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We measured the guinea pig horizontal vestibulo-ocular reflex
(hVOR) to high acceleration impulsive head rotations following
a unilateral lateral semicircular canal (LSCC) occlusion. We
found a significant hVOR deficit for rotations toward the side
of the occluded LSCC and this deficit did not show systematic
changes over 3 months. We considered the LSCC nerve was
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still functional as shown by the normal appearance of the crista
of the LSCC ampulla and also electrical stimulation of the
LSCC. We conclude that the VOR during angular acceleration
in response to high acceleration shows no adaptive plasticity
following a unilateral LSCC occlusion. NeuroReport 11:2527—
2531 © 2000 Lippincott Williams & Wilkins.

INTRODUCTION

Occlusion of a semicircular canal (SCC) preserves sponta-
neous primary vestibular afferent activity originating from
the ampulla of that SCC, but dramatically modifies the
response of that canal to dynamic rotational stimulation.
This procedure is useful as an experimental tool to alter
dynamic response from a specific canal without producing
a lesion, and also as a less radical means of treating SCC
dysfunction in humans than a unilateral neurectomy or
labyrinthectomy. However, it is unclear from the literature
whether there is a functionally effective recovery of the
vestibulo-ocular reflex (VOR) following SCC occlusion. The
present study sought to test in guinea pig whether lateral
SCC (LSCC) occlusion does result in any horizontal VOR
(hVOR) deficit and whether any observed deficit changes
over time.

Following a unilateral SCC occlusion some authors
have reported a recovery of VOR function in the
monkey [1] and cat [2], whereas others reported no such
recovery in the cat [3], rabbit [4] and human [5]. If all
canals on one side are occluded, a recovery of VOR
function has been reported for monkey in response to
low frequency sinusoids, but not for high acceleration
impulses [6]. In response to bilateral occlusion of a co-
planar pair of SCCs, recovery of VOR function has also
been observed in monkey [7,8]. Although a recovery of
VOR function following bilateral occlusion of the LSCC
has been reported in cat [9], Baker et al. [10] reported
that there was little VOR recovery over several months
in the same species. There is some debate as to whether
any recovery following canal occlusion can be attributed

to spatial adaptation from the remaining SCCs [7] or not
[11,12].

Comparing results from one study to another is difficult
given the species differences, the type of test stimulus used,
exactly how the measure of hVOR gain is defined, and the
fact that there is variation as to which, and how many of
the SCCs are actually occluded. The aim of the present
study was to help resolve some of these complications.

For the present study we have assessed hVOR function
following occlusion of a single lateral canal in guinea pig.
The hVOR response after unilateral labyrinthectomy or
neurectomy in this species is similar to the hVOR response
post-neurectomy in humans [13]. The guinea pig hVOR
was tested in response to brief high acceleration impulsive
yaw rotations, a stimulus in the range of angular accelera-
tion encountered during natural head movements [14,15].
The use of low frequency sinusoidal stimulation to mea-
sure the asymmetry of VOR function post-lesion may be
spurious when trying to assess the functional status of the
VOR [13,16,17].

When assessing function after canal occlusion or vestib-
ular lesion it is crucial to define exactly how gain is
measured. In the present study the gain of the hVOR was
measured during the step of acceleration, that is, when
velocity was increasing. This type of measure has recently
been referred to as an acceleration gain [6]. Broussard et al.
[2], instead, measured an improved plateau gain following
canal occlusion in cat, a gain measure of the portion of the
impulse stimulus after the angular acceleration during
which the angular velocity was constant (see inset to Fig.
1). Lasker et al. [6] have demonstrated that the plateau
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Fig. . A time series of head and eye velocity showing an example of

the head rotation stimulus and the eye movement response during a
single leftward impulse in a guinea pig prior to canal occlusion. For ease
of comparison the eye velocity record has been inverted. The shaded
part of the main trace during the portion of the stimulus when velocity is
increasing (A) represents the segment of the impulse that is used to
calculate the hVOR gain (acceleration gain). The inset is for comparison
of the gain measure used in the present study, to the plateau gain
measure that has been used in some other studies [2,6]. The shaded
portion of the trace in the inset labeled B represents the portion of the
stimulus during which a plateau gain would be calculated if rotation had
been maintained.

gain measure is analogous to gain for a low frequency
stimulus.

We found that following unilateral occlusion of the
lateral semicircular canal in guinea pig there was a
permanent asymmetry of the hVOR acceleration gain to
high acceleration impulsive rotations. The acceleration gain
of the hVOR for rotations toward the ipsilateral occluded
side was reduced by 70% to 30% of normal, whereas gain
for rotations to the contralateral side was reduced by 10%
compared to normal.

