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To investigate the changes in the responses of vestibular neurons with time during vestibular com-
pensation, the resting activity and dynamic responses of type I and II neurons in the medial vestibular
nuclei to sinusoidal angular acceleration were recorded following unilateral labyrinthectomy (ULX) in
Sprague-Dawley rats. The unitary extracellular neuronal activity was recorded from the bilateral medial
vestibular nuclei with stainless steel microelectrodes of 3~5 MQ before ULX, and 6, 24, 48, 72 hours,
and 1 week after ULX under pentobarbital sodium anesthesia (30 mg/kg, i.p.). Gain (spikes/s/deg/s) and
phase (in degrees) were determined from the neuronal activity induced by sinusoidal head rotation with
0.05, 0.1, 0.2, and 0.4 Hz. The mean resting activity before ULX was 16.7 8.6 spikes/s in type I neurons
(n=67, M+ SD) and 14.5+ 8.4 spikes/s in type II neurons (n=43). The activities of ipsilateral type I and
contralateral type II neurons to the lesion side decreased markedly till 24 hr post-op, and a significant
difference between ipsilateral and contralateral type I neurons sustained till 24 hr post-op. The gain at
4 different frequencies of sinusoidal rotation was depressed in all neurons till 6 or 24 hr post-op and then
increased with time. The rate of decrease in gain was more prominent in ipsilateral type I and contralateral
type II neurons immediately after ULX. Although the gain of those neurons increased gradually after 24
hours, it remained below normal levels. The phase was significantly advanced in all neurons following
ULX. These results suggest that a depression of activities in ipsilateral type I and contralateral type II
neurons is closely related with the occurrence of vestibular symptoms and restoration of activities in those

neurons ameliorates the vestibular symptoms.
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INTRODUCTION

The peripheral vestibular receptors in the inner ear
transduce acceleration of the head, and initiate the
vestibuloocular and vestibulospinal reflexes (Wilson
& Melvill Jones, 1979b). Following loss of unilateral
vestibular function, the vestibuloocular and vestibulo-
spinal reflexes are severely impaired and vestibular
symptoms including nausea, vomiting, dizziness, spon-
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taneous nystagmus and postural disturbance are re-
sulted in. These symptoms can be classified into two
categories on the basis of their relationship to head
movement: static symptoms, such as deviation of the
eyes and head toward the lesion side and spontaneous
nystagmus which persists in the absence of head move-
ment; dynamic symptoms, such as a reduced ampli-
tude and abnormal timing (gain and phase) of the
vestibuloocular and vestibulospinal reflexes occurring
in response to head movement (Fisch, 1973; Curthoys
et al, 1988).

Many of these oculomotor and postural symptoms
disappear over time in the process of behavioral re-
covery known as vestibular compensation. This re-
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covery process is particularly striking in the case of
static symptoms, which in many species disappear
within a few days of unilateral labyrinthectomy (Pre-
cht et al, 1966; Schacfer & Meyer, 1974; Precht &
Dieringer, 1985; Park et al, 1995, 1997a). Since the
peripheral vestibular receptor cells do not regenerate
once removed and neurons in Scarpa’s ganglion do
not undergo any substantial functional recovery (Jen-
sen, 1983; Sirkin et al, 1984), vestibular compensa-
tion is assumed to be due to central netvous system
(CNS) plasticity and is widely used as a model of
lesion-induced CNS plasticity (Lacour et al, 1989).

