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Abstract: Based on the inverse dynamics the-
ory, a previous paper reconstructed simple-spike
(SS) firing rates of Purkinje cells in the cat’s floc-
culus middle-zone by a linear-weighted summa-
tion of eye acceleration, velocity, and position
during optokinetic response (OKR). The present
study investigated the SS rates during combined
optokinetic and vestibular stimuli of the cells
recorded in the previous paper. During the sinu-
soidal vestibuloocular reflex (VOR) in the light
(VORL) and in the dark (VORD) the firing modu-
lation was small. During VOR suppression
(VORS) by head and visual-pattern rotation in
the same direction, the modulation was deep,
with the peak coinciding roughly with peak ip-
siversive head velocity. During VOR enhance-
ment (VORE), the modulation was deep, with the
peak coinciding roughly with peak contraversive
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head velocity. If we interpret these data in rela-
tion to eye and head movements, the cells in the
cat were comparable to the horizontal-gaze-ve-
locity Purkinje cells in the monkey that encode a
linear summation of eye and head velocity sig-
nals. Alternatively, if we interpret the data on the
basis of the inverse dynamics theory, the SS
rates during VORL, VORS, and VORE were well-
fitted by the OKR components of the movements
(subtraction of VORD from VORL, VORS, and
VORE eye movements, respectively), but not by
the whole movements, using the coefficients cal-
culated during OKR. It is concluded that the data
are interpretable by both theories when the VOR
gain (eye movement/head movement) is close to
1 and the firing is dominated by eye velocity in-
formation. [Japanese Journal of Physiology, 50,
357-370, 2000]

cerebellum, eye movement, inverse dynamics, cat.

In previous studies, the Purkinje cells in the cerebel-
lar flocculus were divided into several cell types based
on correlation between simple-spike (SS) activity and
eye and head movements in the horizontal plane. In
the monkey, the majority of recorded Purkinje cells in
the flocculus and adjacent ventral paraflocculus were
gaze-velocity Purkinje (GVP) cells that encode infor-
mation related to gaze velocity (sum of the eye and
head velocities). The horizontal GVP cells increase
their SS firing rates with ipsiversive eye velocity dur-

ing smooth pursuit eye movements and with ipsiver-
sive head velocity during cancellation of the vestibu-
loocular reflex (VOR) by fixation of a target spot that
rotates with the head. During head rotation in the
dark, which elicits the VOR, the eye and head velocity
components had opposite signs, and the firing rates of
horizontal GVP cells were only weakly modulated
[1,2]. A minor cell group of the recorded population
in the monkey was the group of eye-movement—only
cells that were sensitive only to the eye position and
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velocity regardless of their origin [2].

In contrast, in rabbits [3-6], VOR in the dark
evoked deep SS modulation of Purkinje cells in the
flocculus. The modulation phase relative to the head
velocity was scattered from 0 to 360 deg, and the cells
were grouped into in-phase, out-phase, and intermedi-
ate-phase types [4—6]. The in-phase type, as deter-
mined during head rotation in the dark, changed to the
out-phase activity pattern during head rotation in the
light, and the out-phase type changed to the in-phase
pattern during VOR-suppression by combined head
and visual pattern rotation in the same direction [4].
Optokinetic stimuli were also effective for evoking SS
modulation in the rabbit, with the modulation phase
scattered from 0 to 360 deg [5, 6]. De Zeeuw et al. [3]
have pointed out that the rabbit flocculus has two dis-
tinct Purkinje cell groups related to horizontal- and
vertical-axis head rotations, respectively. Based on the
direction-selectivity of the complex-spike (CS) activ-
ity during retinal slip stimuli, they identified vertical-
axis cells, which preferred horizontal to vertical stim-
uli. Almost all vertical-axis cells increased their SS
firing with contraversive head velocity, both in the
dark and in the light, with the modulation amplitude
during head rotation in the light larger than that dur-
ing head rotation in the dark [3]. De Zeeuw et al. [3]
have suggested that GVP cells are absent in rabbits:
instead, the vertical-axis cells in rabbits are compara-
ble with the eye-movement—only cells of the monkey.
Thus, there is a species difference in cell types be-
tween the monkey and rabbit, making the elucidation
of the role of floccular Purkinje cells more compli-
cated.

As for cat flocculus, Purkinje cell activity was
recorded during saccadic eye movements and during
head rotation in the dark [7]. Because activity during
other visual and vestibular paradigms was not investi-
gated, a detailed description of the cell type is lacking.
Thus, at present, little is known about cat floccular
Purkinje cell activity during combined visual and
vestibular stimuli in the horizontal plane. The first aim
of the present study is, following what has been done
previously, to investigate further the types of Purkinje
cells in relation to eye and head movements in the
cerebellar flocculus middle zone, which is a functional
module involved in the control of horizontal eye
movement in the cat [8—12].