MATERIALS AND METHODS
Five normal healthy pigmented guinea pigs weighing
between 600 and 1000 g underwent surgery for a unilateral
lateral semicircular canal occlusion (four on the right side
and one on the left). The Animal Care and Ethics Commit-
tee of the University of Sydney, NSW, Australia approved
all procedures used. The methods and conventions have
been described in detail previously [13]. Briefly, each
guinea pig was anaesthetized with Ketamil (ketamine
hydrochloride, 100mg/kg, i.m.; Troy Laboratories) and
Xylase Injection (xylazine, 4mg/kg, im.; Parnell Labora-
tories). A midline incision was made to expose the dorsal
skull. A head holder consisting of a square plastic rod
embedded in dental cement and anchored with small
stainless steel screws (0-80 UNFX1/8") was surgically
implanted oriented parallel to the animal’s interaural axis
whilst the animal was positioned in a guinea pig nose bar
(40° pitched nose down), to bring the lateral canals close to
the plane of rotation [18].

At least one week later the guinea pig was re-anaesthe-
tized as described above, the skin and tissue over the
temporal bone was retracted by blunt dissection and a

small hole was drilled into the temporal bone to expose the
junction of the lateral and anterior SCCs using a fine dental
burr. A small opening along the bony wall of the LSCC
was made ~1 mm caudal from the entrance to the ampulla,
leaving the membranous duct of the SCC intact. Sterile
bone wax was gently inserted into the opening of the bony
canal with a fine probe to compress the membranous duct.
Upon completion of the LSCC occlusion the hole was
sealed with dental acrylic and the wound sutured. Animals
recovered from the anaesthesia under a heat lamp in a
fully lit room. Recovery of each animal was closely
monitored post-operatively to observe any nystagmus or
postural symptoms indicative of a vestibular lesion rather
than LSCC occlusion [19].

To measure the hVOR, three-dimensional head and eye
position were obtained using the search coil technique,
with the guinea pig’s eye positioned at the centre of a
40cm?® transmitter field, having a linear region of around
+30° (for detail of the calibration procedure and recording
setup see [13]). Briefly, a small combination coil consisting
of two small detector coils was placed on the locally
anaesthetised cornea of the guinea pig with a drop of
cyanoacrylate adhesive. A second similar combination
detector coil was fixed to the head holder rod to measure
head displacement. An in vitro calibration was performed
at the beginning of each recording day. Guinea pigs were
firmly restrained in a canvas bag with Velcro straps and
placed in a Perspex guinea pig holding box. An IBM
compatible PC running LabVIEW (National Instruments)
was used to drive a velocity servo-motor (ASR Servotron)
that delivered unpredictable, high acceleration head rota-
tions in light. Each test impulse consisted of an angular
displacement of 18° with a peak head velocity of 200°/s
and a peak head acceleration of 3100°/s?.

The methods for analysis of eye movement have been
described previously [13]. To measure and define hVOR
gain a method similar to that used by Lasker et al. [6] was
employed. For each animal, eye velocity was plotted as a
function of head velocity for each trial. To obtain the
average hVOR performance for a testing session for a
single animal, the data points for all impulses in the same
direction were combined and a single lowess curve fitted
to the data points. A linear regression fit to the averaged
eye velocity/head velocity trace was calculated separately
for rotations toward the occluded canal and away from the
occluded canal. The line was fitted to the data during the
period of the impulse when the head velocity was increas-
ing from 50 to 150°/s, and corresponds to the time 30—
70ms after the onset of the stimulus. The slope of the line
of best fit represents the gain measure (see Fig. 1). Unlike
our previous gain measures, it does not reduce the gain
value to a single arbitrary high head velocity [20] and the
line of best fit to the data is not confounded by artifacts
that may occur at very low velocities during the onset of
the stimulus [13].

At least 4 months after behavioural testing each animal
was anaesthetized with Nembutal (pentobarbitone sodium,
30mg/kg, Rhone Merieux) and hypnorm (Fentanyl citrate,
2.5mg/kg, Janssen). The ampulla of the LSCC was exposed
and a fine stainless steel bipolar electrode, each wire 40 um
in diameter and Teflon insulated except at the tip, was
carefully positioned near the ampulla. Brief trains of
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electrical stimulation were delivered to the LSCC ampulla
(square wave pulses of 100 us duration at the rate of 400
pulses/s) [21] and the characteristics of the eye movement
recorded as described above. Each animal was euthanased
upon completion of the recording session.