On the basis of electrophysiological studies, vesti-
bular symptoms result from the loss of vestibular
input to the vestibular nuclei ipsilateral to the lesion,
causing a large decrease in resting activity in these
neurons (Smith & Curthoys, 1989; Curthoys & Hal-
magyi, 1995). However, over time, resting activity
partially recovers in the ipsilateral vestibular nuclei,
producing a vestibular compensation (Curthoys &
Halmagyi, 1995). Recovery of the resting activity in
the ipsilateral vestibular nuclei is considered as result-
ing from disinhibition of the ipsilateral vestibular
nuclei through commissural connections from the con-
tralateral vestibular nuclei (Precht et al, 1966), soma-
tosensory inputs from the neck and other peripheral
portion (Petrosini & Troiani, 1979; Park et al, 1995),
and intrinsic properties of the vestibular nuclei (Dar-
lington & Smith, 1996). Also, cerebellar efferent sig-
nals inhibit the resting activity in contralateral vesti-
bular nuclei (McCabe & Ryu, 1969; McCabe et al,
1972; Kim et al, 1997a, b; Kitahara et al, 1997),
number of somal spine and synaptic profile increase
in ipsilateral vestibular nuclei (Guyot et al, 1995;
Gacek & Schoonmaker, 1997; Gacek et al, 1998), and
changes on responses to cholinergic and GABAnergic
neurotransmitters are maintained for a long time (Bien-
hold & Flohr, 1980; Magnusson et al, 1998).

It is assumed that vestibular compensation is due
to the restoration of neuronal activity in the ipsilateral
vestibular nuclei to the lesion side, leading to the
reestablishment of bilateral symmetry in the resting
neuronal activity (Precht et al, 1966; Smith & Cur-
thoys, 1988a, b). Smith & Curthoys (1988a, b) re-
ported that resting activity of type I neurons in con-
tralateral medial vestibular nucleus (MVN) in guinea
pigs increased and the activity in ipsilateral MVN
decreased compared with normal level immediately
after ULX, and the activity in bilateral MVN returned
to normal level by 60 hr post-op. However, Newlands

& Perachio (1990a, b) reported that recovery of vesti-
bular symptom did not correspond to recovery of neu-
ronal activity. Resting activity of type I neurons in
ipsilateral MVN in gerbils decreased significantly
immediately after ULX and the activity did not return
to normal level by 4~7 months. Also the activity of
type II neurons did not change significantly after
ULX. In addition to the resting activity, several re-
ports on dynamic activity in MVN by sinusoidal rota-
tion showed different results (Smith & Curthoys,
1988a, b; Newlands & Perachio, 1990a, b). The dis-
crepancies in neuronal activity after ULX may be
attributed to the differences in the species of experi-
mental animal and methods.

The present study was designed to provide a more
complete picture of the neuronal changes occurred in
the bilateral MVN during vestibular compensation.
The response of type I and type II neurons in the
bilateral MVN of rats to horizontal sinusoidal angular
acceleration was quantified over time which coincided
with major behavioral changes observed during vesti-
bular compensation which have been quantified in our
previous studies of the same species (Kim et al, 1997a,
b; Park et al, 1997a, b).

METHODS
Materials

Sixty-seven Sprague-Dawley rats weighing 250~
300 g were used in this experiment. The vestibular
function was examined by rotatory test to select an
intact labyrinthine animal (Park & Park, 1988). They
were divided into two groups, control group with
intact labyrinth and unilateral labyrinthectomy group.

Labyrinthectomy

Animals were anesthetized with chloral hydrate
(100 mg/kg, i.p.) and ossicular bones in the left mid-
dle ear cavity were removed to open the oval window
through ventral approach under a surgical microscope.
Then, a small opening was made around oval window
using small dental burr. Through these openings, mem-
branous labyrinth was destroyed surgically with a
small right-angled hook and aspirated with suction
pump. ULX was confirmed with appearance of spon-
taneous nystagmus and postural asymmetry after re-
covery from anesthetic condition. In order to prevent
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from post-operative infection, lesioned vestibular por-
tion was applied with an antibiotic ointment, sealed
with dental cement, and also ampicillin (20 mg/kg)
was injected intramuscularly for 3 days.

Sinusoidal rotation of the vestibular system

The animals were secured with a head holder in a
stereotaxic device (David Kopf, U.S.A.), mounted on
a servo-controlled turntable. The head was centered
over the axis of rotation with nose pitched 30° down
to bring the horizontal semicircular canals close to the
horizontal plane of rotation. The animal’s body was
supported by a soft plate. This plate contained a heat-
ing element which maintained the animal’s body tem-
perature at 37°C. The turntable was driven by DC
servo-motor (400 W, LG Co). Rotatory range of the
turntable was 180°, and maximum angular velocities
were 55°/sec at 0.05 Hz, 110°/sec at 0.1 Hz, 220°%/sec
at 0.2 Hz, and 440°/sec at 0.4 Hz. Artificial respira-
tion was achieved using a ventilator (Phipps & Bird,
U.S.A).

