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Abstract

The cervico-ocular reflex (COR) has a low gain in normal animals. In this study, we determined
whether COR gain increases were specific to the low/midband frequency range, which is the range
over which the angular vestibulo-ocular reflex (aVOR) is compromised by plugging. The gain and
phase of the yaw and pitch COR and aVOR were compared in normal monkeys and those with all
six semicircular canals or only the lateral canal plugged. During experiments animals sat with the
body fixed to a chair and the head fixed in space. The body was oscillated about body-yaw and
body-pitch axes over a frequency range of 0.05-6 Hz, with amplitude <10°. For normal animals,
both yaw and pitch eye velocities were compensatory to the relative velocity of the head with
respect to the body. The gains were 0.1-0.2 at frequencies below 1 Hz and decreased to zero as
stimulus frequency increased above 1 Hz. Canal-plugged animals had COR gains close to 1.0 at
low frequencies, decreasing to ~0.6 at 0.5 Hz and to 0.2 for stimulus frequencies above 3 Hz. The
phase of eye velocity was 180° relative to head-re-body velocity at frequencies below 0.5 Hz and
shifted toward 270° as frequencies were increased to 4 Hz. This study demonstrates that
adaptation of COR gain is tuned to a frequency range at which the aVOR is compromised by the
canal plugging.

Keywords
cervico-ocular reflex; monkey; semicircular canal plugging; VOR

Introduction

When the head is rotated on the body, compensatory ocular rotation is driven by activation
of the semicircular canals and neck pro-prioceptors, through the action of the angular
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vestibulo-ocular (aVOR) and cervico-ocular (COR) reflexes. There is a general agreement
that in a wide range of species including human, the aVOR is the significant compensatory
mechanism for head turning, with COR gains below 0.1.1-3 Vestibular pathologies, which
compromise the gain of the aVOR, are associated with increases in the gain of the COR.#

Early studies of the COR indicated that it could augment the action of the aVOR to raise the
overall gain of ocular responses to head movements relative to the body.#> These results
have been challenged by some investigators, who, found that in addition to the gain of the
COR being small, in human subjects there was no consistency in the phase.®.” The majority
of animal studies, however, support the idea that the COR is compensatory for head-on-body
rotation. The action of the COR was partially addressed in studies following semicircular-
canal plugging.3# Studies in the cat* showed that there were increases in the gain of the
horizontal COR over a wider frequency range (0.1 to 2.5 Hz) after canal plugging.* In
studies of lateral canal-plugged monkeys, the gain was higher at low frequencies when the
head was rotated on the body (aVOR + COR activation) than during whole-body rotation
(aVOR activation).3 This implies that there were increases in the COR at low frequencies.
Since in the latter experiments, the head was rotated on a stationary body, the change in
COR gain could not be fully evaluated, since the gain of the aVOR was substantial at higher
frequencies.3

The question that remains is: how are the changes in COR gain related to the specific losses
of the responses to semicircular canal activation? Canal plugging does not totally abolish the
semicircular canal-related responses. Rather, it reduces the dominant time constant of the
canal from 4-5 s to 0.025-0.070 5,823 depending on location of the plug in the canal duct.
Thus, aVOR gains of all six canal-plugged animals are negligible for head oscillations below
1 Hz, but they gradually increase at higher frequency. In this study, we determined whether
the summated action of the aVOR and COR after canal plugging could be considered
compensatory over the whole range of frequencies of oscillation about yaw and pitch axes
and whether COR gain changes are specific for the plane of the plugged canals.

Experiments, performed on two rhesus (Macaca mulatta) and five cynomolgus (Macaca
fascicularis) monkeys conformed to the Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use Committee of Mount Sinai
School of Medicine. Under anesthesia and in sterile conditions, a head mount was implanted
on the skull to provide painless head fixation in stereotaxic coordinates during testing. Two
weeks later, two coils were implanted on the left eye. One coil measured horizontal and
vertical eye position. Another coil, placed approximately orthogonal to the frontal coil,
measured torsional eye position. Later, the semicircular canals were plugged by opening
each bony canal via the mastoid cavity and packing with fascia and bone chips.1911 All six
semicircular canals were plugged in two cynomolgus monkeys in 1998 (M9357) and 2006
(M17115), and both lateral canals were plugged in M98078 in 2001. The animals had
completely recovered by the time of the experiments (2008).
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A manual 2-axis rotator was designed for this experiment, which allowed rotation of the
body in yaw and in pitch about the C1-C3 level under a spatially fixed head. A turntable was
mounted at the base of a U-shaped gimbal, which rotated about a spatial horizontal axis. The
turntable could be positioned in any orientation relative to the spatial horizontal axis. The
animals sat in a primate chair on the turntable. The head was fixed in an external head
holder, providing stable head fixation in space as the body was oscillated beneath it. The
animals’ chests were fixed by two straps, and their backs were supported to ensure that the
long axis of the body would be aligned with the vertical axis of the head. Oscillation about
each axis was manual at frequencies ranging from 0.05 to 6 Hz.

