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SUMMARY AND CONCLUSIONS

1. The complex spike activity of Purkinje cells in the flocculus
in response to rotational flowfields was recorded extracellularly in
anesthetized pigeons.

2. The optokinetic stimulus was produced by a rotating “plan-
etarium projector.” A light source was placed in the center of a tin
cylinder, which was pierced with numerous small holes. A pen
motor oscillated the cylinder about its long axis. This apparatus
was placed above the bird’s head and the resultant rotational flow-
field was projected onto screens that surrounded the bird on all
four sides. The axis of rotation of the planetarium could be ori-
ented to any position in three-dimensional space.

3. Two types of responses were found: vertical axis (VA; n =
43) neurons responded best to visual rotation about the vertical
axis, and H-135i neurons (n = 34) responded best to rotation
about a horizontal axis. The preferred orientation of the horizon-
tal axis was at ~135° ipsilateral azimuth. VA neurons were ex-
cited by rotation about the vertical axis producing forward (tem-
poral to nasal) and backward motion in the ipsilateral and contra-
lateral eyes, respectively, and were inhibited by rotation in the
opposite direction. H-1351 neurons in the left flocculus were ex-
cited by counterclockwise rotation about the 135° ipsilateral hori-
zontal axis and were inhibited by clockwise motion. Thus, the VA
and H-1351 neurons, respectively, encode visual flowfields result-
ing from head rotations stimulating the ipsilateral horizontal and
ipsilateral anterior semicircular canals.

4. Sixty-seven percent of VA and 80% of H-135i neurons had
binocular receptive fields, although for most binocular cells the
ipsilateral eye was dominant. Binocular stimulation resulted in a
greater depth of modulation than did monocular stimulation of
the dominant eye for 69% of the cells.

5. Monocular stimulation of the VA neurons revealed that the
best axis for the contralateral eye was tilted back 11°, on average,
to the best axis for ipsilateral stimulation. For the H-135i neurons,
the best axes for monocular stimulation of the two eyes were ap-
proximately the same.

6. By stimulating circumscribed portions of the monocular re-
ceptive fields of the H-1351 neurons with alternating upward and
downward largefield motion, it was revealed that the contralateral
receptive fields were bipartite. Upward motion was preferred in
the anterior 45° of the contralateral field, and downward motion
was preferred in the central 90° of the contralateral visual field.
Stimulation of the ipsilateral field revealed that upward motion
was preferred in both the anterior 45° and central 90°. Stimula-
tion restricted to the posterior 45° of either visual field did not
affect the cells’ firing rates.

7. These results suggest that the three-dimensional reference
frame of the optokinetic system for self-rotation in the flocculus is
similar to those of the semicircular canals and eye muscles.
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INTRODUCTION

In the accompanying paper (Wylie et al. 1993) it was
shown that the complex spike (CS) activity of Purkinje cells
in the pigeon vestibulocerebellum (VbC) exhibited direc-
tion selectivity in response to a moving largefield visual
stimulus. Most neurons were binocular, preferred either the
same or opposite directions of largefield motion in the two
eyes, and thus responded best to largefield motion resulting
from either translation or rotation, respectively. Four func-
tional types were found: descent neurons preferred upward
motion in both eyes; ascent neurons preferred downward
motion in both eyes; roll neurons preferred upward and
downward motion in the ipsilateral and contralateral eyes,
respectively; and yaw neurons preferred forward and back-
ward motion in the ipsilateral and contralateral eyes, respec-
tively. The translation cells (descent and ascent) were
found in the medial VbC (ventral uvula and nodulus) and
rotation cells (roll and yaw) were found in the lateral VbC
(flocculus).

