilateral flocculi were left intact (UL,;, and UL,g,
groups, Fig. 1; n=>5 animals in each case), the in vitro
discharge rate of the rostral MVN neurons was significantly
higher than in control slices, confirming our previous
reports of the development of CIE in these neurons during
vestibular compensation (Cameron & Dutia, 1997, 1999;
Johnston et al. 2001). However in animals that were
bilaterally flocculectomised at the time of UL (bFX+ULy,
group, Fig. 1;n = 5), CIE failed to develop, and the mean in
vitro firing rate of the MVN neurons was not different
from normal. Bilateral flocculectomy itself, without UL

Flocculus and MVN plasticity 905

(bEX group, Fig. 1; n=4) had no effect on the in vitro
firing rates of the MVN neurons.

In animals that underwent contra-lesional flocculectomy
at the time of UL, CIE developed in the ipsi-lesional MVN
neurons in the same way as in cerebellar intact animals
(cFX4+ULy, and cFX+UL,y, groups, Fig. 1; n =3 and 4,
animals respectively). By contrast, in animals that
underwent an ipsi-lesional flocculectomy at the time of
UL, CIE failed to develop either at 4 or at 48 h post-UL
(iIFX+UL,, and iFX+UL,, groups, Fig. 1; n=3 and 4
animals, respectively).

We investigated whether ipsi-lesional flocculectomy
also prevented the down-regulation of GABA receptor
functional efficacy that normally occurs in the MVN
neurons after UL. The inhibitory effects of the GABA,
agonist muscimol and the GABA; agonist baclofen were
investigated in slices of the ipsi-lesional MVN prepared
either from normal animals or animals that underwent
iFX+ULy,. In control slices both muscimol (1-10 xM,
n = 12 cells) and baclofen (0.6-10 uMm, n = 18 cells) caused
a reversible, dose-dependent inhibition of the tonic
discharge of all MVN neurons tested (Fig. 2A), in a similar
way to that demonstrated in our previous studies (Dutia et
al. 1992; Yamanaka et al. 2000; Johnston et al. 2001). As
shown in Fig. 2B, in slices from iFX+UL,, animals the
inhibitory effects of both muscimol and baclofen were
significantly lower than normal at each dose tested, and
there was a rightward shift of the fitted dose response
relationships for both agonists (muscimol: n =17 cells
from 10 animals; ECs, in control slices = 1.7 uM, in
iFX+ULy, slices = 6.4 uM; baclofen: n =19 cells from 11
animals, ECs, in control slices = 2.5 M, in iFX+ULy,
slices = 19.0 um). Thus, ipsi-lesional flocculectomy, which
abolished the development of CIE in rostral MVN neurons
(Fig. 1), did not prevent the down-regulation of GABA,
and GABA; receptor efficacy in these cells after UL.

Flocculus mechanisms mediating the development
of CIE in ipsi-lesional MVN neurons

To investigate possible mechanisms in the flocculus that
mediate the development of CIE in the ipsi-lesional MVN
neurons after UL, we performed microinjections of the
specific group I mGluR antagonist AIDA, or the potent
PKC inhibitor BIS-I, or the serene—threonine protein
kinase inhibitor, H-7 into the ipsi-lesional FL at the time of
UL (see Methods). Microinjections were carried out in
animals that remained at a stable level of anaesthesia under
urethane for 4 h post-UL, at which time they were killed
for the preparation of MVN slices (‘non-recovery
experiments’, Methods). We have shown previously that
under urethane anaesthesia, the activation of GRs by
systemic administration of dexamethasone is required for
the development of CIE in rostral MVN neurons
(Cameron & Dutia, 1999). Accordingly these animals were
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administered dexamethasone (5 mg kg™") 1.p. at the time of
UL (Methods). As shown in Fig. 3A, the mean in vitro
discharge rate of MVN cells in slices from urethane-
anaesthetised animals was significantly higher in dexa-
methasone-treated animals than in controls, confirming
our previous results (ULy—Dex group vs. ULy +Dexpp
group, Fig. 3A; n = 4 animals in each case).