Yaw, pitch, and roll components of eye movement were recorded by a phase-detection
system mounted on the head.12 Leftward yaw, downward pitch, and clockwise roll from the
animal’s point of view were positive. Eye movements were calibrated off-line based on eye
and head velocities, assuming that yaw and pitch aVOR gains of the canal-plugged monkeys
in light were 1.0 and roll gain was 0.6.8-33 Chair yaw and pitch positions and the three
components of eye position were stored with a resolution of 16 bits at 1 kHz for off-line
analysis. Body rotation relative to spatially stationary head was inverted to represent relative
head-re-body position. Data were digitally differentiated by a linear fit of 11 data points, and
saccades were removed. Manual oscillation implies some variation in oscillation periods
from cycle to cycle. When two or more cycles with similar periods were identified, data
were fit with a sinusoid at this frequency. If the sinusoidal fit had an amplitude of oscillation
that was significantly different from the average yaw velocity (F-statistic8), the gain was
calculated. Gain was defined as (amplitude of the sine fit through eye velocity)/(amplitude of
the sine fit through head velocity at the same frequency). Positive phase shifts indicate that
eye velocity lagged head velocity. We define the out-of-phase relationship of eye and head
velocity as 0° phase shift, since it was compensatory from the standpoint of the aVOR.

Normal Monkeys

To provide a baseline, two normal rhesus and two normal cynomolgus monkeys were tested
by body oscillation about yaw and pitch axes (Fig. 1). In agreement with previous studies,
there was slight enhancement of gain of the yaw COR at the lowest frequencies (Fig. 1A,
1B). However, the gain remained at 0.1 or below at higher frequencies. The responses had a
phase lag of ~20° at higher frequencies (not shown). The pitch COR, which to our
knowledge has not been investigated before, had similar characteristics. The gain
approached 0.2 at the lowest frequencies, and decreased toward zero in 3 of the 4 animals as
the frequency increased (Fig. 1C, 1D). One animal (M17088, Fig. 1C, open symbols) had
pitch COR gain within 0.2-0.3 across all tested frequencies. The responses were out of
phase with head velocity at lower frequencies, and slightly lagged head velocity at
frequencies above 3 Hz (not shown). Thus, in general agreement with all previous studies,
when the canal-induced aVOR was intact, the COR was relatively inert for yaw and pitch
oscillation of the body on the head. The slight increase in the gain of the COR at the lowest
frequencies could be considered as an augmentation of inappropriate gains and phases of the
aVOR at these frequencies.
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Canal-Plugged Monkeys

There was a substantial difference in the function of the COR in the six canal-plugged
animals in both yaw and pitch. Body yaw oscillation at 0.5 Hz about a spatial vertical axis
induced yaw eye velocities that were out of phase with head-re-body velocity (Fig. 2A). The
COR gain was close to unity and was ~180° out of phase with head-re-body velocity relative
to the body, at this frequency (Fig. 2A). Thus, following canal plugging, the COR alone was
generating perfect compensation for the ~0 aVOR gain at this frequency. When the body
was oscillated under a stationary head at 2 Hz, the evoked eye velocities lagged contralateral
head-re-body velocity by 90° (Fig. 2B), with a gain of ~0.4. Thus, the COR gain declined as
the expected gain of the aVVOR following canal plugging increased and its phase shifted
toward head velocity.8 This conclusion is supported by the behavior of the yaw gains of the
COR of the two of the six canal-plugged animals (Fig. 3A, 3B) and one lateral canal-
plugged animal (Fig. 3C) when they were tested in the plane of the lateral canals. In all three
animals, the COR gains were close to unity at lower frequencies and fell to about 0.2 at the
highest tested frequencies (Fig. 3A-3C, black circles). The phase was 0°, that is, out-of-
phase with head velocity at lower frequencies, but lagged by 90°, toward head position, at
high frequencies. To determine gain and phase of the COR, data were fit with a simple
integrator model with the following transfer function:

GAIN,,, = Yeor .
V1+@Tf Too)

where gCOR is gain, 7cor is time constant of the COR, and fis the frequency of the body
oscillation. Fits of the gain values (Fig. 3A-3C, black lines) indicate that the COR gain
(9COR) was 1.02 in M9357, 0.51 in M17115, and 0.79 in M98078. The time constants of
the COR were 0.68 s in M9357, 0.64 s in M17115, and 0.96 s in M98079. When the same
sets of parameters were implemented to fit the phase of the COR, there was a reasonable
match with the data of M9357 (Fig. 3D, cf. black symbols and line). The data had the same
shape in M17115 and M98078 (Fig. 3E, 3F, black symbols), but the fits were farther from
the data.

