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Temporal firing patterns of Purkinje cellsin cerebellar ventral para-
flocculus during ocular following responses in monkeys. 11. Com-
plex spikes. J. Neurophysiol. 80: 832—848, 1998. Many theories
of cerebellar motor learning propose that complex spikes (CS)
provide essential error signals for learning and modulate parallel
fiber inputs that generate simple spikes (SS). These theories, how-
ever, do not satisfactorily specify what modality is represented by
CS or how information is conveyed by the ultra-low CSfiring rate
(1 Hz). To further examine the function of CS and the relationship
between CS and SS in the cerebellum, CS and SS were recorded
in the ventral paraflocculus (VPFL) of awake monkeys during
ocular following responses (OFR). In addition, a new statistical
method using ageneralized linear model of firing probability based
on a binomial distribution of the spike count was developed for
analysis of the ultra-low CS firing rate. The results of the present
study showed that the spatial coordinates of CS were aligned with
those of SS and the speed-tuning properties of CS and SS were
more linear for eye movement than retinal slip velocity, indicating
that CS contain a motor component in addition to the sensory
component identified in previous studies. The generalized linear
model to reproduce firing probability confirmed these results, dem-
onstrating that CS conveyed high-frequency information with its
ultra-low firing frequency and conveyed both sensory and motor
information. Although the temporal patterns of the CS were similar
to those of the SS when the sign was reversed and magnitude was
amplified ~50 times, the velocity/accel eration coefficient ratio of
the eye movement model, an aspect of the CS temporal firing
profile, was less than that of the SS, suggesting that CS were more
sensory in nature than SS. A cross-correlation analysis of SS that
are triggered by CS revealed that short-term modulation, that is,
the brief pause in SS caused by CS, does not account for the
reciprocal modulation of SS and CS. The results also showed that
three major aspects of the CS and SSindividua cell firing charac-
teristics were negatively correlated on a cell-to-cell basis: the pre-
ferred direction of stimulus motion, the mean percent change in
firing rate induced by upward stimulus motion, and patterns of
temporal firing probability. These results suggest that CS may
contribute to long-term interactions between parallel and climbing
fiber inputs, such as long-term depression and/or potentiation.

INTRODUCTION

A remarkable feature of the Purkinje cells in the cerebel-
lum is that each receives two major afferents that differ
dramatically in their firing dynamics. multiple parallel fiber
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inputs that generate simple spikes (SS) at rates up to several
hundred discharges per second and a single climbing fiber
input that generates complex spikes (CS) at rates that do
not exceed more than a few discharges per second (Thach
1968). The type of information transmitted by the ultra-low
CSfiring rate and the effect of asignal with such low tempo-
ral resolution on the cerebellum are still not completely re-
solved.

The present study quantitatively examines CS function by
examining CS and SS responses in the ventral paraflocculus
(VPFL) during ocular following responses (OFR) in awake
monkeys (Miles et a. 1986) and quantifying the relation
between the two discharges and the retinal dlip and the eye
movement. Recent modeling studies of the temporal firing
profiles of SS during OFR using an inverse-dynamics model
(alinear combination of eye acceleration, velocity, and posi-
tion) demonstrated that SS in the VPFL encode dynamic
motor commands (Gomi et a. 1998; Kawano et al. 1996;
Shidara et al. 1993). In the present study, in addition to
the electrophysiological experiments, this model has been
extended to a more sophisticated generalized linear model
(Kawato 1995) to analyze the correlation between the ultra-
low CS firing rate and the motor commands or retinal dlip.

OFR are tracking movements of the eyes evoked by move-
ments of a visual scene and are thought to be important for
the visual stabilization of gaze. It was advantageous for sev-
eral reasons to study CS function by recording them in the
VPFL during OFR. The OFR are primarily under negative
feedback control because this behavior is primarily in re-
sponse to retina dlip, which is the difference between the
image motion and the eye movement. The early phase of
the OFR, however, is controlled in an open-loop manner,
and this early phase has been shown to be subject to long-
term adaptive modification by visua error signas (Miles
and Kawano 1986) . OFR are reflexes induced by the retinal
dip, so it is technically easy to obtain a large number of
trias, thus increasing the signal-to-noise ratio. It is possible
to quantify the correlation between the sensory error signal
(retina dlip) and CS firing because it is possible to accu-
rately control the parameters of the visual stimulus. SS
evoked during OFR have been recorded and characterized
in Purkinje cells in the VPFL (Gomi et al. 1998; Kawano
et al. 1996; Shidara and Kawano 1993; Shidara et al. 1993).
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The climbing fiber projections from theinferior olive (10)
to the VPFL have been well characterized (Gerrits and
VVoogd 1982, 1989; Langer et a. 1985). In the rabbit floccu-
lus, a large number of CS are evoked by movement of a
large visual stimulus (Graf et al. 1988; Simpson and Alley
1974). CS also were recorded in the VPFL of monkeys
during tracking of a small target (Stone and Lisberger
1990b). Thus a considerable number of CS are expected to
be evoked in the VPFL during OFR.