The second aim of the present study is to interpret
the firing characteristics of the floccular Purkinje cells
based on the inverse dynamics theory. The inverse dy-
namics theory [13] supposes that the cerebellum con-
trols movements by computing motor dynamics infor-
mation from kinematics information about the desired

eye movements (see DISCUSSION for details). Follow-
ing this inverse dynamics theory, Kitama et al. [14]
reconstructed the time course of the SS firing fre-
quency of Purkinje cells in the middle zone during
horizontal OKR. The successful reconstruction was a
weighted linear summation of eye acceleration, veloc-
ity, and position.

Kitama et al. [14] have suggested that the middle
zone encodes motor dynamics information for coun-
teracting the inertia and viscosity forces on the eye
during OKR. A similar motor dynamics encoding has
been demonstrated during the ocular following re-
sponse (OFR) in the monkey ventral paraflocculus
Purkinje cells [15,16]. Both OKR and OFR are
evoked by the movement of a large-field visual pat-
tern, which is a visual-modality sensory stimulus. It
would be interesting to know whether the activity of a
particular cerebellar zone contains motor dynamics
information related to whole movements or to compo-
nents of movements during multi-modal sensory stim-
uli. The present study examines whether the coeffi-
cients of the reconstructed SS activity, which were
calculated for OKR eye movements [14], are valid for
whole movements of OKR components during com-
bined visual and vestibular stimuli.

METHODS

Animal preparation and recording proce-
dures. Three cats were used in a manner consistent
with the Guidelines for Animal Experiments, Yama-
nashi Medical University, and also Guiding Principles
for the Care and Use of Animals approved by the
Council of the Physiological Society of Japan. The an-
imal preparation and recording procedures were de-
scribed in our previous paper [14]. In brief, the cat had
a recording chamber implanted on the occipitoparietal
bone and was placed on a turntable. Eye position was
measured using a magnetic search-coil system de-
scribed by Remmel [17]. A glass electrode (tip diame-
ter 5 wm; resistance 1-2 M()) filled with 2 M NaCl was
used for extracellular single-unit recording of middle-
zone Purkinje cells. The SS activity was discrimi-
nated, and a SS density histogram was constructed.

Stimulation procedures. For optokinetic stim-
ulation, a random dot pattern (dot diameter 0.2—-1.0
deg) was projected through a fish-eye lens onto a half-
cylinder screen in front of the animal. The screen was
100 cm in radius and 90 cm in height and subtended
80 deg horizontally and 50 deg vertically the visual
angle of the animal. The distance from the cat’s eye to
the screen was 100 cm. The random dot pattern was
rotated under the control of a computer. The stimulus
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velocity was monitored by an optical encoder.

For vestibular stimulation, the cat was passively ro-
tated with a turntable driven by a servo-controlled DC
motor about the vertical axis. The stimulus position
was monitored by a potentiometer. Vestibular stimuli
were controlled independently of optokinetic stimuli
with the use of another computer. The computers were
mutually connected by a parallel interface for com-
bined optokinetic and vestibular stimuli.

During the recording of extracellular spikes of
Purkinje cells, stimuli were applied using four para-
digms. (1) VOR in the light (VORL): sinusoidal head
rotation in the light in front of a stationary visual pat-
tern. (2) VOR in the dark (VORD): sinusoidal head
rotation in the dark. For obtaining darkness, the cat to-
gether with the turntable was covered with a shading
cloth in a darkened room. (3) VOR suppression
(VORS): sinusoidal head rotation with visual pattern
rotation in the same direction. (4) VOR enhancement
(VORE): sinusoidal head rotation with visual pattern
rotation in the opposite direction. The sinusoidal stim-
ulus pattern was adopted for maintaining the stability
of unit recording. In addition, to estimate the ampli-
tude of the VOR eye movement of each cat, the
VORD paradigm was performed without recording
the Purkinje cells.

During each paradigm, alertness of the cat was
maintained by making a noise. In addition, caffeine
and sodium benzoate (0.2-0.3 mg/kg) mixed with
food were given when necessary. The VORD para-
digm was problematic in that we could not judge the
alertness by the appearance of the cat due to the total
darkness. In the present study, we judged the alertness
by characteristics of saccadic eye movements. First, in
order to characterize the movements of an alert cat,
saccadic eye movements were elicited by making a
noise and presenting a visual target off to the side of
the cat in a well-lit room. The maximum velocity was
plotted against the saccade amplitude (Fig. 6A). Then,
the standard deviations (SDs) of the maximum veloci-
ties in each amplitude (5-deg bin width) were calcu-
lated (Fig. 6B). If the maximum velocity of saccade
was larger than the velocity corresponding to 1 SD
below the mean maximum velocity for the amplitude
bin during the VORD paradigm (Fig. 6C), we consid-
ered that the alertness of the cat was maintained (i.e.,
Lopez-Barneo et al. [18]).