To determine whether the changes in COR gain were compensatory, the gains of the aVOR
were determined (Fig. 3, gray symbols) and combined with the COR gains over the same
frequency range. As in previous studies, the aVOR gains were negligible at low frequencies,
but increased at higher frequencies (Fig. 3A-3C), while phases shifted toward acceleration
at lower frequencies and toward velocity at higher frequencies (not shown). To characterize
the frequency response of the aVOR, the gains were fitted with the following transfer
function:

(2rfT) (90T0+91)°+ (127 f Tp)”

GAIN,, .=
o 1rerr 7 $ 1+(2nf 7,)°

where g is a direct pathway gain, 7.is a time constant of the plugged canal and g,and 7,
are the coupling and time constant of the velocity storage integrator, respectively.14 To
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simplify comparison between the animals for the purpose of the present study we assumed
that the time constant of velocity storage was 12 s, based on the pooled time constants of the
normal animals. The time constants of the plugged canals were 101 ms in M9357, 94 ms in
M17115, and 77 ms in M98078, consistent with previous values.8 The direct pathway gain
for these animals was 0.56, 0.72, and 0.63, respectively.

When the gains of the aVOR and COR were summed (Fig. 3A-3C, dashed lines), the gain
was ~0.8 across the entire frequency range. Thus, the COR and aVOR acted together in the
canal-plugged animals to maintain almost perfect compensatory gains and phases during
head movement. Since the aVOR gain is close to unity in the normal animal except at low
frequencies, the same conclusion can be drawn for the COR-aVOR interaction in the normal
animal.

We also compared the pitch aVOR and COR gains and phases from the same animals. Of
particular interest was whether the pitch COR would be increased in the two animals with
plugged vertical canals and would be unaffected in the third animal in which only the lateral
canals were plugged. The time constants of the pitch COR were 1.2 s and 1.6 s in M9357
and M17115, respectively (Fig. 4A and 4B). The pitch COR gain of the animal with intact
vertical canals was close to that of the normal animals (Fig. 4C). Despite small gain values
across all tested frequencies, the data were well fit with the COR gain function, where the
time constant of the COR pathway was 1.3 s (Fig. 4C). The direct COR pathway gain in the
lateral canal-plugged animal was 0.85, which was close to that of the animals with all six
canals plugged (1.3 and 0.68 for M9357 and M17115, respectively).

The phase characteristics of the COR for the six canal-plugged animals were well fit by the
model with values determined from the COR distribution (Fig. 4D, 4E, black symbols and
lines). The fit of the actual data was less consistent for the third animal (Fig. 4F, black
symbols and line). Regardless, in every case, COR-evoked eye velocities were in phase with
head velocity at low frequencies, but shifted toward head position at higher frequencies,
where COR gain values became smaller. Similar to the yaw aVOR gains, the pitch aVOR
gain was negligible and advanced toward head acceleration at low frequencies, but became
substantial with appropriate phases at higher frequencies. The dominant time constant of the
plugged vertical canals was 119 ms in M9357 and 79 ms in M17115, and the direct pathway
gains were 0.74 and 0.56 for these two animals, assuming that the time constant of velocity
storage was 12 s. Monkey M9878 (Fig. 4C and 4F) had intact vertical canals and its COR
gain remained close to that of the normal animals. The summed gain of the pitch aVOR and
COR across all tested frequencies was above unity at low frequencies in M9357, while it
was close to 1.0 above 3 Hz (Fig. 4A-4C, dashed lines). The summated gain for M17115
was close to 0.8 at all tested frequencies. The COR gain in pitch for the lateral canal-plugged
animal was negligible, as in the normal animals (Fig. 4C, black symbols), showing that the
plugged canal was the stimulus for producing the increase in COR gain.

Discussion

This study shows that the yaw and pitch COR adapts to compensate for deficiencies in
aVOR produced by canal plugging. This adaptation occurred in a frequency-dependent
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manner and was specific to the plane of the affected canals. In accord with previous
studies, 12 we found that COR gain is negligible in normal animals (below 0.1), although it
was higher at low frequencies (*0.05 Hz). This is consistent with the hypothesis that the
COR gain compensates for aVOR deficiencies,” as the gain of the aVOR falls off at low
frequencies.?® Our conclusions are also consistent with previous findings that there is an
inverse relationship between COR and aVOR gains with age.1® The COR gain could also be
adapted by immobilization of the neck over several hours.17 It is not clear whether neck
proprioceptive signals remain the same during COR gain adaptation; however, increase in
COR gain due to deficits of the canal input?718.19 and inability to increase COR gain in
patients with cerebellar lesions indicate that COR gain adaptation occurs centrally rather
than in the periphery.20