Studies of the rabbit VbC have found CS activity of Pur-
kinje cells related to rotation but not translation flowfields
in the nodulus and flocculus (Graf et al. 1988; Kano et al.
1990a; Kusunoki et al. 1990). Subsequently, it was demon-
strated that the rotation neurons are organized in vestibular
coordinates (Graf et al. 1988; Kano et al. 1990b). That is,
VbC neurons respond best to visual flow resulting from a
head rotation maximally stimulating one pair of semicircu-
lar canals. This was demonstrated by Graf et al. (1988),
who stimulated VbC neurons in the rabbit with rotational
flowfields produced by a “planetarium projector.” Graf et
al. (1988) described three types of neurons: vertical axis
neurons, anterior axis neurons, and posterior axis neurons.
The CS activity of vertical axis (VA) neurons in the rabbit
VbC was modulated by flowfields that would result from a
head rotation maximally exciting the ipsilateral horizontal
canal. Like the yaw cells in the pigeon VbC (Wylie and
Frost 1991; Wylie et al. 1993), VA neurons responded best
to forward and backward in the ipsilateral and contralateral
eyes, respectively. The CS activity of anterior axis and poste-
rior axis neurons was modulated by flowfields that would
result from a head rotation maximally exciting the ipsilat-
eral anterior canal. Kano et al. (1990a) and Kusunoki et al.
(1990) also recorded from the rabbit VbC and, using a tan-
gent screen largefield stimulus, described roll purkinje cells
(U/D cells). As we described in the pigeon VbC (Wylie
and Frost, 1991; Wylie et al. 1993), the CS activity of U/D
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axis (HA ) and 0° throughout text. B and C: coordinate systems used for elevation tuning curves and azimuth tuning curves,

respectively. VA, vertical axis. #, side of recording site.

cells neurons responded best to upward and downward mo-
tion in the ipsilateral and contralateral eyes, respectively.
However, in a subsequent study, by stimulating circum-
scribed parts of the visual field, Kano et al. (1990b) showed
that the U /D cells were organized in vestibular coordinates.
It was revealed that these cells had bipartite receptive fields
in both eyes: upward motion was preferred in the anterior
135° of the ipsilateral hemifield and anterior 45° of the
contralateral hemifield, and downward motion was pre-
ferred in the posterior 45° of the ipsilateral hemifield and
posterior 135° of the contralateral hemifield. The best natu-
ral visual stimulus for this receptive field organization is the
flowfield resulting from a head rotation maximally stimulat-
ing the ipsilateral anterior canal. Thus the U/D cells de-
scribed by Kano et al. (1990a) and Kusunoki et al. (1990)
are equivalent to the anterior axis and/or posterior axis
neurons described by Graf et al. (1988). Some neurons in
the medial terminal nucleus (MTN; Simpson et al. 1988a),
visual tegmental relay zone (VTRZ; Simpson et al. 1988a),
and inferior olive (IO; Leonard et al. 1988) are also orga-
nized in vestibular coordinates (see also Simpson et al.
1989a,b).

In the previous study (Wylie et al. 1993), the optokinetic
stimulus consisted of largefield random dot patterns re-
stricted to the central portion of each visual field, and the
anterior and posterior quadrants of each hemifield were not
stimulated. Thus it is possible that the roll cells described in

the pigeon flocculus have bipartite receptive fields and are
organized in vestibular coordinates as in the rabbit VbC
(Grafetal. 1988; Kanoetal. 1990b). In this study a “plane-
tarium projector” was used to determine whether the roll
cells in the pigeon VbC are organized in vestibular coordi-
nates.

This research was part of a Ph.D. dissertation by Douglas
R. Wylie.

METHODS

Recordings were obtained from the left flocculus of 20 adult
pigeons (Columba livia) obtained from a local supplier. Surgical,
extracellular recording, and histological procedures were as re-
ported in the companion paper (Wylie et al. 1993).

Stimulus presentation

A “planetarium projector’” modeled after that used by Simpson
and colleagues (Graf et al. 1988; Leonard et al. 1988; Simpson et
al. 1981, 1988a,b, 1989a,b) was constructed to present rotational
flowfields. This consisted of a tin cylinder measuring 9.5 cm long
and 6.6 cm in diameter. Holes were pierced in the tin cylinder and
a 6.5-V incandescent flashlight bulb was positioned in its center.
The resultant wholefield stimulus covered the-entire visual field
with the exception of a circular area at the back of the can, measur-
ing 60° in diameter. The holes subtended 1.5-2.5° to the animal,
and there were 25 holes within each: circular area 50° across. An
additional planetarium was constructed with a sphere 9 cm in
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FIG. 2. Peristimulus time histograms (PSTHs) of complex spike (CS)
activity of a vertical axis (VA) neuron (4 ) and an H-135i axis neuron (B)
in response to rotation of planetarium about the 3 canal axes. Ordinate
mark, 5 spikes/bin. Large arrows indicate direction of motion for 2nd half
of sweep. VA, vertical axis. Note that VA neuron responded best to rota-
tion about vertical axis, and rotation about horizontal axes is less effective.
H-135i neuron responded best to rotation about H-135°1/45°¢c axes, but
not to rotation about VA or H-45°1/135°¢ axes.

diameter. Because the cylinder proved easier to use, and the neu-
rons responded well to each, the cylinder was more often used.
The wholefield pattern was projected onto a series of four white
screens that surrounded the bird on all four sides at a distance of
~57 cm. (This, however, proved unnecessary; the neurons were
as well modulated when the pattern was projected onto the walls
of the room).