The OKR and VOR eye movements are composed
of quick and slow phases. The recorded Purkinje cells
sometimes had SS firing modulation in association
with the quick phases. The aim of the present study
was to investigate the relationship between the SS fir-
ing rates and the slow-phase eye movements. To avoid

SS activity related to the quick phases, we selected
only the cycles in which quick phases did not occur
for analysis. In our preliminary study we found that
(1) the rate of the quick-phase occurrence increased
with the stimulus amplitude, and (2) the speed of the
slow phases became similar to that of the quick phases
at higher stimulus frequencies, making it difficult to
differentiate the two phases, in accord with the results
of Donaghy [19] (see figs. 3 and 4 of Donaghy [19]).
On the other hand, it was difficult to obtain quick-
phase—free cycles at a low frequency. For example, at
a stimulus amplitude of 2 deg (half of the peak-to-
peak), the quick phases were found in all cycles at a
frequency of 0.125 Hz, most cycles at 0.25Hz, and
some cycles at higher than 0.5 Hz. Because the use of
higher stimulus frequencies makes it difficult to dis-
tinguish the slow and quick phases, we adopted a
stimulus amplitude of 2 deg (half of the peak-to-peak)
and a frequency of 0.5Hz in the present study. The
number of quick-phase—free cycles obtained and aver-
aged in each cell in the present study were 43.4
(mean)*9.3 (SD) during VORL, 42.4*16.8 during
VORS, 41.4+18.0 during VORE, and 38.1*+13.6 dur-
ing VORD after a total of 100-300 stimulation cycles.
In addition, in some cells, a stimulus with an ampli-
tude of 2deg (half of the peak-to-peak) and a fre-
quency of 1.0Hz was also applied during VORD.
Data analysis was performed when more than 20
quick-phase—free cycles were obtained for a single
paradigm.

Data analysis. On the averaged data, the eye
position signal was low-pass-filtered by a 2-pole digi-
tal Butterworth filter with a cutoff frequency of 20 Hz
and then differentiated using 5 points for obtaining the
eye velocity signal. Similarly, the eye acceleration sig-
nal was obtained by digital differentiation of the eye
velocity signal. The SS density histogram was also
low-pass-filtered by a 2-pole digital Butterworth filter
with a cutoff frequency of 20 Hz. The computer pro-
gram was written by us using MATLAB (Mathworks).

During VORD, VORL, VORS, and VORE, in
which the stimulus head velocity was sinusoidal, the
amplitude and phase of the SS firing responses were
analyzed using the Discrete Fourier Transform (DFT):
(1) phase shift was calculated as the difference in the
phase angles between the minimum of the fundamen-
tal component of the SS response and the maximum
of the contralateral head position, and (2) amplitude
of the SS firing modulation was calculated as half of
the peak-to-peak amplitude of the fundamental com-
ponent of the SS response (Fig. 3). A phase lead of
90deg means that the firing frequency is maximal
when head velocity in the direction ipsilateral to the

Japanese Journal of Physiology Vol. 50, No. 3, 2000 359



T. OMATA et al.

recording side is maximal. A phase lead of 270 deg in-
dicates that the firing frequency is maximal when the
head velocity in the direction contralateral to the
recording side is maximal. The amplitude of the VOR
eye movement was also calculated after DFT analysis.

In our previous paper [14], based on the inverse dy-
namics theory, a multiple regression analysis was per-
formed on the data obtained during OKR. The SS fir-
ing frequency (criterion variable) was reconstructed
by a linear function of the eye position and its first and
second time-derivatives (explanatory variables). The
regression equation was given by

f(t—=A)=ae"(H)+be'()+ce(t)+d,

where f(¢), €"(1), €'(¢), e(f), and A are the SS rate at
time ¢, the eye acceleration, velocity, and position at
time ¢, and the time delay between firing rate and
movement, respectively. Coefficients (a, b, ¢), the con-
stant term (d), and the time delay were estimated by
the ordinary least squares method. The search range
for A was from —40 to 40 ms. The data were averaged
at a bin width of 4 ms.

The SS activity of middle-zone Purkinje cells dur-
ing the OKR, and the reconstruction of that activity
with the multiple regression analysis, is reported in
detail in Kitama et al. [14]. In the present study, the
SS activity of some of the same units was analyzed
during VORL, VORS, and VORE by seeing if the fir-

ing rates were reconstructed from the slow-phase eye
movements in these stimulus paradigms by the regres-
sion equation, using the coefficients that were ob-
tained by Kitama et al. [14] from the relationship of
the unit activity to the OKR eye movements. For each
unit, a second reconstruction was made from the
VORS, again using the coefficients obtained from the
OKR, but using the parameters not of the actual eye-
movement responses (“whole eye movements”), rather
the OKR components of the eye movements. These
were obtained by subtracting the VORD from the
VORS eye movements. Similarly, the SS rates during
VORL and VORE were reconstructed a second time
from the OKR components of the movements. The co-
efficient of determination (CD), which is the square of
the coefficient of correlation between the actual and
reconstructed firing rates, was used as the parameter
of the goodness of fit of the reconstruction. The slope
of the regression line of a plot of the actual versus re-
constructed SS rates was calculated. The slope should
be close to 1 for a successful reconstruction set.