To obtain the aVOR gain and phase characteristics, we utilized a transfer function derived
from the velocity-storage model of the aVOR.14 This model processes the head-velocity
signal by a first-order transfer function composed of a canal (cupula) time constant. This is
cascaded with a transfer function, which is a summation of velocity storage and a direct
pathway.14 The transfer function associated with the COR was assumed to be a first-order
system (an integrator) having a single time constant. When the resulting aVOR and COR
gains determined by these models were summed for each animal, the resultant curves had
stable gains across all tested frequencies, although there was variation among animals. The
time constant of the COR integrator was about 1 s for both yaw and pitch, indicating that
this system does not utilize a path through velocity storage as does the visual system1421 or
proprioception during locomotion.22 The fits to the gain versus frequency plots for the canal-
plugged animals in the present study gave a time constant of ~100 ms, which is close to the
70 ms previously obtained by step responses.® The time constant for the other two animals
based on the gain values are expected to be smaller823 and were consistently smaller in the
present study. Thus, our model, which now includes velocity storage, is consistent with the
simplified approach utilized previously.

The signals and the central pathways that adapt the COR are not clear. Visual-vestibular
mismatch using pursuit stimuli can adapt the COR within 10 min,124 while full-field visual-
vestibular mismatch does not.! This suggests that the flocculus, which subserves pursuit,2>
and suppression of nystagmus2® may be important for COR adaptation.2” Thus, both visual
following and COR mechanisms are adapted at low frequencies following plugging, which
inactivates the canals at low frequencies. Thus, synergy between visual following and the
aVOR, such that pursuit is enhanced after injuries that compromise the aVOR, is also
present for the COR. A major difference between the two is that visual following is an
important mechanism in its own right, while the COR appears to be a separate auxiliary
compensatory system that contributes little to normal compensation, but has a profound
impact when the normal functioning of the canals is compromised.
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Figure 1.

>

Gain

@

Gain

Yaw COR Gain
9 Cynomolgus B 03, Rhesus
0.4 0.4
0.3 56

® MOB52
024 Tvne| oz
o
0.1 01
%@ T W @% >
0 ﬁ&.ﬁ‘*n i .“ 0 %0 m’

Pitch COR Gain
0.5, D os,

A A
0.4 04

ry
U,S-ﬁ % e N 0.3 %
0.2 bR as &4 4 02| g o
éﬁ XN g ’ o
0,1-&& 0.1— O [a]
'
0-#““}‘ Las £4 ‘ ogg '.m% .po*ﬂ'

0 2 4 6
Oscillation Frequency (Hz)

4 6
Osculatlon Frequency (Hz)

Page 9

(A, B) Gains of yaw and (C, D) pitch cervico-ocular reflex (COR) induced in (A, C) naive
cynomolgus and (B, D) rhesus monkeys.
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Figure 2.
Typical example of yaw eye velocities induced by body oscillation of a six canal-plugged

animal (M9357) at frequencies of (A) ~0.5 Hz and (B) ~2.0 Hz. Vertical dotted lines in the
eye-velocity traces are saccades that were marked for exclusion from analysis. Vertical
double-headed arrows indicate that the peaks of yaw eye velocity are (A) 180° out of phase
with peak yaw head-re-body velocity at 0.5 Hz, but (B) 180° out of phase with peak yaw
head-re-body position at 2 Hz.
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Figure 3.
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(A-C) Yaw cervico-ocular reflex (COR) (black symbols) and angular vestibulo-ocular reflex
(aVOR) (gray symbols) obtained by rotation about spatial vertical axis in a six canal-
plugged (M9357 and M17115) and lateral canal-plugged (M98078) animals. The black line
is the fit of the COR gains with COR transfer function. The gray /ineis the fit of aVOR
gains with a model-based aVOR transfer function. The dashed line is the summation of COR
and aVOR transfer functions. (D-F) COR phases. The black line is the prediction of the
COR phases based on the COR gain transfer function determined for each animal.
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Figure 4.
(A-C) Pitch cervico-ocular reflex (COR) (black symbols) and angular vestibule-ocular

reflex (aVOR) (gray symbols) obtained by rotation about spatial vertical axis in a six canal-
plugged (M9357 and M17115) and lateral canal-plugged (M98078) animals. The black line
is the fit of COR gains with a first-order COR transfer function. The gray lineis a fit of
aVOR gains with model-based transfer function. The dashed line is the summation of COR
and aVOR transfer functions. (D-F) COR phases. The black line is the prediction of the
COR phases based on the COR gain transfer function determined for each animal.
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