The shaft of a pen motor (model G320; General Scanning) was
attached to the tin can along its longitudinal axis. This assembly
was fastened to gimbals such that rotation could occur about any
axis in three-dimensional space. The planetarium was suspended
above the bird’s head as indicated in Fig. 1, which also shows the
coordinate system referred to throughout the text. With the bird in
stereotaxic coordinates the normal visual horizontal is oriented
38° downward (Erichsen et al. 1989). With the head in this posi-
tion, we designated the plane of the horizontal canal to be pitched
forward ~19° from the Earth horizontal because this was in close
agreement with the preferred directions of neurons preferring hori-
zontal (backward ) motion in the pigeon nucleus of the basal optic
root (nBOR) (Wylie and Frost 1990). This is close to what others
have observed to be the orientation of the horizontal canal (Nal-
bach et al. 1990, 17°; Baldo 1990, 27°; or Erichsen et al. 1989,
23-33°).

The pen motor was driven by a function generator (model 184;
Wavetek). Typically a triangular wave was used at a frequency of
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0.1 Hz, producing wholefield motion of uniform velocity, with the
direction of rotation changing every 5 s. The peak-to-trough am-
plitude was ~6°; thus the velocity was ~1.2°/s.

The window discriminator produced standardized square-wave
pulses, each representing a single spike time, which were stored in
a 286 personal computer (Zenith) to produce peristimulus time
histograms (PSTHs). Data collection was triggered by the func-
tion generator at the peak of the waveform and proceeded for one
period.

Once a cell was isolated, a qualitative assessment its preferred
axis was made. Elevation and azimuth tuning curves were then
determined by varying the orientation of the axis of rotation in
22.5° steps (less frequently, 45° steps were used). Typically,
PSTHs were cumulated over 10 sweeps. When possible this was
done both for each eye separately (monocular) and with binocular
stimulation.

RESULTS

Rotation of the planetarium projector resulted in modula-
tion of the CS activity of Purkinje cells in the flocculus.
Cells with both monocular and binocular receptive fields
showed maximum depth of modulation to either rotation
about the vertical axis (VA neurons) or rotation about the
horizontal 135°1/45°c axis (H-135i neurons). The VA and
H-1351 neurons correspond to the yaw and roll cells we
have previously described (Wylie and Frost 1991; Wylie et
al. 1993). This new nomenclature has been adopted be-
cause roll implies rotation about the longitudinal body axis.
As in our previous study, with this preparation simple spike
(SS) activity generally was not modulated by the stimulus.
CS activity showed broad tuning but, at axes orthogonal to
the best axis, little or no modulation occurred (the “null”
axes). The responses of typical VA and H-135i neurons to
visual rotation about the axes of the three semicircular can-
als are shown in Fig. 2.

For the H-1351 neurons depicted in Fig. 2 and all subse-
quent figures, clockwise /counterclockwise (cw/ccw ) direc-
tions of rotation of the visual flowfield are expressed with
respect to the exposed eye. For example, a head rotation
about the left H-135° axis, in the direction that tilts the
head forward and down toward the left side, generally pro-
duces upward visual motion in the visual field in the verti-
cal plane anterior to this axis, and downward motion in the
vertical plane posterior to this axis. With respect to the pi-
geon’s left eye, this appears as counterclockwise motion
about the H-135° axis in the left hemifield. With respect to
the pigeon’s right eye, this appears as clockwise motion
about the H-45° axis in the right hemifield.