Electrophysiological recordings

Portions of the occipital bone and dura mater were
removed under pentobarbital sodium (30 mg/kg, i.p.)
anesthesia. Total number of recorded units was 660.
Unitary extracellular neuronal activity was recorded
through stainless steel microelectrode (A & M Co,
U.S.A.) with impedance of 2~5 M Q. The electrodes
were placed by stereotaxic coordinates (Paxinos &
Watson, 1986) and advanced with micromanipulator
(Narishige, Japan) through the intact cerebellum into
MVN. Attempts were made to sample neurons through-
out the entire MVN using multiple penetrations per
animal. Signals were amplified and displayed on an
oscilloscope (Tektronix 5113, U.S.A.), and idealized
spikes identified by real time waveform discriminator
(SPS-8701, Australia) were fed into data acquisition
system (CED 1401, U.K.) for analysis. At the end of
each successful recording, recording site was marked
by lesion with DC current (0.3 mA, 30 sec). After
finishing recording session, the animal was given an
overdose of urethan, the brain was removed, fixed by
immersion in a phosphate-buffered 10% formalin solu-
tion, sectioned with a freezing microtome into 60~
100 gm thick slices and stained with cresyl violet.
Recording sites referenced to the dye spots were con-
firmed by an image analyzer system (Media Cyber-

netics, U.S.A)).
Data analysis

Resting activity was defined as firing rate (spikes/
sec) over a 60-second period in the absence of hori-
zontal rotation. Average firing rate was calculated by
Spike 2 (CED Ltd, UXK.). For the measurement of
gain and phase of response to horizontal sinusoidal
acceleration, the averaged cycle histogram of the re-
sponse and the stimulus in 5~10 cycles were sepa-
rately subjected to a non-linear curve fitting routine
to compute the least-squares fit of a sinusoid. Gain
was computed as peak to peak firing divided by peak
to peak velocity and expressed as impulses/s per
deg/s. Phase difference between the maximum sti-
mulus input and the maximum response output was
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Fig. 1. Analysis of unitary dynamic response in the vesti-
bular neuron to sinusoidal rotation. The unitary response
was fitted by least square method (upper pannel) and the
velocity of rotation was represented as degree/sec (lower
pannel). The gain of the unit response was expressed as
the ratio of peak firing rate (Ao) to peak angular velocity
(Ai). The phase of the unit response (Q) was defined as
the difference in degrees between peak angular velocity
and peak firing rate. Positive (+) and negative (—)
values of the phase represent phase lead and phase lag,
respectively.
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determined using a cross-spectral analysis routine and
expressed as degree. In phase difference, positive
value representing phase lead indicates that the time
of maximal response is faster than the time of maxi-
mal stimulus, and negative value representing phase
lag does faster in the time of maximal stimulus (Fig. 1).

Statistical analysis

All data were represented as mean+ SD. The statis-
tical significance of differences was assessed using
Kruskal-Wallis and Mann-Whitney U tests. p<0.05
was considered significant.

RESULTS
Resting activity in MVN

In order to classify the type of neurons, the animal
on turntable was rotated sinusoidally. Neurons were
classified as type I if their firing rate increased with
ipsilateral angular acceleration and decreased with
contralateral acceleration and type II if they re-
sponded in an inverse fashion (Fig. 2). In intact laby-
rinthine animals (control), the mean resting activity
was 16.7+£8.6 spikes/sec in type I neurons and the
larger number of neurons was recorded in type I neu-
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Fig. 2. Typical response of type I and type II neurons
in the left medial vestibular nuclei. Type I neuron was
activated by rotation toward ipsilateral (left) and inhibited
by contralateral (right), while type II neuron was acti-
vated by rotation toward contralateral (right) and inhi-
bited by ipsilateral (left). The lowest pannel shows posi-
tion curve of rotation (HP), in which upward deflection
represents rightward rotation (R) and downward repre-
sents leftward rotation (L).

