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The eye movements evoked by a rotating linear acceleration vector in
the cat depend on a central velocity storage mechanism
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The otoliths are stimulated in a particular pattern by any head movement that is not about an earth-vertical axis and evoke compen-
satory eye movements in the cat. Such eye movements are not produced if the otolith stimulation is accompanied by vertical canal
stimulation. Vertical canal stimulation inactivates the velocity store (a central neural representation of head velocity) as seen by the
attenuation of optokinetic after-nystagmus. These observations provide further evidence for the involvement of the central velocity

store in the generation of otolith-evoked nystagmus.

Whenever the axis of a rotatory head movement is
not perfectly vertical, the pattern of the stimulation
of the otoliths (which detect linear acceleration: here
gravity) conveys information about the continually
changing direction of tilt during the rotation'®!2,
Off-vertical-axis rotation (OVAR) produces a rotat-
ing gravity vector since, as the animal rotates, it con-

tinuously progresses through a sequence of orienta-,

tions: nose-up, left-ear-down, nose-down, right-ear-
down and back to nose-up. This is illustrated graphi-
cally in the stimulus traces of Fig. 2a. Also, constant-
velocity OVAR is accompanied by a continuous com-
pensatory nystagmus (see refs. 6, 12 and Fig. 2a)
which helps to reduce retinal image movement dur-
ing head movements.

The mechanism by which the otolith signal evokes
a compensatory nystagmus during OVAR is un-
known but, as with the canal-evoked vestibulo-ocular
reflex (VOR) and visual-evoked optokinetic nystag-
mus (OKN), a stored neural representation of the ve-
locity of the velocity of head movement which I shall
refer to as the ‘velocity store’ is involved (see ref. 11
for a review). Evidence for this comes from several
observations!®-7-10:12.1416 "I 3 cat or monkey is ro-

tated about a vertical axis until the canal-evoked re-
sponse has decayed and then the axis is tilted, com-
pensatory eye movements are evoked with a time
constant of about 5 s (both on tilting and on returning
the axis to vertical®®). This suggests the charging and
discharging of a velocity store. VOR and OKN ap-
pear to have access to a common velocity store but it
is not clear whether the store involved in the re-
sponse to OVAR is the same one. Lateral canal
nerve section abolishes the horizontal velocity store,
as shown by changes in OKN and optokinetic after-
nystagmus (OKAN) performance, and also abolishes
the response to OVAR?. However, in order to real-
ize the full response to OVAR, it is necessary that the
signals from the canals and otoliths are compatible’.
Clearly, after nerve sectioning this cannot be the case
so the interpretation of the consequences of nerve
section is not straightforward.

In order to test the involvement of a common store
without lesions that might effect other contributors to
the response, I developed a simple method of deacti-
vating the velocity storage mechanism. Stimulating
the vertical canals by sudden tilting during OKAN or
post-rotatory nystagmus (PRN) discharges the
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store!2. To test whether stimulation of the vertical ca-
nals alone deactivates the store, OKN and OKAN
(which depend on an intact velocity store*!*15) were
evoked during continuous sinusoidal activation of the
vertical canals. The experiments were performed on
cats (which show all the eye movements described
above) whose response to OVAR is qualitatively the
same as of man and monkey!®!'?, The visual stimulus
was produced by a planetarium projector projecting
spots onto a 57-cm-radius spherical screen centered
on the cat’s head. Eye movements were recorded
from 3 cats with implanted scleral search coils®. The

animals were held at the centre of the screen by head
restraining tubes (Kopf).

Fig. 1 contrasts OKN evoked by moving a full-field
visual stimulus around a stationary animal (Fig. 1a)
with that obtained with exactly the same visual stimu-
lus during simultaneous sinusoidal stimulation of the
vertical canals (Fig. 1b). This was achieved by pitch-
ing the entire apparatus; notice that the screen, pro-
jector and the cat itself all moved together so there
were no visual cues as to the pitching. Also shown on
Fig. 1 are theoretical curves plotted over the data for
the theoretical performance of OKN and OKAN
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Fig. 1. Optokinetic nystagmus in response to horizontal full-field visual movement. The stimulus was moving at 30°/s. The traces repre-
sent, from the top, horizontal eye velocity (the fast phases have been artificially attentuated for clarity), horizontal eye position and
pitch. The lights went out after 40 s. A: stimulation around a stationary vertical axis. The gain (eye velocity/stimulus velocity) is close
to unity during the stimulation (see vertical axis). Notice the gradual decline of OKAN (time constant 7.4 s) when the animal is
plunged into complete darkness. The line through the data was obtained by fitting a function to describe OKN and OKAN derived
using Robinson’s model of velocity storage'®. K (the efficiency of the store) has been set equal to 0.65 (ref. 15), and the open-loop gain
to 2.3 (ref. 9). B: the response to exactly the same optokinetic stimulus as in A but in this case with simultaneous pitch of £20° at 0.23
Hz. Notice that the pitch moved the entire apparatus so that the visual stimulus was the same in both A and B. The gain of the response
during stimulation has decreased to 0.7 and the time constant of the decay of OKAN has been dramatically shortened to about 1.5 s.
The line plotted through the data has again been derived from Robinson’s model® of velocity storage, as for A, but with the value of K
(the efficiency of the store) set to zero. The curve well describes the OKN and OKAN and is strong evidence for suggesting that stimu-

lation of the vertical canals has blocked horizontal velocity storage.