VA neurons

Recordings were made from 43 VA neurons. These neu-
rons increased their firing to contraversive (counterclock-
wise) rotation about the vertical axis. This rotation pro-
duced forward motion in the ipsilateral hemifield and back-
ward motion in the contralateral hemifield. Rotation in the
opposite direction resulted in strong inhibition. Generally,
rotation about an axis orthogonal to this (i.e., horizontal
axes) resulted in much less or no modulation of CS activity.
For 21 neurons, elevation tuning curves were obtained by
varying the inclination of the axis of the planetarium in
22.5° steps within the saggittal plane (i.e., the azimuth was
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always 0°; refer to Fig. 1C). Both eyes remained exposed. A
typical result is shown in Fig. 3. (In B of this figure and
subsequent similar figures, the complete sine wave tuning
can be envisioned by shifting either the counterclockwise or
clockwise functions by 180°; i.e., 0° CW = 180° CCW.)
This neuron responded best to rotation about axes near the
vertical axis, but there was less modulation in response to
rotation about axes close to the horizontal axis. However, it
is evident from this figure that rotation about the horizontal
axis did result in some modulation of the firing rate. The
null axis appears to fall close to the 22.5° axis. Given that
the best axis is usually ~90° from the null axis, the best axis

0° CW = 180° CCW). See text for details.

for this cell was tilted forward to what we have designated as
the vertical axis. This was typical for VA neurons. To deter-
mine the axis resulting in the maximal depth of modulation
(best axis) for individual neurons, we applied a simple
curve-fitting procedure to the elevation tuning curves. Each
clockwise direction was taken as counterclockwise + 180°,
the Fourier fundamental was fit to the tuning curve, and the .
phase was taken as the best axis (Graf et al. 1988). The
resultant best axes for most of the 21 VA neurons, shown in
Fig. 4, were tilted forward relative to the vertical axis. The
mean best axis was 20.4° anterior to the vertical axis, which
is approximately orthogonal to the normal visual horizon-
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were calculated from best-fit sine waves of the binocular elevation tuning
curves. Mean best axis is also indicated. HC, horizontal canal; N, normal
visual horizontal; E-B, eye-bill axis. See text for details.

vA

HC

tal (N). That is, the mean preferred and nonpreferred direc-
tions of motion were approximately coincident with the
normal visual horizon.

OCULAR DOMINANCE For 30 VA cells, ocular dominance
was assessed and a seven-point, semiquantitative scale was
used to categorize the data. This scale is the same as the
five-point scale from Wylie et al. (1993), except monocular
groups have been added. An histogram of the number of
VA neurons in the seven ocular dominance groups is
shown in Fig. 5. Ten cells were monocular: nine ipsilateral
and one contralateral. Of the remaining 20 binocular cells,
most showed a marked ipsilateral dominance.

For six binocular VA cells, elevation tuning curves were
obtained under binocular and monocular viewing condi-
tions. In Fig. 6, the ipsilateral elevation tuning curve (i.e.,
contralateral eye occluded ) and contralateral elevation tun-
ing curve (i.e., ipsilateral eye occluded) are shown fora VA
neuron that had a slight ipsilateral dominance. The best
axes for each of 12 cells were calculated from the monocu-
lar elevation tuning curves and are shown in Fig. 7. In-
cluded are data from six binocular and seven monocular
cells. Note that the mean best axis for ipsilateral stimulation
is tilted forward 11° to that for contralateral stimulation.
For each of the six binocular neurons exposed to monocu-
lar stimulation of each eye, the best ipsilateral axis was
tilted forward relative to the best contralateral axis (mean
diff = 11.7°).

For most binocular VA cells tested (13 of 20), binocular
stimulation resulted in greater modulation relative to stimu-
lation of the dominant eye alone. This is illustrated for one
cell in Fig. 8 that showed a marked ipsilateral dominance.
For the other seven cells, the depth of modulation in re-
sponse to binocular stimulation was similar to that in re-
sponse to stimulation of the dominant eye alone.
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H-135i axis neurons

Recordings were made from 34 H-135i neurons in the
left flocculus. These neurons were maximally modulated by
rotation about the H-135°1/45°c azimuth axis. For neu-
rons in the left flocculus, an increase in firing rate resulted
from counterclockwise rotation about this axis with respect
to the left (ipsilateral) eye. This produced a flowfield such
that there was upward motion in the ipsilateral hemifield at
H-45°1, downward motion in the contralateral hemifield at
H-135°c, counterclockwise rotary motion at H-135°1 in the
ipsilateral hemifield, and clockwise rotary motion about
the H-45°c axis in the contralateral hemifield. The opposite
direction of rotation resulted in strong inhibition. (For neu-
rons in the right flocculus, the flowfield producing excita-
tion would appear as clockwise rotation about the H-135°1
in the right eye, and counterclockwise rotation about the
H-45°c in the left eye.) Rotation about axes orthogonal to
this, i.e., the vertical axis and the H-45°1/135°c axis, re-
sulted in much less or no modulation of CS activity. Azi-
muth tuning curves were obtained from 19 cells by varying
the horizontal axis of the planetarium in 22.5° steps within
the horizontal plane (i.e., the elevation was always 0°; refer
to Fig. 1B). A typical azimuth tuning curve for a H-1351
cell under binocular viewing conditions is shown in Fig. 9.
It is clear that rotation about the H-135°1/45°c axis (best
axis) resulted in substantial modulation of the firing rate;
however, very little modulation occurred to rotation about
the H-45°i/135°¢c axis (null axis). The best axes for 19
H-135i neurons, as calculated from best-fit sine waves of
the azimuth tuning curves, are shown in Fig. 10. Note that
the best axes cluster about the H-135°1/45°¢ axis: the mean
best axis was H-135.7°1.