rons than in type II (Table 1). In ULX, mean resting
activity of ipsilateral type I neurons was 8.6+ 6.4
spikesfsec at 6 hr post-op, which showed significant
difference from the control (p < 0.05). Decreased rest-
ing activity in ipsilateral type I neurons was persisted
to 24 hr post-op and increased gradually to approxi-
mately normal levels at 1 wk post-op. The activity of
contralateral type I neurons was 13.5 % 10.0 spikes/sec
at 6 hr post-op and decreased activities were main-
tained till 24 hr post-op. The activity of ipsilateral
type I neurons showed significant decrease compared
with contralateral type I neurons till 24 hr post-op (p
<0.01).

In type II neurons, mean resting activity of the
animals with an intact labyrinth was 14.5 1 8.4 spikes/
sec. The resting activity was decreased significantly
in contralateral ones (p <0.05), whereas in ipsilateral
ones it did not change significantly after ULX. The
pattern of resting activity in bilateral type II neurons
was inversely related to that in type I neurons, ipsila-
teral type II neurons had a higher activity than con-
tralateral ones (Fig. 3).

The number of neurons recorded in MVN increased
with time after ULX. The average number of type 1
neurons recorded was more in contralateral MVN
than in ipsilateral one, and type II neurons were more
in ipsilateral MVN (Table 1).
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Fig. 3. Changes of resting activity in type I and II neu-
rons of the medial vestibular nuclei following unilateral
labyrinthectomy. IPSI, ipsilateral to the lesioned ves-
tibular system; CONTRA, contralateral to the lesioned
side; C, resting activity before labyrinthectomy (control
group). *denotes significant difference between control
and labyrinthectomy groups (*p<0.05, **p <0.01). T de-
notes significant difference between ipsilateral and con-
tralateral neurons (Tp< 0.05, *p< 0.01). Values are means
+SD.
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Dynamic responses of type I neurons

In animals with an intact labyrinth, gain was 0.42 +
0.12 at 0.05 Hz, 0.26+0.04 at 0.1 Hz, 0.24+0.05 at
0.2 Hz, and 0.22+0.12 at 0.4 Hz, which represented
that neuronal activity was increased by increasing
stimulus velocity. Phase difference was 26.4 +19.6° at
0.05 Hz, 12.8+8.6° at 0.1 Hz, —9.0:12.7° at 0.2 Hz,

Table 1. The number of neurons recorded in the control
and unilateral labyrinthectomized rats

Type I neuron Type II neuron

Ipsi Contra Ipsi  Contra
Control (9) 67 43
6 hr post-op (15) 36 96 44 12
24 hr post-op (13) 42 43 17 12
48 hr post-op (11) 38 22 16 21
72 hr post-op (11) 19 35 30 16
1 wk post-op (8) 17 16 9 9

Number of parentheses represents the number of animals.
Ipsi, ipsilateral MVN to labyrinthectomy; Contra, contra-
lateral MVN to labyrinthectomy.
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and —17.6+7.5° at 0.4 Hz, which indicated that
phase lag was increased by increasing stimulus
velocity.

At 6 hr post-op, gain in ipsilateral MVN was 0.19
10.09 at 0.05 Hz, 0.13+0.05 at 0.1 Hz, 0.09+0.02
at 0.2 Hz, and 0.06 £0.05 at 0.4 Hz, which was de-
creased by more than 50% of control. And phase
difference in ipsilateral MVN was 32.0+13.4° at 0.05
Hz, 25.3+15.8° at 0.1 Hz, 14.1+10.7° at 0.2 Hz, and
4.8+30.0° at 0.4 Hz, which showed phase lead at all
frequencies of stimulus. Gain in contralateral MVN
was 0.36+0.09 at 0.05 Hz, 0.24+0.06 at 0.1 Hz,
0.18+0.03 at 0.2 Hz, and 0.13+0.03 at 0.4 Hz,
which was significantly decreased compared with the
control. In comparison of gain in bilateral MVN,
severe asymmetry was tesulted from significant de-
crease in gain of ipsilateral MVN. And phase differ-
ence in contralateral MVN was 37.0+17.8° at 0.05
Hz, 26.5+11.0° at 0.1 Hz, 15.1+7.8° at 0.2 Hz, and
8.0£8.9° at 0.4 Hz.