The CSin the VPFL have previously been well character-
ized during smooth pursuit eye movement by Stone and
Lisberger (1990b), who concluded that CS were driven by
contralaterally or upward directed image motion. CS were
modul ated out-of-phase with SS. By spike-triggered averag-
ing analysis, they concluded that CS during steady-state pur-
suit were driven by the retinal dlip associated with imperfect
pursuit.

In this study, we have advanced the quantitative under-
standing of CS during OFR in regard to the following four
points and have provided critical data to examine the major
theories of CS function. First, we developed a new statistical
method for quantitatively analyzing what information is en-
coded in the temporal patterns of CS firing rate. With this
new technique, we have demonstrated that the CS firing
probability carriesvery high-frequency temporal information
that matches that of the SS. Second, cell-to-cell negative
correlations between the firing characteristics of SS and CS
for individual cells were revealed. Third, although in previ-
ous studies the sensory aspects of CS were well studied, we
have added new evidence for a motor-related nature of CS.
Fourth, we examined the relationship between the velocity
of eye movement or retinal dip and the firing rates of CS
over a wide range of step ramp speeds.

METHODS

Our methods for preparing the monkeys, for presenting visua
stimuli, and recording the simple spike of Purkinje cells (P cells)
are presented in detail in the preceding paper (Gomi et al. 1998).
Here, we describe only those additional techniques that were used
in the analysis of simple- and complex-spike responses.

Visual stimuli

Visua stimuli were designed to study the directional selectivity
of neural firings (experiment 1), effects of changes in stimulus
velocity on neural firings (experiment 2), and tempora patterns
of firing rate and firing probability (experiment 3).

EXPERIMENT 1. The directiona firing characteristics of 13 cells
were examined by moving the stimuli in eight directions (6 = O,
45, 90, 135, 180, 225, 270, and 315°) at a constant speed of 80°/
s. The stimulus was presented and moved =40 times (40—77 trials,
mean = 57 trias) in each direction while recording from each cell
(320—616 trials, mean = 456 trials altogether). Because the la-
tency of the change in SS firing rate during the OFR is ~40 ms
from the onset of stimulus motion (Shidara and Kawano 1993),
the spike modulation for each stimulus direction was calculated as
the mean firing rate minus the spontaneous firing rate over an
interval extending from 40 to 220 ms after the onset of stimulus
motion. Spontaneous rate was calculated as the mean firing rate
over an interval from —100 to 40 ms after the onset of stimulus
motion. The preferred direction of SS or CS of each cell was
calculated as the direction of the average vector of modulation
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vectors for each direction, defined as a two-dimensiona vector
with the same direction as the stimulus motion (#) and a length
equal to the spike modulation defined above. Because we did not
use a three-dimensional (3-D) planetarium projector system (Graf
et al. 1988), we cannot directly argue about the preferred axis of
rotation in 3-D space from our experimental data.

EXPERIMENT 2. Stimuli moving at six or eight different velocities
(+80, +40, +20, —20, —40, and —80°/sor + 80, +40, +20, +10,
—10, —20, —40, and —80°/s) were presented while recording from
12 cells. For each cell, the stimulus was moved either vertically
or horizontally, so that it would overlap with the preferred and
anti-preferred directions of SS. Upward and contralateral motion
were assigned positive polarity. At least 70 trials (76—217 trials,
mean = 134 trials) were performed at each stimulus velocity for
each cell (608—1,592 trials, mean = 948 trials).

EXPERIMENT 3. Stimuli moving directly upward at 80°/s were
presented to nine vertical axis cells (V cells). For V célls, directly
upward is close to the preferred direction of CS and the antipre-
ferred direction of SS. Upward moving stimuli were presented
>300 times (312—901 trials, mean = 579 trials) while recording
from each cell.

For improving datareliability in the analysis of thefiring charac-
teristics of CS for each cell, we focused on obtaining a large
number of trials rather than on increasing the number of recorded
cells.