OCULAR DOMINANCE. Ocular dominance was tested for 20
H-135i cells and categorized using the seven-point scale. A
frequency histogram of ocular dominance group is shown
in Fig. 11. Four cells were monocular: three ipsilateral and

VA neurons
(n =30)

number of cells
(]

0 .
I-mono  MI S| ND SC

MC C-mono

ocular dominance group

FIG. 5. Frequency histogram of ocular dominance group for VA neu-
rons. I-mono, monocular ipsilateral; C-mono, monocular contralateral;
MI, markedly ipsilateral dominant; MC, markedly contralateral domi-
nant; SI, slightly ipsilateral dominant; ND, no dominance. Note that most
cells are ipsilateral dominant or monocular-ipsilateral.
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one contralateral. The remaining 16 were binocular, al-
though most of these showed an ipsilateral dominance.
Azimuth tuning curves for five H-135i binocular neu-
rons were performed under binocular and monocular view-
ing conditions. Ipsilateral and contralateral azimuth tuning
curves for a cell that showed no dominance are shown in
Fig. 12. Note that the maximal depth of modulation for

ipsilateral and contralateral stimulation occurred in re-
sponse to the rotation about the H-135°1 and H-45°c axes,_
respectively. In contrast, little modulation occurred in re-
sponse to rotation about the H-45°i or H-135°c axes. In
Fig. 13 the best axes determined from best-fit sine waves of
the azimuth tuning curves for ipsilateral and contralateral
stimulation are shown for the five binocular cells tested
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normal visual horizontal; E-B, eye-bill axis. See text for details.

with monocular stimulation and two ipsilateral-monocular
cells. The best axes for ipsilateral stimulation cluster at
about H-135°1, and those for contralateral stimulation clus-
tered at about H-45°c. The mean best axes for ipsilateral
and contralateral stimulation were H-137.0°i and H-47.8°c,
respectively. (Note that these two values represent the same
direction about the same axis; i.e., CCW about the 135i°
axis = CW about the 45¢° axis).

As with the VA neurons, for most H-135i cells tested (11
of 15), binocular stimulation resulted in greater modula-
tion relative to stimulation of the dominant eye alone. In
Fig. 14 this is shown for a cell that had a slight contralateral
dominance.

RECEPTIVE FIELD STRUCTURE. The direction selectivity of
localized subfields of the receptive fields of eight H-135i
neurons ( 7 binocular and 1 monocular-ipsilateral ) were de-
termined by stimulating circumscribed regions of each
hemifield with largefield stimuli (the smallest of which
measured 45° X 120°). Figure 15 shows the results of a
such an investigation for two neurons. The neuron in Fig.
154 was presented with alternating upward and downward
largefield motion restricted to one of the shaded areas, ei-
ther the anterior 45°, central 90°, or posterior 45° of the
ipsilateral or contralateral hemifield. (The stimulus mea-
sured 120° vertically.) For all neurons tested, stimulation of
the ipsilateral anterior 45° or central 90° with upward mo-
tion increased the firing rate, whereas downward motion
inhibited the cell. Stimulation of the ipsilateral posterior
45° did not affect the firing rate of the cell. In every case, in
the anterior 45° of the contralateral hemifield, upward mo-
tion excited the cell and downward motion caused inhibi-
tion. In contrast, in the central 90° of the contralateral he-
mifield, downward motion excited the cell and upward mo-
tion resulted in inhibition. As with the ipsilateral field,
stimulation of the contralateral posterior 45° did not pro-
duce any response. Figure 15 B shows the response of a neu-
ron to stimulation of circumscribed areas of the contralat-
eral hemifield with alternating either upward /downward or
backward /forward largefield motion. When the stimulus
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was restricted to the an area anterior to the best axis (i.e., to
the anterior 45° of the contralateral hemifield), the neuron
was excited by upward motion and inhibited by downward
motion. When the stimulus was restricted to the an area
posterior to the best axis (i.e., to the central 90° of the con-
tralateral hemifield), the neuron was excited by downward
motion and inhibited by upward motion. If these neurons
respond to rotation, one would expect that the neuron
would be excited by backward visual motion above the best
axis. Similarly one would expect that the neuron would be
excited by forward motion in an area below the best axis.
However, as Fig. 15B shows, when the stimulus was re-
stricted to areas above and below the best axis, the neuron
was not modulated by alternating forward and backward
motion. This suggests that H135i neurons have a “bipar-
tite” receptive field. The receptive field consists of subfields
that respond best to opposite directions of vertical motion.