RESULTS

Visual paradigm

Before describing the present results, we will men-
tion the results of the previous paper [14] in brief. The
Purkinje cells in the floccular middle zone were iden-
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tified anatomically and physiologically. Anatomically,
the site of location of sampled cells was specified (for
details, see Fig. 1 of Kitama et al. [14]). Physiologi-
cally, the cells were identified by direction selectivity
of the CS activity, which was modulated during hori-
zontal but not vertical optokinetic stimuli. The SS fir-
ings were also modulated during horizontal OKR. A
multiple regression analysis was performed to recon-
struct the time course of the SS firing rates (criterion
variable) with a linear function of eye position and its
first and second time derivatives (explanatory vari-
ables). The regression equation was described in
METHODS. Figure 1A shows the time course of the SS
firing frequency (1st trace) of a middle-zone Purkinje
cell (cell 1) on the left side together with the eye ac-
celeration (2nd trace), velocity (3rd trace), and posi-
tion (bottom trace), which were elicited by optokinetic
velocity-step stimuli consisting of a sequence of a
constant-speed (5 deg/s) visual pattern moving to the
right side for 1s and then to the left side for 1s. The
velocity-step stimulus protocol was adopted to reduce
the correlation between explanatory variables. The
multiple regression analysis requires low correlation
between explanatory variables (see Kitama et al
[14]). Figure 1B illustrates the results of the regres-
sion analysis, showing superimposed traces of the ac-
tual (dotted line) and reconstructed (thick solid line)
firing rates of the cell together with the eye position
(broken line), velocity (medium solid line), and accel-
eration (thin solid line) components. The SS rate dur-
ing OKR was well fitted (CD=0.90) by the recon-
struction. The acceleration, velocity, and position
coefficients, constant term, and time delay were

—0.055 spikes/s per deg/s’, 3.36 spikes/s per deg/s,
—4.86 spikes/s per deg, 28.3 spikes/s, and 8 ms (SS
activity leads the eye movement), respectively. In the
previous study, the coefficients for OKR eye move-
ments were thus calculated in 41 Purkinje cells in the
middle zone [14].

Combined visual and vestibular paradigm

In the present study, the firing characteristics of the
Purkinje cells in the middle zone were investigated
during visual and vestibular stimuli. Because it took at
least 30 min to complete all paradigms for one cell,
and because the recording sometimes became unstable
during head movements, not all cells were tested with
all paradigms. In 23 of the 41 cells, at least one com-
bined visual and vestibular paradigm could be com-
pleted; that is, data from more than 20 saccade-free-
cycles were obtained. Of the 23 cells, all 4 paradigms
were completed in 3 cells, 3 paradigms in 7 cells, 2
paradigms in 7 cells, and one paradigm in 6 cells. The
data for VORL, VORS, and VORE were obtained in
15, 10, and 9 cells, respectively. In addition, VORD
was tested in 12 cells at the stimulus frequency of
0.5Hz and 7 cells at 1.0 Hz. The results of VORD will
be described later.

Figure 2 shows the SS firing rates and the eye
movements evoked by combined visual and vestibular
stimuli (sinusoidal frequency 0.5 Hz; half of the peak-
to-peak amplitude 2 deg) in the cell from Fig. 1 (cell
1). During VORL (Fig. 2A) the head rotation in the
light (3rd trace) evoked compensatory eye movements
(2nd trace). The firing modulation was small (1st
trace). During VORS (Fig. 2B), the head and visual-

Fig. 2. SS firing rate (1st
trace) and eye position (2nd
trace) in response to com-
bined head (3rd trace) and

T surround (4th trace) rotation
in the cell 1. A: Vestibuloocu-
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Fig. 3. Estimation of the amplitude of firing modulation
and the phase relative to the head position in cell 1. A:
Top, SS firing rates during VORS (dotted line) and the fun-
damental component obtained by Fourier Transform (solid
line). Bottom, head position (dotted line) and the fundamen-

tal component (solid line). Upward deflection means ipsiver-
sive position shift. B: Amplitude and phase lead during
VORL (triangle), VORS (cross), and VORE (circle) were plot-
ted in polar coordinates.
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Fig. 4. Polar plots showing the modulation amplitude and phase lead of SS firing during VORL (A, n=15 cells),

VORS (B, n=10), and VORE (C, n=9). Note that the mean vector amplitude is close to 0 spikes/s during VORL, while rela-
tively large during VORS and VORE, with modulation phases in opposite directions.

pattern rotation in the same direction (bottom two
traces) resulted in instantaneous suppression of the
VOR eye movements (2nd trace). The firing modula-
tion was deep (1st trace). The procedures for calculat-
ing the firing amplitude and phase relative to the head
position are shown in Fig. 3A. After the DFT analysis,
the amplitude of SS modulation was estimated as 15.1
spikes/s with a phase lead of 100.1 deg (see METHODS
for details). These results are illustrated in the polar
plot in Fig. 3B. During VORE (return to Fig. 2C), the

362

head and visual pattern rotation in opposite directions
to each other (bottom two traces) resulted in the in-
stantaneous enhancement of VOR eye movements
(2nd trace), and the firing modulation was deep (1st
trace, amplitude 17.1 spikes/s) with maximum firing
around the maximum head velocity in the contralat-
eral direction (phase lead, 296.0 deg).