Recording technique

Purkinje cells were identified by the presence of SS and CS
(Thach 1968). Before trial sessions, we carefully discriminated
each single unit using a time-amplitude window discriminator, and
we checked that CS and SS were derived from the same cell by
confirming the occurrence of a brief pause of the SS after the CS
(Sato et al. 1992). After the sessions, SS and CS were discrimi-
nated with a time resolution of 1 or 2 ms off-line using custom
software, running on a SUN SPARK station, which clusters groups
of spikes by amplitude, duration and wave form by principal com-
ponent analysis.

Generalized linear model

In our previous studies, the SSfiring rate was reproduced directly
using an inverse-dynamics representation model, which is alinear
weighted summation of the eye acceleration, velocity, and position
(Gomi et al. 1998; Kawano et a. 1996; Shidara et al. 1993). The
very low CS firing rate precludes the direct use of this method for
the analysis of the CS temporal firing profile, but the firing proba-
bility rather than the firing rate itself can be modeled. The low CS
firing rate highlighted the binomial nature of the spike count. The
variance was not constant, invalidating the minimum-sguare-error
method for parameter estimation, and the standard deviation had
the same magnitude as the mean, rendering the correlation coeffi-
cient rather insensitive to the goodness of fit. The fluctuations in
the CSfiring rate were largely due to the variance of the binomial
distribution. Theoretically, the firing rate (spikes/s) multiplied by
the time bin (s) converges to the firing probability p as the tria
number n goes to infinity with a standard deviation vp(1 — p)/n
of the binomial distribution. The following is a typical example of
afiring probability with the same order of magnitude asits standard
deviation. The standard deviation 0.003 is close to the signal itself
for p = 0.005 (2.5 spikes/s multiplied by a 2-ms bin) and n =
500. Thusfor CS, the low value of the actual correlation coefficient
and the predicted value does not necessarily mean a poor fit by
the model. On the other hand, for SS, firing at 100 spikes/s, the
signal (i.e., probability p = 0.2) is much larger than the noise (i.e.,
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the standard deviation is 0.02), and thus use of the correlation
coefficient is valid.

We confirmed that the number of CSand SS, X; , which accumu-
lated within the time t =i bin for n trias, obeyed the following
binomial distribution (Kobayashi et al. 1995)

X =y = ([ ) pra-pym (1)

where y; denotes the realized value of the stochastic variable X,
that is, the observed spike number. p; is the spike occurrence
probability within the time t = i bin. The firing probability p(t)
as a function of time t was modeled by the following generalized
linear summation of acceleration, velocity, and position of eye
movement, which is a smooth function of time

p(t) = IM-6(t + 8) + B-O(t + 6) + K-0(t + 8) + C]  (2)

exp X
1+ expx

9x] = (3)
where 6, 8, and 6 denote the acceleration, velocity, and position
of the eye, and M, B, and K denote their coefficients, respectively,
while 6 denotes the time delay between spike discharge and eye
movement, and C is a constant. The sigmoid function S constrains
p(t) to values between 0 and 1. This is a specific example of a
generalized linear model (McCullagh and Nelder 1989).

The parameters other than the time delay were estimated using
Fisher's scoring method by maximizing the following likelihood
function, L or its logarithm | (the maximum likelihood method)

L(p;y) = I_l Pr(X =)
|'|< )py' 1-p)™
I(p;y) =Y {vlogp + (n—y)log(1-p)} (4)

i=1

m is the bin number included in one experiment. In experiment 3,
m = 126, because al of the spike counts within a 2-ms bin were
collected to calculate y; from 0 to 250 ms after the onset of stimulus
motion; m = 756 (6 velocities) or m = 1,008 (8 velocities) in
experiment 2 because stimuli with different velocities produced
different sets of data. The time delay leading to the maximum
likelihood was globally searched at every 2-ms step from —20 to
20 ms.

Let L, denote the likelihood evaluated by the maximum likeli-
hood estimator in p; (f% = yi/n), which is the best possible model
but with a large degree of freedom m, while L, denotes the maxi-
mum likelihood of the current model. If the model is good, the
likelihood ratio (A = Lo/L,) iscloseto 1, but if the model is paoor,
the ratio approaches 0. The deviance D, —2log\ expressed in the
following eguation is always positive and approaches zero as the
fit becomes better and becomes large as the fit becomes poorer

D(y: p) =2(p;y) — 2(p;y)

-2y {y.log%ﬂn—y.)log Vp} (5)

Generaly, a smaller deviance indicates a better fit. Because the
deviance increases in proportion to m, the deviances in experiment
2 were divided by 6 or 8 (the number of different stimulus veloci-
ties) for comparison with that of experiment 3 in Table 1.