At 24 hr post-op, gain in ipsilateral MVN was de-
creased significantly compared with the control. Also
phase difference showed more phase lead than the
control. Contralateral MVN showed the lowest gain
at all frequencies of stimulus, however, the gain was
significantly higher than ipsilateral MVN, which re-
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Fig. 4. Dynamic response of gain in type I and II neurons of the medial vestibular nuclei by sinusoidal rotation
at 0.05, 0.1, 0.2, and 0.4 Hz following unilateral labyrinthectomy. Upper pannel shows the responses of bilateral
type I neurons and lower one shows the responses of bilateral type II neurons. Other notations are as in Fig. 3.



486 BR Park et al.

0.1 Hz

0.2 Hz

0.4 Hz

—e— Ipsi-l
o Contra-I

—n W Ak

—

PHASE (deg)

_mJ||| 1 1 1 i1 L 1

—e— Ipsi-il
.o Contra-t

]

4
] L1 ] 1 ] bl 1 ]

C6 24 48 72 168 C6 24 48 72

168 C6 24 48 72 168 C6 24 48 72 168

POST-OP TIME (hours)

Fig. 5. Dynamic response of phase in type I and II neurons of the medial vestibular nuclei by sinusoidal
rotation at 0.05, 0.1, 0.2, and 0.4 Hz following unilateral labyrinthectomy. Upper pannel shows the responses
of bilateral type I neurons and lower one shows the responses of bilateral type II neurons. Positive and negative
values represent phase lead and phase lag, respectively. Other notations are as in Fig. 3.

sulted in maintenance of asymmetry of gain in bilat-
eral MVN. And phase lead was sustained at all fre-
quencies of stimulus.

After 24 hr of ULX, though the gain in ipsilateral
MVN increased gradually with time, asymmetry of
gain in bilateral MVN was sustained till 48 hr post-op
at all frequencies of stimulus. The asymmetry re-
covered after 72 hr post-op at all frequencies of stim-
ulus. Phase difference was not recovered till 1 wk
post-op and phase lead was continued (Figs. 4, 5).

Dynamic responses of type Il neurons

In control, gain was 0.40+0.09 at 0.05 Hz, 0.26+
0.07 at 0.1 Hz, 0.20£0.04 at 0.2 Hz, and 0.12+0.03
at 0.4 Hz, which was slightly lower than in type I
neurons. And phase difference was 22.8+16.2° at
0.05 Hz, 9.7+5.9° at 0.1 Hz, —9.8+13.8° at 0.2 Hz,
and —15.31+9.4° at 0.4 Hz, which was similar to type
I neurons. )

At 6 hr post-op, gain was 0.28+0.07, 0.20£0.05,
0.19+0.05, 0.11£0.04 at 0.05, 0.1, 0.2, 0.4 Hz,
respectively, in ipsilateral MVN, and 0.16 £0.05, 0.10

£0.03, 0.11+0.04, 0.06+0.03 at 0.05, 0.1, 0.2, 0.4

Hz, respectively, in contralateral MVN. Ipsilateral
MVN had higher gain than contralateral MVN, which

was in inverse manner to type I neurons. And phase
difference in ipsilateral MVN was 45.0+23.7°, 20.0
+27.7°,02+14.6°, 13.3+11.3° at 0.05, 0.1, 0.2, 0.4
Hz, respectively, and that of contralateral MVN was
53.8+22.1°, 18.4+£16.9°, 11.2+11.5°, 7.8+9.2° at
0.05, 0.1, 0.2, 0.4 Hz, respectively. There was no sig-
nificant difference in phase between bilateral MVN.
Asymmetry of gain in bilateral MVN resulting from
decreased activity in contralateral MVN was sustained
till 48 hr post-op. Gain at 0.05 Hz in contralateral
MVN did not recover to normal level till 72 hr
post-op (Figs. 4, 5).