A similar tendency of the SS activity was found in
all 23 cells tested (Fig. 4). That is, during VORL (Fig.
4A, n=15 cells), the firing modulation was small
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Fig. 5. Reconstruction of the

SS rates during VORL (A), VORS

(B), and VORE (C) from the eye
acceleration, velocity and posi-
tion data with the use of the co-
efficients calculated during OKR
in cell 1. The actual (dotted line)

and reconstructed (thick solid line)

SS frequency together with the eye
position (broken line), velocity
(medium solid line), and accelera-
tion (thin solid line) components

are illustrated. Note that the recon-
structed SS frequency does not fit
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(mean vector amplitude 1.0 spikes/s) with a scattered
phase distribution pattern (mean phase lead was
46.3 deg). During VORS (Fig. 4B, n=10 cells), the
modulation was large and the phase lead was around
90 deg (mean, 20.1 spikes/s and 103.3 deg), indicating
that firing increased during ipsiversive head velocity.
During VORE (Fig. 4C, n=9 cells), the amplitude was
large and phase lead was around 270 deg (mean 13.7
spikes/s and 267.2deg), indicating that firing in-
creased during contraversive head velocity.

These firing characteristics of the middle-zone
Purkinje cells in the cat are comparable to those of the
horizontal GVP cells in the monkey [1,2] (see DIS-
CUSSION for details). In the cat, the eye position am-
plitude was compensatory (mean*SD, 2.0*0.1 deg),
reduced (0.8%0.2 deg), and enhanced (3.1£0.7 deg)
during VORL, VORS, and VORE, respectively.

Japanese Journal of Physiology Vol. 50, No. 3, 2000

the actual SS frequency.

Interpretation of the results by the inverse dy-
namics theory

The main purpose of the present study was to inves-
tigate whether the eye-movement coefficients that
were calculated during OKR [14] following the in-
verse dynamics theory are valid for the combined
OKR and VOR eye movements. With the use of the
set of coefficients calculated during OKR, reconstruc-
tion of the SS rate was made during VORL, VORS,
and VORE (Fig. 5). The reconstruction was unsuc-
cessful in all 23 cells tested. That is, the reconstructed
firing modulation was large in spite of the small mod-
ulation of the actual firing during VORL (Fig. 5A).
The reconstructed firing modulation was out of phase
with the actual firing during VORS (Fig. 5B). And re-
constructed firing overshot the actual firing during
VORE (Fig. 5C). These results indicate that the coeffi-
cients for the OKR eye movements are invalid as the
coefficients for the combined OKR and VOR eye
movements.
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Fig. 6. Estimation
of the VOR ampli-

tude with the use of
saccades as an indi-
cator of alertness of
the cat. A: Charac-
terization of sac-
cades of the alert cat
in the light. Peak ve-
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range (mean=SD) in B for the appropriate amplitude bin, the criterion used for alertness. D: VOR eye movement (top trace)
during head rotation (bottom trace) in the dark. Cycles were included in the averaging only if they were adjacent to cycles
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Previous studies have suggested that the flocculus
plays an important role in visuo-motor transformation
during OKR and OFR [13-16] and the time course of
the SS firing during OFR was reproduced from the
time course of the visual stimuli in a mathematical
model [20]. Therefore, there is a possibility that the
coefficients obtained from the OKR eye movement are
valid only for the visually induced OKR components
of the movements during combined visual and
vestibular stimuli.

The OKR component of the movement is estimated
by subtracting the movement induced by vestibular
stimuli in the dark from the movement induced by
combined visual and vestibular stimuli. The problem
in estimating the VOR eye movement in the dark was
that it was difficult to judge the alertness of the cat
due to the darkness. The alertness was judged by
the characteristics of saccadic eye movements (see
METHODS for details). First, saccadic eye movements
were elicited with the room lit, the maximum velocity
was plotted against the saccade amplitude (Fig. 6A),
and then the mean and SD for each amplitude bin (bin
width=>5 deg) was calculated (Fig. 6B). We judged

that the alertness of the cat was maintained if the max-
imum velocity of the saccade was more than the ve-
locity corresponding to 1 SD below the mean (Fig.
6B) during VORD. The VOR eye movements in the
cycles immediately preceding or following such sac-
cades (Fig. 6C) were averaged for each cat (Fig. 6D).
In accord with Godaux et al. [21] and Donaghy [19],
the cat exhibits little individual variability of VOR
gain and phase: the VOR gain and phase lead relative
to the head movement were estimated as 0.94 and
6.9 deg, 0.92 and 10.9deg, and 0.96 and 5.6 deg, re-
spectively, for the 3 cats used in the present study. The
OKR component of eye movements (e.g., Fig. 7 bot-
tom traces) was thus obtained by subtracting the VOR
eye movement of each cat from the VORL, VORS,
and VORE movements, respectively.