Intra-floccular microinjection of either AIDA or BIS-I at
the time of UL prevented the development of CIE in the
ipsi-lesional MVN neurons at 4 h post-UL (AIDA; and
BIS-I: groups, respectively, Fig. 3B; n = 4 animals in each
case). By contrast, microinjection of H-7 at the time of UL
had no effect (H-7; group, Fig. 3B; n = 4). Interestingly,
microinjection of H-7 with a delay of 2 h post-UL, was
effective in abolishing CIE in the MVN neurons (H-7,;,
group, Fig. 3B; n = 4). Intra-floccular microinjection of
vehicle (sterile physiological saline) had no effect on
development of CIE in the MVN neurons (# = 4 animals;
datanot shown).

J. Physiol. 545.3

Finally, we investigated whether activation of gluco-
corticoid receptors (GRs) in the flocculus was necessary
for the development of CIE in the ipsi-lesional MVN
neurons. Slices were prepared at 4 h post-UL from urethane-
anaesthetised animals, in which dexamethasone was not
administered 1.p.; instead, 1 ul of 1 mM dexamethasone
was microinjected directly into the flocculus at the time of
UL (Dex; group, Fig. 3C; n = 5 animals). The mean firing
rate of the ipsi-lesional MVN cells in these slices was
significantly higher than in controls, demonstrating that
intra-floccular administration of dexamethasone is
sufficient to induce CIE in the MVN neurons after UL. In
the converse experiment, we prepared slices at 4 h post-UL
from urethane-anaesthetised animals in which dexa-
methasone was again administered 1.p. at the time of UL,
but in which an intra-floccular microinjection of 1 ul of
the GR antagonist RU38486 (50 #m) was made at the time
of UL. In these animals, the expected development of CIE
the ipsi-lesional MVN cells failed to occur (RU; group,
Fig. 3C; n = 5 animals).

A
Zmm Rostral
B E k%
20 7 T
T T T
Mean in vitro 15 -
discharge L N T
rate
(spikes / s) 10 1
5 -
0 189 187 126 221 193 112 90 131 108
Control UL, UL 44, bFX bFX+ cFX+ cFX+ iFX+ iFX+
UL4h UL4h UL48h UL4h UL48h

Experimental condition

Figure 1. Ipsi-lesional flocculectomy abolishes the increase in intrinsic excitability of MVN

neurons during compensation

A, photomicrograph of the brain from a representative left-flocculectomised rat (ventral view). Note that the
left flocculus—paraflocculus lobe (FL) is absent. B, mean resting in vitro discharge rates (+ s.e.M.) of rostral
ipsi-lesional MVN neurons in slices that were prepared from animals that had undergone either 4 or 48 h of
vestibular compensation after unilateral labyrinthectomy (ULy,, UL,g,), in combination with either bilateral
flocculectomy (bFX), contra-lesional flocculectomy (cFX) or ipsi-lesional flocculectomy (iFX). The number
of cells recorded in each experimental condition is shown at the base of the columns. In this and following
figures, asterisks indicate where the mean in vitro discharge rate of the MVN cells is significantly elevated
compared to control (P < 0.05, Mann-Whitney rank sum test).
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DISCUSSION

These results show that the compensatory increase in
intrinsic excitability (CIE) that develops in ipsi-lesional
MVN neurons during vestibular compensation (Cameron
& Dutia, 1997, 1999; Johnston et al. 2001; Ris et al. 2001;
Him & Dutia, 2001), is cerebellar-dependent. Ipsi-lesional
flocculectomy, as well as intra-floccular microinjections of
drugs that inhibit cerebellar cortical plasticity, prevented
the development of CIE in MVN neurons after UL. These
results suggest a novel role for the flocculus in mediating
vestibular neuronal plasticity at the cellular level, and
provide the first evidence that protein phosphorylation,
and GR and mGluR1 activation in the flocculus, mediate
sustained changes in the intrinsic excitability of brainstem
neurons in the MVN, to which the FL projects.