To further examine the sensory and motor characteristics of CS
and SS, we compared the ability of a model based on the sensory
error and the eye movement to reproduce the firing probability.
Thus the model was based on a generalized linear combination of
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Fic. 1. Eye movements and complex spikes (CS) and simple spikes
(SS) during ocular following responses (OFR). Left: responses to 80°/s
upward stimulus motion. Right: responses to 80°/s downward stimulus
motion. Stimulus velocity (thin line in A and B) and eye velocity (thick
linein A and B), eye acceleration (C and D), and eye position (E and F)
as functions of time after the onset of stimulus motion during OFR are
shown. G and H: examples of rastergrams of the SS and CS responses in
a V cell during OFR to 20 presentations of upward (G) and downward
(H) test ramps. Bars represent SS and the circles represent CS.

the acceleration, velocity, and the position of the retinal dip as
well (the difference between stimulus position and eye position)

p(t) = IM, rt-=A)+ Gl (6)

where t, r, r, C, and A denote the acceleration, velocity, and
position of the retina dlip, a constant, and the delay between the
onset of stimulus motion and spike discharge, respectively. The
delay between theretinal dlip and the spikes was searched globally
from 30 to 70 ms.

r(t—A) +B-r(t— A) + K

RESULTS
CSand SSduring OFR

We recorded SS and CS during OFR from 34 Purkinje
cells. Figure 1 shows stimulus and eye movement (velocity,
acceleration, and position) and examples of the responses
to upward and downward stimulus motion at 80°/s. The
characteristic short latency (~50 ms from stimulus to move-
ment) and the complex acceleration of OFR were evident
(Miles et al. 1986).

The Purkinje cells were categorized into two groups. One
population (23/34 cells) exhibited an increase in CS and a
decrease in SS firing rate in response to upward moving
stimuli (Fig. 1G), and an increase in SS and a decrease in
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CSfiring rate in response to downward moving stimuli (Fig.
1H). These cells were termed V cells. The other population
(11/34 cells) exhibited an increase in SS and a decrease in
CSfiring rate in response to ipsilateral stimulus motion, and
an increasein CS and adecrease in SSfiring rate in response
to contralateral stimulus motion. These cells were termed
horizontal cells (H cells).

Directional tuning of CS (experiment 1)

To quantify the spatial tuning characteristics of SS and
CS, the responses to moving the stimulus in eight different
directions at 80°/s were recorded (Fig. 2). The aggregated
activities of eight V cells are shown. Both SS and CS were
modulated by vertically moving stimuli, but they were not
modulated by horizontal stimuli. Both SS and CS had some
degree of spontaneous firing. Downward moving stimuli
elicited increases in the SS firing rate and decreases in CS
rate, both beginning ~40 ms after the onset of stimulus
motion. Upward moving stimuli elicited decreases in the SS
firing rate and increases in CS rate with similar (40 ms)
latencies. Thelatencies of the changesin SSand CS are more
quantitatively examined later by analysis of their temporal
profiles.

The preferred directions of SS and CS for individual cells
are shown in Fig. 3, A and B. Preferred directions of the SS
and CS for each cell were calculated as described in METH-
obs. The mean of the preferred directions of SSfor V cells
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FIG. 2. SS and CS peristimulus histograms in response to moving the
stimulus in 8 different directions. Aggregated responses from 8 V cells are
shown. Position of each histogram corresponds to the direction of the stimu-
lus motion. Ip, ipsilateral; Up, upward; Co, contralateral; Dw, downward.
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Fic. 3. Directional tuning properties of SS and CS. Preferred directions
of SS (thin lines) and CS (thick lines) for 8 V cells (A) and 5 H cells (B)
are shown. C—F: mean + SD modulation of SSand CSin V cells (C and
E) and H cells (D and F) as a function of the direction of stimulus motion.
Abscissa (C—F) is the direction of stimulus motion in degrees measured
counterclockwise from the ipsilateral direction (ipsilateral = 0°, upward =
90°, contralateral = 180°, and downward = 270°). Means were fitted by a
cosine tuning function (dotted line).

300

was 273.7 + 27.4° (mean = SD), that of SS for H cells
was 1.8 + 6.7°, that of CS for V cells was 84.7 + 10.7°,
CSfor H cells was 189.4 = 5.6°. The mean difference be-
tween the preferred directions of SS and CSwas 173 + 16°,
whichiscloseto 180° (Fig. 3, Aand B). Thusthe reciprocity
between the preferred direction of SS and CS was shown.