Theoretically, the OKR component of the SS activ-
ity should be obtained by subtracting the SS firing in-
duced by vestibular stimuli in the dark from the SS
firing induced by combined visual and vestibular
stimuli. In the present study, because the SS modula-
tion during the VORD paradigm was small (see
“Vestibular paradigm” section) and not all cells were
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tested with the VORD paradigm, SS activity during
the combined stimuli was regarded as the OKR com-
ponent of the SS activity.

With the use of the set of coefficients calculated
during OKR, the SS rates during VORL (Fig. 7A),
VORS (Fig. 7B), and VORE (Fig. 7C) were recon-
structed from the OKR components of the eye move-
ments. The reconstructed firing frequency fit well the
actual firing frequency (CDs were 0.73 and 0.89 dur-
ing VORS and VORE, respectively, in Fig. 7). The
correlation between the actual and reconstructed SS
rates were investigated, and the slope of the regression
line was 0.91 during VORS (Fig. 8A) and 0.80 during
VORE (Fig. 8B), suggesting that the reconstructed fir-
ing rate overshot the actual firing frequency a little in
Fig. 7B and C. The slope was similarly investigated in
each cells. During VORS, the slope was distributed
around 1 (mean=SD, 1.10%+0.28, n=10 cells). During
VORE, the mean slope was 0.81=0.23 (SD) (n=
cells). The mean CD was 0.70%+0.11 (SD) and 0.49+
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0.23 during VORS and VORE, respectively.

Vestibular paradigm (rotation in the dark)

As mentioned above, during VORL, the VOR com-
ponent of the movement was dominant and the SS fir-
ing modulation was small (Fig. 7A), suggesting that
the motor dynamics encoding for the VOR component
of movement was small in the SS firing. This was con-
firmed directly with the VORD paradigm. During
VORD (frequency 0.5 Hz; half of the peak-to-peak—
amplitude 2 deg), the SS firing modulation was small,
while the VOR eye movement was compensatory (Fig.
9A). The mean vector amplitude was only 2.7 spikes/s
and the phase lead was 124.0deg (Fig. 9B, n=12
cells). A similar tendency was found at a higher stim-
ulus frequency of 1.0Hz (half of the peak-to-peak—
amplitude 2deg): mean vector amplitude was 0.86
spikes/s and the phase lead was 355.3 deg (Fig. 9C,
n="17 cells).
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DISCUSSION

Firing characteristics in relation to eye and
head movements. In this section, we discuss the
previous and present results based on the firing char-
acteristics in relation to eye and head movements. As
mentioned in the introduction, there is a species dif-
ference in the types of floccular Purkinje cells found
in the monkey and rabbit. In the monkey, the majority
of recorded cells consisted of GVP cells that encode a
sum of the eye and head velocities. The gaze velocity
theory says that these cells carry a signal for gaze ve-
locity [1,2]. In contrast, in the rabbit, De Zeeuw ef al.
[3] suggested that the majority of cells were compara-
ble with eye-movement—only cells, a minority group
of cells in the monkey.

The present study, in addition to the previous study

of 0.5Hz (B, n=12 cells) and 1.0Hz (C, n=7 cells). Note
that the firing modulation is small.

[14], investigated the SS firing characteristics of the
middle-zone Purkinje cells in the cat during visual
and vestibular stimuli. During the OKR paradigm, in
which the head velocity input is absent, the SS firing
increased when the eye movement was directed ipsi-
laterally to the recording site, and the contribution of
the velocity term to the SS firing modulation was pre-
dominant over the acceleration and position terms
(Fig. 1 and Kitama et al. [14]). During the VORS par-
adigm, in which the eye velocity is small in ampli-
tude, SS firing increased with ipsiversive head veloc-
ity (Figs. 2—4). During the VORL paradigm, in which
the eye and head velocity components had opposite
signs, the SS firing rates were only weakly modulated
(Figs. 2—4). These firing characteristics of the middle-
zone Purkinje cells in the cat were thus comparable to
those of the GVP cells in the monkey. Unfortunately,
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in the cat, the suppression of VOR eye movement by
head and visual pattern rotation in the same direction
was incomplete (Fig. 2B), and the measurement of
head velocity sensitivity was difficult during the
VORS paradigm.