DISCUSSION

This study showed that CS activity of Purkinje cells in the
lateral aspect of the VbC (flocculus) of the pigeon was mod-
ulated by rotational wholefield visual motion. Neurons
could be grouped into two classes on the basis of the pre-
ferred axis of rotation. VA neurons responded best to rota-
tion about the vertical axis (yaw rotation), such that there
was forward and backward motion in the ipsilateral and
contralateral hemifields, respectively. Rotation about hori-
zontal axes resulted in little or no modulation. H-1351 neu-
rons in the left flocculus responded best to counterclock-
wise rotation (with respect to the ipsilateral eye) about the
H-135°1/45°¢ axis. Basically, this rotation produces whole-
field motion with an upward component in the anterior
135° of the ipsilateral hemifield and anterior 45° of the
contralateral hemifield and wholefield motion with a
downward component in the posterior 135° of the contra-
lateral hemifield and posterior 45° of the ipsilateral hemi-
field. Rotation in the opposite direction inhibited the cell,
and rotation about the vertical axis and H-45°1/135°c axes
had little affect on the cells’ firing rates.

Neurons with strikingly similar properties have been
found in the rabbit VbC by Graf et al. (1988) and Kano et
al. (1990b). These studies also found VA neurons respond-
ing best to forward and backward motion in the ipsilateral
and contralateral hemifields, respectively; however, Graf et
al. (1988) noted that most VA neurons in the rabbit were
monocular, responding only to the ipsilateral eye. This may
be because, in the accessory optic system (AOS) of the rab-
bit, which provides the input to those areas of the IO project-
ing to the VbC, there are few neurons that prefer backward
motion (Maekawa et al. 1984). But neurons responding
best to backward wholefield motion are prevalent in the
pigeon AOS (Gioanni et al. 1984; Wylie and Frost 1990).
Nevertheless, in this study %; of the VA cells showed a
marked ipsilateral dominance or were monocular-ipsilat-
eral. Thus, for VA neurons in both the rabbit and pigeon,
there is a bias toward ipsilateral dominance.

The finding of neurons responding best to rotation about
the H-135°/45°c axis (H-135i neurons) is also in agree-
ment with the findings of Grafet al. (1988) and Kano et al.
(1990b) in the rabbit VbC. Grafet al. (1988 ) described two
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types of neurons responding to rotation about the H-135°1
axis: anterior axis neurons and posterior axis neurons. Both
types of neurons preferred the same direction of rotation
about the H-135°1 axis: counterclockwise with respect to
the ipsilateral eye. The distinction between anterior axis
and posterior axis neurons was based primarily on ocular
dominance, but also the inclination of the best axis was
slightly different for the two groups. Anterior axis neurons
were contralateral dominant and posterior axis neurons
were ipsilateral dominant. In the present study, no such
distinction was found. Although some H-135i neurons ex-

100 msec binwidth

\ FIG. 8. Comparisonofbinocularstimula-
tion and stimulation of the dominant eye (ip-
silateral ) for a VA neuron. Binocular and ip-
silateral (dominant eye) elevation tuning
curves are shown. This cell was classified as
markedly ipsilateral dominant. 4: PSTHs
for rotation about each axis. Ordinate mark,
5 spikes/bin. B: firing rate, plotted as a func-
tion of axis of rotation for CW and CCW
rotation. Dotted line represents SR. VA, ver-
tical axis; HA, horizontal axis. See text for
details.

downwardl upward

hibited an ocular dominance, many neurons displayed no
dominance (see Fig. 11). There were not enough data avail-
able to discern a possible distinction on the basis of the
inclination of the best axis.