A 409 1uMm 3uM
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Discharge rate
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0
250s
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0
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?
754
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25+
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Cellular plasticity in vestibular compensation

Ipsi-lesional flocculectomy prevented CIE in ipsi-lesional
MVN neurons, but did not prevent the simultaneous down-
regulation of functional efficacy of GABA receptors that also
occurs after UL (Figs 1 and 2). This confirms our earlier
suggestion that these two post-lesional responses in the
de-afferented MVN neurons are mediated by independent
cellular mechanisms (Yamanaka et al. 2000). Down-
regulation of GABA receptor efficacy after UL is likely to
occur in response to the sustained increase in commissural
inhibition of the ipsi-lesional neurons by the hyperactive
MVN cells on the contra-lesional side (Smith & Curthoys,
1989; Ris & Godaux, 1998; Yamanaka et al. 2000; review,
Curthoys & Halmagyi, 1995). By contrast, the development
of CIE in these neurons is dependent on the integrity of the

10uM
muscimol

3uM
baclofen

% inhibition
3

25+
0 T T )
1 10 100
[Baclofen] uM
o UL +IiFX

Figure 2. Ipsi-lesional flocculectomy does not prevent adaptive changes in the functional
efficacy of GABA receptors in MVN neurons during compensation

A, firing rate histograms showing the dose-dependent inhibition of the spontaneous discharge of two MVN
neurons by bath-application of muscimol (upper panel) and baclofen (lower panel). The bars above the data
indicate the 60 s period of application of the agonists. The inhibitory response was measured as the maximal
inhibition of firing rate expressed as a percentage of the resting discharge rate for each cell. B, dose-response
relationships for the inhibitory response to muscimol (left panel) and baclofen (right panel), of MVN
neurons in control slices (O) and in slices prepared from animals that underwent iFX+UL 4 h earlier (@).

Data are means and S.E.M.
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ipsilateral FL, and is abolished by intra-floccular micro-
injections of the PKC inhibitor BIS-I, the mGluR antagonist
AIDA and the GR antagonist RU38486 (Fig. 3).

It could be argued that ipsi-lesional flocculectomy may dis-
inhibit the MVN neurons on that side, and so reduce the
post-UL imbalance in firing rates of the MVNs of the two
sides and remove the necessity for CIE to be expressed in
the MVN neurons. However the fact that the adaptive
changes in GABA receptor efficacy still occur in ipsi-lesional
cells strongly indicates that flocculectomy does not alleviate
the marked imbalance in activity of the MVN neurons
after UL in rat. Evidence from behavioural studies, in
which flocculectomy impairs rather than accelerates the
compensation of static vestibular symptoms, also suggests
that the imbalance in commissural inhibition persists after
flocculectomy. This is supported by the good agreement
between the effects of BIS-I and H-7 on behavioural
compensation reported by Balaban et al. (1999), and our
present results. Thus BIS-I given LcC.v. retarded the
compensation of spontaneous nystagmus after UL (Balaban

J. Physiol. 545.3

et al. 1999), and also abolished CIE in ipsi-lesional neurons
when microinjected into the ipsi-lesional flocculus. In
addition H-7 had no effect on behavioural compensation if
administered at the time of UL, but retarded it when given
6 h post-UL (Balaban et al. 1999), while in this study
intrafloccular H-7 had no effect on CIE in ipsi-lesional MVN
neurons if given at the time of UL, but abolished CIE if
given 2 h post-UL. Taken together, these findings implicate
cerebellar PKC-mediated mechanisms in vestibular com-
pensation immediately post-UL, while at later times other
kinase (possibly PKA/PKG)-mediated mechanisms in
flocculus appear to be more important.