A previous study using the cat reported that the ma-
jority of recorded Purkinje cells consisted of “vertical
eye velocity cells” comparable to the monkey’s eye-
movement—only cells, which increased SS rates dur-
ing, e.g., upward rotation of the head and downward
rotation of the OKR visual pattern [22, 23]. Part of the
difference between the present and previous results
may be explained by a difference in the procedures
used in selecting Purkinje cells. Fukushima et al
[22,23] selected only Purkinje cells that responded to
pitch rotation of the head, and they reported a number
of Purkinje cells that were not sensitive to head pitch
rotation. On the other hand, we identified horizontal-
type Purkinje cells in the middle zone by CS activity
that was modulated during horizontal but not vertical
retinal-slip stimuli. The majority of the recorded cells
in the middle zone showed such CS direction selectiv-
ity [14]. De Zeeuw et al. [3] also identified vertical-
axis (horizontal movement) Purkinje cells by direc-
tion-selective CS responses during retinal slip in the
rabbit. Furthermore, the difference between the pres-
ent and previous [23] results regarding a GVP versus
an eye-movement—only pattern of discharge may be
explained by different processing of the horizontal and
vertical eye movements by the flocculus. Fukushima
et al. [24] reported that the population of vertical- and
horizontal-type Purkinje cells in the monkey flocculus
had markedly different discharge properties, and the
vertical GVP cells belong to a minority cell group in
vertical-type Purkinje cells. If a similar situation ex-
ists in the cat, it would explain why the vertical units
recorded by Fukushima et al. [23] showed predomi-
nantly eye-movement—only activity while the horizon-
tal units we recorded showed the GVP pattern.

Interpretation of SS firing characteristics
based on the inverse dynamics theory. In
this section, we interpret the present findings based on
the inverse dynamics theory, which was proposed to
explain the neural mechanisms controlling human
movements with quick and smooth characteristics
[13]. Usually, robot movements can be exquisitely
controlled by a feedback loop that measures the differ-
ence between desired and actual movements. In hu-
mans, however, it takes a long time (50—200 ms) for a
feedback loop to transmit signals due to sensor dy-
namics, slow conduction time of axons and the synap-
tic delay, suggesting that the slow feedback loop is not
adequate to control quick and smooth movements in

humans. Human movements may be controlled by the
feedforward neural circuits that predict forthcoming
movements based on present sensory information.
Kawato et al. [13] proposed that the inverse dynamics
model is necessary for feedforward control. The in-
verse dynamics model calculates the necessary motor
command based on the desired trajectory, while the
forward dynamics model calculates the trajectory
based on the motor command information. The in-
verse dynamics model has been suggested to exist in
the cerebellum on the basis of the findings that the
cerebellar Purkinje cells encode motor command in-
formation (elastic, viscous, and inertia forces related
to eye position, velocity, and acceleration, respec-
tively) during OFR and OKR [14-16]. If the inverse
dynamics theory is true, the Purkinje cell should also
encode motor command information in its firing pat-
tern during combined visual and vestibular move-
ments.

In the present study, the movements during VORL,
VORS, and VORE are composed of two components,
the OKR and VOR components, because the eye
movements are induced by combined OKR and VOR
stimuli. The OKR-component of the movement was
obtained by subtracting the VOR component (VORD
movement) from the whole movement (VORL, VORS
or VORE movement). The reconstruction of the SS
firing frequency during VORL, VORS and VORE was
made using the coefficients for OKR. The reconstruc-
tion was successful when it used the OKR component
of eye movement (Figs. 7 and 8) but not when it used
the whole eye movement (Fig. 5), suggesting that the
coefficients calculated during OKR are valid only for
the OKR component of the movement, and not for the
whole movement induced by combined visual and
vestibular stimuli. The coefficients calculated during a
given stimulus modality may be valid only for that
modality, and not for a different modality. In the cat,
the brainstem pathway (i.e., Uchino et al. [25]) may
be enough for generating compensatory VOR. The
present study has, for the first time, shown that the fir-
ing property explanation based on the inverse dynam-
ics theory is valid not only during visually induced
movements but also during combined visual and
vestibular movements. A given cerebellar zone may
control some (but not all) components of the complex
movements.

Comparison between the inverse dynamics
and gaze velocity theories. The present study
has shown that the SS firing characteristics of the mid-
dle-zone Purkinje cells in the cat are comparable to
those of the GVP cells in the monkey and also inter-
pretable by the inverse dynamics theory. We explain
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the reason why the data were interpretable by both the
gaze velocity and inverse dynamics theories in the
APPENDIX. The conclusion in the APPENDIX is that
the SS firing modulation during combined visual and
vestibular stimuli can be explained almost equally by
both theories if the VOR gain (eye movement/head
movement) is close to 1, and if the Purkinje cell firing
is dominated by the eye velocity signal (see APPEN-
DIX for details). The present study has shown that the
gain of VOR is close to 1 during VORD in the cat
(Fig. 6), in agreement with the studies of Godaux et
al. [21] and Donaghy [19]. Kitama et al. [14] have
shown that Purkinje cell firing is dominated by the eye
velocity signal in the middle zone of the cat.