In the present study, the H-135i neurons were found to
have a bipartite receptive field structure, as is the case for
some neurons in the rabbit VbC, 10, VITRZ and MTN
(Graf et al. 1988; Kano et al. 1990b; Leonard et al. 1988;
Simpson et al. 1981, 1988a,b, 1989a,b). With respect to the
CS activity of Purkinje cells in the rabbit VbC, the bipartite
ipsilateral receptive field responds best to upward motion in
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the anterior 135° and downward motion in the posterior
45° of the hemifield, and the bipartite contralateral recep-
tive field responds best to upward motion in the anterior
45° and downward motion in the posterior 135° of the
hemifield (Kano et al. 1990b). In the present study only the
contralateral field was found to be bipartite, because no
responses were obtained from stimulation of the posterior
45° of either hemifield. However, the absence of a response
from stimulation of this area may be attributed to the fact

7

135.7 deg

FIG. 10. Best axes for binocular stimulation of H-135i neurons. Best
axes were calculated from best-fit sine waves of the binocular azimuth
tuning curves. Mean best axis is also indicated. See text for details.

that only a small portion of the visual field was stimulated,
because the posterior blind field measures ~45° in pigeons
(Martin and Young 1983). Also, pieces of the stereotaxic
device obscured part of the posterior visual field. It is proba-
ble that the ipsilateral receptive fields in the pigeon VbC

5 .
H135i neurons
(n=20)

4

@

c3

k]

]

Kol

£2

3

C
1
0

I-mono  MI Sl ND SC MC C-mono
ocular dominance group

FIG. 11. Frequency histogram of ocular dominance group for H-135i
neurons. I-mono, monocular ipsilateral; C-mono, monocular contralat-
eral; MI, markedly ipsilateral dominant; MC, markedly contralateral domi-
nant; SI, slightly ipsilateral dominant; ND, no dominance. Note that most
cells are ipsilateral dominant.
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were bipartite in view of the fact that the best axis for mon-
ocular stimulation of the ipsilateral eye with the planetar-
ium projector was the H-135°1 axis.

It should be noted that the boundaries between the up-
ward and downward subfields of the bipartite receptive
fields of neurons in the MTN (Simpson et al. 1988a,b),
VTRZ (Simpson et al. 1988a,b), and IO (Leonard et al.
1988; Simpson et al. 1981) in the rabbit are not always

coincident with the H-135°c/45°] axis. In these studies of
the rabbit AOS, using a small spot stimulus moving across
different areas of the visual field, several variants of the
bipartite receptive field organization were found. For exam-
ple, for one VTRZ cell, the boundary between the upward
and downward subfields was at H-50°i and H-100°c in the
ipsilateral and contralateral receptive fields, respectively
(Simpson et al. 1988a). Nevertheless, under binocular



OPTOKINETIC RESPONSES OF NEURONS IN PIGEON FLOCCULUS

ipsilateral contralateral

47.8 deg

/

N\

137.0 deg
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mean best axes for ipsilateral and contralateral stimulation represent same
direction of rotation about same axis; i.e., CCW-137°1 = CW-47°1). See
text for details.

viewing conditions, this cell responded best to rotation
about the H-135°c/45°1 axis. It may also be the case in the
pigeon VbC that the subfield boundaries within the bipar-
tite receptive fields do not fall exactly at the H-135°1/45°¢
axis. However, the CS activity of Purkinje cells in the pi-
geon did not respond adequately to small stimuli to allow
such a determination.

Coordinate system of the visual input to the rotation cells
in the VbC: semicircular canal or extraocular muscle
coordinates?

Because the VbC receives input from both the AOS and
the vestibular system, one would expect that both use the
same coordinate system. This study has provided evidence

contralateral binocular
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that the climbing fiber visual input to rotation cells in the
VbC is organized with the respect to the reference frame of
the vestibular canals. That is, the CS activity of Purkinje
cells in the pigeon VbC responds best to flowfields resulting
from a head rotation’s maximally stimulating one of the
three pairs of the semicircular canals. This is also the case in
the rabbit, in which both the CS and SS activity of Purkinje
cells are organized in vestibular coordinates (Graf et al.
1988; Simpson et al. 1989a,b). Moreover, stimulation of
the rabbit flocculus results in rotation of one or both eyes
about either the vertical axis or the H-135°1/45°C axis
(Simpson et al. 1989b).