DISCUSSION

Vestibular compensation is known to be the resto-
ration of neuronal activity in bilateral vestibular nu-
clear complex following unilateral loss of vestibular
function (Precht et al, 1966; Smith & Curthoys,
1988a, b; Newlands & Perachio, 1990a, b). A number
of studies have demonstrated that electrical activity of
type I neurons in ipsilateral MVN to ULX is almost
absent due to loss of primary afferent input from
peripheral receptors and increased commissural inhi-
bition (Precht et al, 1966; Ried et al, 1984). In the
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contralateral MVN, type I neurons exhibit an in-
creased activity because they are released from com-
missural inhibition (Smith & Curthoys, 1988a). With
compensation, resting activity of type I neurons in
bilateral MVN has been shown to return towards the
control level in some studies (Smith & Curthoys,
1988a, b). Restoration of the resting activity in ipsi-
lateral MVN is attributed to either extravestibular
afferent signals (Pukonen et al, 1977; Park et al,
1995), intrinsic properties of ipsilateral MVN (Dat-
lington & Smith, 1996), or a reduction in commis-
sural inhibition (Fetter & Zee, 1988). In contralateral
type I neurons, some reports suggested that the resting
activity is reduced by commissural inhibition resulting
from the recovery of ipsilateral type I neuronal acti-
vity (Yagi & Markham, 1984; Smith & Curthoys,
1988b). The net result is the restoration of symmetry
in bilateral resting activity, which is believed to ac-
count for the recovery of static vestibular symptoms
(Schaefer & Meyer, 1973; Yagi & Markham, 1984).

Our results support the assertion that ULX reduces
the activity in ipsilateral type I neurons, while the
activity in contralateral type I neurons is not affected
significantly (Precht, 1986; Newlands & Perachio,
1990a). In the present data, the resting activity of
contralateral type I neurons as well as ipsilateral type
I neurons was decreased following ULX, which is
assumed to be the effect of extravestibular afferent
inputs or intrinsic properties of the vestibular nuclei.
This assumption is based on the immunohistochemi-
cal studies. c-Fos protein is more expressed in the
contralateral MVN than in the ipsilateral MVN
immediately after ULX, but the pattern of c-Fos
protein expression is reversed after 6 hs of ULX (Kim
et al, 1997b; Park et al, 1997b).

The resting activity of type II neurons was slightly
increased in ipsilateral MVN and significantly de-
creased in contralateral MVN at early stage of com-
pensation, which corresponded to other studies (Smith
& Curthoys, 1988a, b; Newlands & Perachio, 1990b).
The number of type II neurons recorded was two-
thirds of type I neurons, which was similar to reports
from Melvill Jones & Millsum (1971) and Newlands
& Perachio (1990a, b). The number of contralateral
type 1 and ipsilateral type 1I neurons increased with
time after ULX. Increase in the number of neurons
recorded may also closely related with recovery of
vestibular symptoms.

However, the number of resting activity in laby-
rinthine intact animal showed some difference in sev-

eral reports. Ried et al (1984) reported that resting
activity was 22.4114.0 spikes/sec in type I neurons
and 27.5+ 14.6 spikes/sec in type II neurons in keta-
mine anesthetized cats. Smith & Curthoys (1988a, b)
observed 10.9 1 16.5 spikes/sec in type I neurons and
5.9+ 8.7 spikes/sec in type II neurons in pentobarbital
sodium anesthetized guinea pigs. Newlands & Perachio
(1990a, b) reported 39.0£28.3 spikes/ sec in type I
neurons and 32.3+31.5 spikes/sec in type II neurons
in decerebrated gerbils. And the present study in
pentobarbital sodium anesthetized rats showed 16.7 +
8.6 spikes/s in type 1 neurons and 14.5+8.4 spikes/
sec in type II neurons. These different findings are
probably due to different animal species, methods,
and anesthetics. Especially, the activity of type I neu-
rons is strongly affected by anesthesia, since ipsila-
teral type I neurons receive afferent inputs via poly-
synapse following ULX (Precht & Shimazu, 1965;
Shimazu & Precht, 1966). Considering the above re-
sults, it is not so easy to obtain a constant result by
electrophysiological technique.