The SS firing modulation was small in amplitude
during VORL, in which the VOR component of the
movement was dominant (Fig. 4A). SS modulation
was also small during VORD (pure VOR) eye move-
ment (Fig. 9). According to the inverse dynamics the-
ory, these findings are simply interpretable as meaning
that the Purkinje cells do not encode motor dynamics
information for the VOR components of eye move-
ment. In other words, the floccular Purkinje cells may
not be responsible for calculation of the motor dynam-
ics information from the vestibular modality informa-
tion (head-movement information).

It should be stressed that this conclusion is valid
only for the cat and the monkey, whose VOR gains are
close to 1. In the rabbit, the VOR gain is substantially
lower than 1 (i.e., gain=0.25-0.31 by De Zeeuw [3]),
and the floccular Purkinje cells are deeply modulated
during VOR in the dark [3—6]. This modulation is in-
terpretable, based on the inverse dynamics theory, as
encoding motor dynamics information that is calcu-
lated from the head-movement information. In the
rabbit, in which VOR eye movement is less compen-
satory, both the brainstem pathway and flocculus
would be responsible for generating VOR eye move-
ments. Thus, it is possible to explain the firing charac-
teristics in the rabbit, whose VOR gain is less than 1,
by the inverse dynamics theory. It would be of great
interest to investigate, using the inverse dynamics the-
ory, the motor dynamics information encoded in Purk-
inje cells during eye movements elicited by combined
visual and vestibular stimuli in the rabbit flocculus.

According to the inverse dynamics and gaze veloc-
ity theories, eye velocity information is encoded in the
SS firing rates. The most crucial difference between
the two theories lies in their views about the origin of
the eye velocity information encoded in the firing
rates. According to the inverse dynamics theory,
motor dynamics information (including eye velocity
information) is calculated from kinematics informa-

tion that is obtained via the sensory input. Therefore,
the eye-movement coefficients are specific to the input
modality. In marked contrast, in the gaze velocity the-
ory, eye velocity information is supposed to be an ef-
ference copy of the motor command, and, therefore,
the eye velocity coefficient should be generally applic-
able to all kinds of eye velocities regardless of the
input modality. For example, according to the gaze ve-
locity theory, an eye velocity coefficient that was cal-
culated during smooth pursuit eye movement should
also be considered valid for VOR eye movement. The
small modulation of SS firing during VOR was inter-
preted, according to the gaze velocity theory, as
the cancellation of the SS modulation of eye-veloc-
ity—sensitivity origin by the SS modulation of head-
velocity—sensitivity origin [1,2]. However, at present,
the eye-velocity sensitivity of the monkey GVP cells
calculated during smooth pursuit eye movement has
not been proven to be valid during VOR or OKR. We
hope that future studies will further clarify the relative
merits of these theories and thereby lead to a better
understanding of cerebellar motor control mecha-
nisms.
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APPENDIX

In the present study, the slow-phase eye movement (£)
relative to the head is assumed to be composed of a
linear summation of the VOR-component eye move-
ment (Eyvor) and the OKR-component eye movement

(Eokr)-

E=FEvort+Eokr. (D

Because the VOR gain is close to 1 in the cat, Eyogr i
of the same amplitude as the head movement () and
of the opposite sign.

Eyor=—H. (2)

From Egs. 1 and 2,

E= _H+EOKR- (3)

The gaze position (G) in the earth-fixed coordinates is
the sum of £ and head position (H)

G=E+H. @)

From Egs. 3 and 4
G=(—H+Eokr)+H=Eokr - (%)

During combined VOR and OKR movements, the
motor command (M) becomes a linear addition of the
VOR-component motor command (Myor) and the
OKR-component motor command (Mogr), if the
motor plant dynamics are assumed linear.

M=Myor+Mokr . (6)

The present study has provided evidence that middle-
zone Purkinje cell firing (P) is related to Mokg, and
actually constitutes a part of Mogr, Mok’ - P is recon-
structed from Eqogg, and its first (Eoxgr’) and second
(Eokr”) time derivatives by the equation:

P:MOKRPZCIEOKR”‘FbEOKR’ +CEOKR+d . (7)

The analysis performed using the standard regression
coefficient showed that the contribution of the velocity
term to the regression is dominant over the accelera-
tion and position terms [14]. If we ignore the accelera-
tion and position terms, P is approximated by:

P:bEOKR,‘f'd. (8)
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From Eqgs. 5 and §,
P=bG'+d. )

On the other hand, according to the gaze velocity the-
ory [1,2], floccular Purkinje cell firing modulation
represents the gaze velocity (G).

P=bG'+d. (10)

Equation 10, which is based on the gaze velocity the-
ory, is the same as Eq. 9, which is the approximation
of Eq. 7 based on the inverse dynamics theory. This
suggests that if the VOR gain is close to 1, and if
Purkinje cell firing is dominated by velocity informa-
tion, the experimental data concerning Purkinje cell
firing during combined OKR and VOR can be inter-
preted approximately equally well by both theories.
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