RESULTS

Immediately after unilateral LSCC occlusion all animals
had a transitory spontaneous ocular nystagmus (SN). In
three of the animals the SN had disappeared within the
first 10 h after surgery. In the remaining two animals a low
frequency SN (4-8 beats per minute) was still apparent
14-18h after surgery. At all times after surgery the
frequency of SN was substantially less than that which
occurs following UVD or LSCC nerve damage [22]. None
of the five guinea pigs had postural asymmetry after
surgery. These results contrast strongly with the behaviour
following unilateral labyrinthectomy or unilateral damage
to the nerve for the LSCC and are behavioural indicators
that there was minimal damage to the lateral canal [22,23].

Before LSCC occlusion all animals had a hVOR gain
close to 1.0 in response to high acceleration rotations. There
was no significant difference between rotations toward the
right and rotations toward the left (t(4)=1.06; p=0.348;
Fig. 2a). Four of the five animals were able to have VOR
testing 1 day after surgery. All animals were tested at 1
month, 2 months and 3 months afterwards. On the first test
session 1 day after the LSCC occlusion, hVOR gain for
rotation toward the occluded side was drastically reduced
from preoperative values close to 1 to 0.25+0.1 (mean £1
s.d of the mean). At this time hVOR gain for rotation
toward the side contralateral to the occlusion was reduced
from close to 1 to 0.9+0.1. Over the next 3 months there
was always a significant difference between gain values
obtained when rotated toward the occluded side compared
to rotations away from the occluded side (F(1,3)=227,
p=0.001; Fig. 2a,c). The hVOR gain for rotations in either
direction did not change over time (F(3,9)=1.17, p=
0.374), that is, rotations toward the occluded side remained
depressed by 70% compared to normal and rotations
toward the side contralateral to the occlusion were always
reduced by 10% compared to normal. Even at three months
after the occlusion the small difference in gain obtained for
rotation toward the side contralateral to the occlusion was
significantly different from normal (t(4) =3.09; p =0.037).

To determine the degree of asymmetry over time for
each animal, a directional deficit score was calculated as
(hVOR gain for rotation toward contralateral side—hVOR
gain for rotation toward occluded side)/(hVOR gain for
rotation toward contralateral side +hVOR gain for rotation
toward occluded side). The hVOR asymmetry did not
improve during the first 3 months after LSCC occlusion
(F(3,9) =1.364, p=0.315; Fig. 2b).

To determine whether the LSCC was still functional, we
showed that high frequency electrical stimulation of the
LSCC ampulla produced predominantly horizontal eye
rotations (rotation around the z-axis; Fig. 3). The eye
rotations were of LSCC origin, since stimulation of the
nearby anterior SCC produced a different pattern of eye
rotation. For each canal the direction of eye movement was
approximately in the plane of the canal being electrically
stimulated [18]. Our direct stimulation showed that the

occluded LSCC was still functional in three of the five
animals (for two of the animals the ampulla was damaged
during the exposure to remove the dental acrylic). Further-
more, the procedure for high frequency electrical stimula-
tion requires that the canal ampulla is exposed and viewed
under high magnification. For the three animals in which
stimulation was successful the crista of the LSCC ampulla
appeared normal without any obvious signs of disease or
damage. The standard histological control for SCC occlu-
sion experiments (serial sections) does not unambiguously
show the functional status of the ampulla of the SCC.

DISCUSSION

Following a unilateral LSCC occlusion all guinea pigs
tested exhibited a severe deficit in hVOR gain for high
acceleration impulsive rotations toward the occluded side.
Although the gain for rotations to the intact side was only
slightly impaired, the gain values were significantly lower
compared to preoperative values. The impaired response
for contralateral rotation was evident on the first testing
session 1 day after the occlusion. The higher hVOR gain
for contralateral vs ipsilateral rotations does not occur as a
result of compensatory mechanisms that enhance contral-
ateral gain after occlusion, but are evidence that, at least
for high acceleration rotations, excitation is more important
than commissural inhibition for generating the hVOR
response. The gain of the hVOR for rotations in either
direction did not recover in the 3 months after occlusion.
This hVOR asymmetry and lack of recovery for high
acceleration rotations in either direction is similar to that
observed following unilateral vestibular deafferentation
(UVD) in guinea pig [13].