In labyrinthine intact animal, excitation of unila-
teral type I neurons by ipsilateral rotation excites con-
tralateral type II neurons and inhibits ipsilateral type
11 neurons by commissural connection. This commis-
sural effect causes summation of excitation in ipsi-
lateral type I neurons to the side of rotation. But
rotation directed toward lesion side following ULX
causes inhibition of contralateral type I neurons and
excitation of ipsilateral type II neurons since ipsila-
teral peripheral receptors can not respond to rotation
and only contralateral receptors can respond. And
rotation directed toward intact side can not summate
excitation in contralateral type I neurons because of
absence of commissural inhibition. Considering the
above assumption, it is reasonable that gain of both
type I and II neurons in bilateral vestibular nuclei
decreased till 48 hr post-op, and contralateral type I
neuron and ipsilateral type II neurons showed higher
gain than ipsilateral type I neuron and contralateral
type II neurons, respectively, in this study. These re-
sults correspond with reduction of spontaneous nys-
tagmus by rotation toward lesion side and enhance-
ment of the nystagmus by rotation toward intact side
(Park et al, 1995), reduction of sensitivity of bilateral
type I neurons in unilateral 3-canal plugging (Abend,
1978), and decreased resting activity in ipsilateral
vestibular neurons by making a small hole on ampul-
lary portion of horizontal canal in cats (Ezure et al,
1983).
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Gain representing degree of response in vestibular
neurons is calculated from maximum neuronal acti-
vity divided by maximum velocity of rotation (Wilson
& Melvill Jones, 1979a). Newlands & Perachio (1990a,
b) demonstrated that gain increased by increasing
frequency of rotation in labyrinthine intact animals,
but increasing frequency of rotation induced reduction
of gain in this study. The difference in gain is ex-
plained by different method of rotation. We modu-
lated frequency of rotation at constant range of rota-
tion, while other studies modulated frequency at con-
stant maximum velocity of rotation. Severe asym-
metry of gain in bilateral type I and II neurons de-
creased after 48 hr post-op, which was corresponded
to the time of disappearance of spontaneous nystag-
mus following ULX (Park et al, 1997a). Incomplete
restoration of gain may support that the dynamic
vestibular symptoms sustained after 1 week post-op.

Phase representing the temporal difference between
transmitting time from peripheral receptors to vesti-
bular nuclei and stimulation time by rotation depends
on time needed for signal transduction in peripheral
receptors and synaptic transmission in vestibular nu-
clei (Wilson & Melvill Jones, 1979b). Phase lag in-
creased by increasing rotatory velocity, which means
that phase mainly relates with stimulus velocity in
labyrinthine intact animals. Increased phase lead im-
mediately after ULX resulted from the response of
only contralateral peripheral receptors to the lesion
side because of interruption of afferent signals from
ipsilateral receptors. Decreasing phase lead with time
after ULX may relate with recovery of neuronal acti-
vities by increased synaptic formation in contralateral
vestibular nuclei. However, phase difference did not
show any consistent response compared with gain in
this study. These results corresponded with other
studies (Smith & Curthoys, 1988a, b; Newlands &
Perachio, 1990a, b). Slower recovery of phase than
gain is related with that regeneration of peripheral
cilia is more important than CNS plasticity during
vestibular compensation in chicken (Carey et al,
1996).

Considering the results obtained in this study, res-
toration of resting activity in bilateral MVN corre-
sponds to disappearance of spontaneous nystagmus
following ULX. Recovery of static vestibular symp-
toms does not simply depend on resting activity, but
other components may be involved. Incomplete resto-
ration of resting activity as well as gain and phase
by sinusoidal rotation till 1 wk post-op represents that

dynamic vestibular symptoms sustain for long period.
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