with (Fig. 1a) and without (Fig. 1b) a velocity store'>.
The curves clearly fit the data well and suggest that
stimulation of the vertical canals indeed deactivates
the horizontal velocity store. OKN and OKAN were
measured in 3 cats during pitching movements
(around an axis through the cats’ ears) of amplitudes
between +10° and +45° and over a frequency range
of 0.05-0.3 Hz. There were no differences over this
range (values are means * S.D.). OKN was atten-
uated to 0.7 = 0.1 of its control values (0.94 * 0.06)
and the time constant was reduced from 7.4 £ 2.8 s to
1.5(%0.5)s.

In order to produce a rotating gravity vector with
simultaneous stimulation of the vertical canals (and
thus a deactivated velocity store), I subjected the
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cats to sequential tilting. Sequential tilting was
achieved by sinusoidally rocking in the pitch and roll
(around an axis through the cats’ nose) planes of a
two-axis vestibular stimulation table simultaneously
with the sine waves 90° out of phase. Thus: during the
pitch-down position the animal is level in the roll
plane; as the animal comes level in the pitch plane, it
rolls towards right-ear-down. As it returns tc level in
the roll plane, it pitches towards nose-up and so forth
(Fig. 2b). Although the changing tilt is the same in
OVAR and sequential tilting, the vertical canals are
only stimulated during sequential tilt.

A typical response to OVAR is shown in Fig. 2a.
The direction of the continuous nystagmus seen dur-
ing rotation is in the appropriate direction to com-
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Fig. 2. Eye movements evoked by various patterns of vestibular stimulation in complete darkness. The traces represent, from the top:
horizontal eye velocity (the fast phases have been artificially attenuated for clarity: up represents leftward eye movement), and hori-
zontal eye position, pitch (with respect to gravity: up represents up), roll (with respect to gravity: up represents left ear down), hori-
zontal angular velocity (up represents leftward movement). Below is the time scale. A: OVAR at 36°s to the left around an axis tilted
at 20°. The initial canal response declines to a continuous, sinusoidally-modulated nystagmus with an average velocity of 13%/s. This
represents a compensatory gain of 0.36. After 34 s of constant velocity rotation, the table was suddenly stopped. Postrotatory nystag-
mus is attenuated. B: the response to sequential tilting. The animal was rocked sinusoidally in each plane with a 90° phase difference as
shown in the stimulus traces. This thus produced exactly the same pattern of stimulation of the otoliths as in A. It is equivalent to left-
ward rotation. The frequency is 0.1 Hz so that, as for the OVAR, a cycle is completed every 10 s (equivalent to an OVAR of 36%s. The
amplitude is +20° in both planes so that the pitch and roll components are exactly the same as in the OVAR condition. C: the effect of
roll alone. Frequency is again 0.1 Hz; amplitude £20° to make it comparable to A and B above. D: the effect of pitch alone. Frequency
is again 0.1 Hz; amplitude +20° to make it comparable to A and B above.
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pensate for the rotation and here, at a tilt of 20°, rep-
resents a compensation with an efficacy of about 0.36
(eye velocity/rotation velocity) (the gain depends on
the size of the tilt reaching a maximum of 0.73 at a tilt
of about 30°: ref. 6).

The response to OVAR contrasts startlingly with
the response to sequential tilting (Fig. 2b) arranged
to have the same rotating gravity vector as Fig. 2a. In
response to sequential tilting there is no horizontal
nystagmus at all. Sequential tilting was carried out in
3 cats with amplitudes of 10°-20° (corresponding to
these values of tilts in the OVAR condition). The fre-
quency was also varied over the range 0.05-0.2 Hz
(corresponding to OVAR rotation velocities of
18-72°s). In no case was any horizontal nystagmus
evoked by sequential tilting.

These data argue strongly for the involvement of
the central velocity storage mechanism in the gener-
ation of the response to OVAR. Since OKN and
OKAN are also affected (Fig. 1) it further suggests
that the velocity store which is involved in OVAR is
also used by OKN which is known to be shared by
VOR. This observation extends the results obtained
by deactivating the velocity store by lateral canal
nerve section’. An inappropriate horizontal canal
signal effects the response to OVAR directly’ but se-
quential tilting now shows that it is indeed deactivat-
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