Cerebellar cortical and sub-cortical plasticity in
vestibular compensation

Micro-injection of BIS-I, AIDA and the GR antagonist
RU38486 into the ipsi-lesional flocculus at the time of UL,
prevented the development of CIE in ipsi-lesional MVN
neurons. To our knowledge, these results are the first to
show a sustained up-regulation of intrinsic excitability in
extra-cerebellar, sub-cortical neurons dependent upon

A % B % C x
2 T
i T
Mean in vitro 15 L L
discharge rate 1 T — ~L
(spikes /' s)

10 1

5 o

0 188 106 102 104 133 132 69 135 141

Control UL,, ULy,
- Dex + Dex

ADA; BIS-l.  H7. H-7, Dexg RUg

Experimental condition

Figure 3. Inhibition of cerebellar plasticity in ipsi-lesional flocculus prevents the increase in
intrinsic excitability of MVN neurons during compensation

Mean in vitro discharge rates (+ s.E.M.) of rostral ipsi-lesional MVN neurons in slices prepared from animals
that were unilaterally labyrinthectomised under urethane anaesthesia, and which remained anaesthetised for
4 h post-UL. The number of cells recorded in each experimental condition is shown at the base of the
columns. A, in animals treated with dexamethasone 1.P. at the time of UL (UL, + Dex), the mean in vitro
discharge rate of the MVN neurons was significantly elevated compared to that in control MVN slices, while
in slices from animals that did not receive dexamethasone 1.p. (UL, — Dex) the mean in vitro discharge rate is
not different from control. B, effects of intrafloccular micro-injection of the metabotropic glutamate
receptor antagonist AIDA, the PKC inhibitor BIS-I and the serene—threonine kinase inhibitor H-7 at the time
of UL, on the mean in vitro discharge rates of MVN neurons in slices prepared 4 h post-UL. In each of these
groups dexamethasone was given L.p. at the time of UL. Intrafloccular micro-injection of AIDA and BIS-I
abolished the expected increase in intrinsic excitability of the MVN neurons (AIDAg, BIS-Iz groups). H-7 had
no effect when micro-injected at the time of UL (H-7; group), but did abolish the increase in intrinsic
excitability when micro-injected 2 h post-UL (H-7y, group). C, ffects of intra-floccular microinjection of
dexamethasone (Dex; group) and the GR antagonist RU38486 (RU: group). The Dex; group did not receive
dexamethasone 1.P.; instead dexamethasone was micro-injected into the ipsi-lesional floccular lobe at the
time of UL. The RUj group received dexamethasone L.p. at the time of UL, but RU38486 was micro-injected
into the ipsi-lesional flocculus to block GR.
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cortical protein phosphorylation, and glutamate- and
glucocorticoid-receptor activation in vivo. The results
support the hypothesis that cerebellar cortical plasticity
after UL, involving the expression of long-term depression
(LTD) in the ipsi-lesional flocculus, leads to the induction
of CIE in MVN neurons. Thus, cerebellar cortical LTD is
dependent upon mGIuR and PKC activation (Xia et al.
2000), while GR activation regulates PKC pathways and
promotes LTD in the hippocampus (ffrench-Mullen,
1995; Pavlides et al. 1995; Xu et al. 1998; Dwivedi &
Pandey, 1999). PKC activation in cerebellar Purkinje
neurons is also required for VOR adaptation induced by
visual-vestibular mismatch (de Zeeuw et al. 1998), while
stress and GR activation are implicated in eye-blink
associative conditioning, another model of cerebellar-
dependent motor plasticity (Xu et al. 1998; Shors, 2001).

Interestingly, the present results show that after uni-
lateral vestibular de-afferentation, CIE in MVN neurons
develops even in urethane-anaesthetised animals,
provided that cerebellar cortical GRs are activated by
systemic administration or intra-floccular microinjection
of dexamethasone. While the flocculus is known to be
involved in mediating vestibulo-ocular reflex plasticity
in response to changes in visual feedback, in these
anaesthetised animals there is no spontaneous nystagmus
or oculomotor reflex function. Instead, a likely signal to
drive flocculus-mediated plasticity may simply be the large
mismatch in the resting activity of brainstem MVN
neurons on the lesioned and intact sides.