Instead of a reference frame based on the orientation of
the semicircular canals, Purkinje cell responses in the floc-
culus could be organized with respect to the output of the
system, which is primarily to extraocular premotor neurons
(pigeon, Arends and Zeigler 1991a,b). In fact, Simpson
and Graf (1981, 1985) have shown that the extraocular
muscles and the vestibular canals have similar spatial frame
of reference. That is, the pulling action of a given extraocu-
lar muscle is approximately in the plane of the semicircular
canal from which it receives its primary input. For example,
the line of action of the superior rectus is nearly parallel to
the ipsilateral anterior canal, and the line of action of the
superior oblique is approximately parallel to the ipsilateral
posterior canal. This relationship exists in both lateral- and
frontal-eyed animals, which emphasizes its importance:
with the evolution of frontal eye placement, the insertion
points of the extraocular muscles on the globe changed to
preserve the relationship between the semicircular canals
and the extraocular muscles (Simpson and Graf 1981,
1985). However, this relationship is only approximate. In
the rabbit, for example, the action of the paired vertical
recti rotate the eye about the H-148°1, but maximal stimula-
tion of the ipsilateral anterior/contralateral posterior canal
pair results from rotation about the H-139°i axis (Simpson
et al. 1989a,b). Because of the close correspondence be-
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FIG. 14. Comparison of binocular stimulation and stimulation of dominant eye (contralateral) of an H-135i neuron.
Binocular and contralateral azimuth tuning curves are shown. This cell was classified as slightly contralateral dominant. 4:
PSTHs for rotation about each axis. Ordinate mark, 5 spikes/bin. #, side of recording site. B: firing rate, plotted as a function
of axis of rotation for CW and CCW rotation. Note that binocular stimulation resulted in a greater depth of modulation. See

text for details.
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\ downward | upward ! FIG. 15. Bipartite receptive field struc-
ture of an H-135i neuron. 4: separate zones
indicated on diagram refer to circumscribed
areas of visual field areas that were stimu-
lated with alternating upward and down-
ward largefield motion. Ordinate mark, 5
spikes/bin. *, side of recording site. Blind
sector is based on measurements of Martin
and Young (1983). Note that cell re-
sponded best to upward motion in ipsilat-
] eral-central 90°, ipsilateral-anterior 45°,
and contralateral-anterior 45°. However,
cell responded best to downward motion in
contralateral-central 90°. B: response of a
cell to either /) alternating upward and
downward motion in front and behind the
best axis or 2) alternating backward and for-
ward motion above and below the best axis.
If this neuron truly responded best to rota-
tion, neuron would be excited by backward
motion above axis and forward motion be-
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tween these two systems, it would be very difficult to deter-
mine whether the visual inputs are organized with respect
to the semicircular canals or extraocular muscles. In fact,
the best axis of visual rotation for the posterior axis neurons
in the rabbit is H-143°1 (Simpson et al. 1989a,b).

In the present study, for the VA neurons it was found that
the best axes for the ipsilateral and contralateral eyes were
different. The mean best axis for contralateral stimulation
was tilted back 11° relative to that for ipsilateral stimula-
tion. That is, the preferred direction for stimulation of the
contralateral eye was not collinear to that of the ipsilateral
eye, but was, on average, 11° downward. Similarly, in the
accompanying paper (Wylie et al. 1993), it was shown for
yaw cells that the preferred direction of motion for the con-
tralateral eye was not opposite to that for the ipsilateral eye,
but was ~30° downward. Interestingly, Nye (1969 ) reports
that the lines of action of the medial and lateral rectus are
not collinear. In the illustration provided by Nye (1969),

the line of action of the lateral rectus is ~15° downward
from that of the medial rectus. A simple dissection of the
pigeon eye illustrates this obvious asymmetry of the hori-
zontal recti. Although definitive conclusions would be pre-
mature, the data obtained from ipsilateral and contralateral
wholefield stimulation of the VA neurons are consistent
with the notion that the visual responses of neurons are
organized in eye-muscle coordinates.

The correspondence between the visual, eye muscle, and
vestibular reference frames exists as long as the eyes are in
their resting position in the orbit. As soon as the eyes
change their position in the orbit, the reference frames are
no longer aligned. This may not pose a great problem for
the pigeon. First, the pigeon’s resting eye position is main-
tained during various behaviors, including walking, perch-
ing, and flying (Erichsen et al. 1989). Second, during head-
free optokinetic nystagmus much, and at times all, of the
optomotor response is accomplished by head movement,
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with the eyes remaining relatively stationary within the or-
bit (Gioanni 1988).
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