We are confident that the canal occlusion procedure was
successful in all animals tested. None of the five guinea
pigs had postural asymmetry after surgery that indicated a
unilateral labyrinthectomy had been performed [22]. Even
a selective lesion of the lateral canal in guinea pig produces
a marked head deviation in the horizontal plane for up to
24 h post-lesion [23]. Although we did observe a transient
spontaneous nystagmus following the LSCC occlusion,
transient symptoms are common after any opening of the
inner ear, and have even been observed following opening
of the middle ear [22]. A transient spontaneous nystagmus
can last at least a week following unilateral canal occlusion
in squirrel monkey [1,6], and human patients report a
transient unsteadiness for up to 4 weeks following poster-
ior canal occlusion [24].

High frequency electrical stimulation of the LSCC pro-
vided evidence that the canal was still functional. It is
unlikely that our electrical stimulation activated anterior
canal neurons since the direction of the eye movements
elicited was in the plane of the lateral canal and not the
vertical canal. Current spread would therefore be expected
to produce a composite eye movement and not purely
horizontal eye movement.

Many of the studies which report a recovery of VOR
function post-canal occlusion use low frequency, low accel-
eration, sinusoidal stimulation [1,2,6—8] and in most cases
recovery is modest [7,8]. With higher acceleration, high
frequency stimuli both Lasker et al. [6] (in squirrel monkey)
and Broussard et al [2] (in cat), report an increase in
asymmetry between ipsilateral and contralateral rotations
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Fig. 2. Change in the hVOR over time after unilateral lateral semicircular canal (LSCC) occlusion. (a) The single best-fitting lowess line for each
animal at each measurement time is presented in the upper panels and the corresponding two-tailed 95% confidence intervals in the lower panels. (b)
Change in the asymmetry of the hVOR over time as defined by directional deficit. Data points represent mean= | s.d. (c) Each plot represents the
actual hVOR gain values (as defined in Materials and Methods) during high acceleration impulsive rotations, either toward the left (normal) side or right
(occluded) side for one animal. For the one animal that had a left sided LSCC occlusion the data have been inverted for comparison to the remaining
four animals.
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Fig. 3. Three-dimensional representation in rotation vectors of the eye
movement response during repeated electrical stimulation of the lateral
canal on the occluded side for one animal at least 3 months post
occlusion. For lateral canal stimulation the rotation was predominantly
around the z-axis (yaw eye movement), providing evidence that the canal
was still functional and had not been lesioned as a result of the occlusion
procedure. The line marked with the letter |, represents a vector
perpendicular to the plane of the lateral canal. Details of the canal planes
were obtained from [18].

following unilateral SCC occlusion. That asymmetry is
marked and permanent when acceleration gain is used [6],
but may be short-lived when plateau gain is studied [2,6].
There is also no recovery of the VOR gain to high
acceleration head impulses towards the occluded side
following occlusion of the posterior SCC in humans [5]. In
the present study measures of VOR function have been
made at regular times post-occlusion, a task difficult in
human patient studies. Like Lasker et al. [6], we also find a
permanent VOR deficit for high acceleration stimuli post-
canal occlusion, with a large asymmetry between rotations
toward the occluded side compared to the intact side.
However, Lasker’s results were obtained following occlu-
sion of all the SCC’s on one side, in the present study only
the lateral SCC was occluded on one side. This would
suggest that for these high acceleration stimuli, and follow-
ing unilateral LSCC canal occlusion, there is no adaptive
plasticity to account for the loss of input from that canal.
Yakushin et al. [12] have recently argued that the canal
occlusion alters the dynamic response of the occluded
canal to different frequencies. Similarly, Lasker et al. [6]
have demonstrated that a change in gain of the linear part
of the angular VOR pathway allows for a recovery of
response to low velocity, low frequency stimuli. Lasker ef
al. [6] contend that the non-linear part of the angular VOR
gain does not contribute to ipsilateral VOR responses after
canal occlusion. It may be that for higher velocity rotations
toward the occluded side and in the absence of excitation
from the canal nerve on the occluded side, inhibitory cut-

off on the intact side prevents it from modulating the
ipsilateral vestibular nucleus resting discharge rate. This
inhibitory cutoff permanently impairs responses for high
frequency, high velocity rotations to the ipsilateral side [6].
For low frequency, or low acceleration stimuli there may
well be some recovery of the VOR, but we question
whether it is of functional value during natural head
movement [14,15].

CONCLUSION

It is not clear in the literature as to whether there is a
recovery of VOR function following canal occlusion. We
have demonstrated in guinea pig, using time domain
analysis, that for high acceleration impulses there is no
recovery of the hVOR gain during the angular acceleration
for rotations toward the occluded side following a selective
unilateral occlusion of the LSCC.
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