Recent evidence indicates that ~15-20 % of neurons in the
rostral MVN are flocculus target neurons (FTNs) receiving
monosynaptic inhibition from the ipsilateral flocculus,
and intracellularly all recorded FITNs so far have been
‘Type B> MVN neurons (du Lac et al. 1995; Babalian &
Vidal, 2000). In the only intracellular study of CIE in MVN
neurons to date, we showed that CIE also develops
selectively in a subset of Type B neurons (Him & Dutia,
2001). Thus, CIE does not occur in Type A neurons, or in
Type B neurons with prominent plateau potentials (Type
Bpp neurons) and Type B neurons with low-threshold Ca**
spikes (Type Byrs neurons); instead the in vitro discharge
rate of the ‘remaining’ Type B cells (~50 % of all Type B
neurons) is significantly higher than normal post-UL
(Him & Dutia, 2001). Since Type A cells form about 30 %
of all MVN neurons (Johnston et al. 1994), the ‘remaining’
Type B cells amount to ~35 % of all MVN cells. While this
is a higher proportion than that observed for FTNs in vivo
(15-20 %), this is not inconsistent with the hypothesis that
CIE may be induced after UL in MVN neurons that receive
floccular synaptic input.

How sustained changes in the intrinsic properties of MVN
neurons may result from floccular plasticity involving
mGluR1 and GR activation and protein phosphorylation
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is an intriguing question. Recent studies have shown
that deep cerebellar nucleus (DCN) neurons possess
spontaneous activity and intrinsic membrane properties
similar to MVN neurons (Aizenman & Linden, 1999;
Czubayko et al. 2001), and that persistent changes in their
intrinsic excitability occur after high-frequency stimulation
of their synaptic inputs in vitro (Aizenmann & Linden,
2000). DCN neurons are anatomically analogous to MVN
neurons, in that both receive direct Purkinje cell projections
from their respective areas of cerebellar cortex. As discussed
by Aizenmann & Linden (2000), during cerebellar-
dependent motor learning such alterations in the intrinsic
properties of sub-cortical neurons, in parallel with cortical
synaptic plasticity, may provide a powerful and versatile
means of modifying signal processing within the cerebellar
cortico—nuclear complex. At present it is not known if
alterations in intrinsic excitability of sub-cortical neurons,
as observed here after de-afferentation in the flocculus—
MVN system, are a common feature of cerebellar plasticity.
Possible mechanisms that might induce persistent changes
in the intrinsic properties of MV N neurons include altered
patterning of synaptic inhibitory inputs from the ipsi-
lesional flocculus after UL, or the post-synaptic actions of,
for example, peptides co-released with GABA at the
Purkinje cell synaptic terminals in the MVN.

Stress, glucocorticoid receptors and cerebellar
plasticity

The present results show that intrafloccular micro-
injection of dexamethasone is sufficient to enable CIE in
ipsi-lesional MVN neurons in urethane-anaesthetised
animals, while intrafloccular microinjection of the GR
antagonist RU38486 prevents the expected development
of CIE in anaesthetised animals given systemic dexa-
methasone. These findings support recent behavioural
and cellular studies implicating stress, corticosteroids and
GRs in vestibular compensation (Yamanaka et al. 1995;
Cameron & Dutia, 1999; Yamamoto et al. 2000; review,
Seemungal et al. 2001), and suggest that a major site of
glucocorticoid action is within the cerebellar cortex. There
is particularly high GR expression in cerebellar cortex
(Sousa et al. 1989), with very high levels of 114-hydroxy-
steroid dehydrogenase type 1 (114-HSD1; Moisan et al.
1990a,b), an intracellular enzyme that potently regenerates
active glucocorticoids within cerebellar and hippocampal
neurons (Yau ef al. 2001). Glucocorticoids exert profound
effects on neuronal and synaptic function in the hippo-
campus and limbic system (Joels, 2001), but the function
of the high levels of cerebellar GR and 114-HSD1 have
been enigmatic. The present results indicate for the first
time, a role of cerebellar GR in mediating MVN neuronal
plasticity in vivo, and raise the possibility that broadly
analogous mechanisms may be involved in glucocorticoid
modulation of other forms of cerebellum-dependent
motor plasticity (e.g. Xu et al. 1998; Shors, 2001).
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