To quantify the directional dependency of the SS and CS
modulations, the directional tuning data of SS or CS aver-
aged over the V cell or the H cell population were fitted by
a cosine function of the direction of stimulus motion

f=alcos(d —6,)] +b (7)

where f and 6 denote the mean firing rate and the direction
of stimulus movement (6 = 0, 45, 90, 135, 180, 225, 270,
and 315°), respectively. The preferred directions of the aver-
aged data (¢,) were computed by averaging the preferred
directions across the population. a and b denote the regres-
sion coefficient and the intercept of the regression equation,
respectively, which were determined by the least-square
method. a and b indicate the magnitude of direction-depen-
dent modulation of the firing rate and the spontaneous firing
rate, respectively. For the SS data, a and b were 29.2 and
14.8inV cellsand 38.2 and 0.7 in H cells. For the CS data,
a and b were 0.78 and 0.06 in V cells and 0.86 and 0.3 in
H cells. The averaged data and the fitted curves are shown
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in Fig. 3, C—F. The data and the fitted curves were well
correlated (r = 0.99 for SSin V cdls, r = 0.99 for SS in
H cells, r = 0.96 for CSin V céls, and r = 0.90 for CSin
H cells), indicating that the CS and SS directional tuning
characteristics were well modeled by the cosine function.
The cosine directional tuning curves of SS and CS were
180° out of phase. Because the mean direction-dependent
modulation of the CS firing rate (a = 0.82) was 0.024 of
that of SS (a = 33.7), the mean change in the CS firing
rate depending on stimulus directions was only 2.4% of that
of SS.

When the preferred direction of SS was plotted against
that of CS asin Fig. 4, the slope of the regression line was
closeto 1.0 (0.82) and itsintercept was close to 180° (155°).
These results provide quantitative evidence that the spatial
tuning properties (including the preferred direction) of CS
are opposite to those of SS. In 13 cells examined, the pre-
ferred direction of SS recorded from each cell correlated
with the preferred direction of CS recorded from the same
cell with a coefficient of 0.90 (P = 0.001). The data were
separated into two clusters (i.e,, H and V cells). Although
no significant correlation existed when each cluster of data
were regressed separately, the above significant correlation
for al the data at least indicates global reciprocity of the
preferred directions of the SS and CS.

Effects of stimulus velocity on CS and SS (experiment 2)

Twelve cells were studied and findings for one example
are shown Fig. 5. The SS firing rate increased and the CS
rate decreased with increased downward stimulus velocity
(retinal dlip velocity) and the resulting downward eye move-
ment. Moreover, the SS firing rate decreased and the CS
rate increased with increased upward stimulus velocity and
the resulting upward eye movement.

To quantify the correlation between the SS and CS firing
rates and retinal dlip or eye velocities, the mean SS and CS
firing rates were plotted against mean retinal slip and mean
eye velocity. Considering its time delay, eye movement was
averaged over the time interval from 50 to 300 ms after the
onset of stimulus motion. SS and CS were averaged from
40 to 290 ms after the onset of stimulus maotion. Retinal dlip
was averaged from 0 to 250 ms after the onset of stimulus
motion. The mean SS firing rate was a monotonically de-
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Fic. 4. Preferred direction of SSfor each cell is plotted against that of
CS. Line represents the linear regression of the data.
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FIc.5. SS and CS of an example V cell in response to a wide range
of stimulus velocities. Stimulus was moved vertically at +80, +40, +20,
+10, —10, —20, —40, and —80°/s. Upward motion was assigned positive
polarity. Mean stimulus (thin line) and eye (thick line) velocities (left)
and peristimulus time histograms with CS (middle) and SS (right) binned
in 1-ms intervals are shown for each stimulus velocity for which 95 trials
were obtained.

creasing function of the dlip velocity. The curve from each
individual cell was a sigmoid function, that is, a decreasing,
monotonic, saturating function (Fig. 6A). In contrast, the
mean SS firing rate was approximately a linear function of
the eye velocity (Fig. 6B). The correlation coefficient be-
tween the mean SS firing rate and eye velocity for each of
12 cells was calculated and then averaged (mean = —0.99).
The absolute value of the mean correlation coefficient
(—0.91) between the SS firing rates and the dlip velocities
was statistically significantly smaller (P = 0.0001) than that
between SS and eye velocity. This observation provides
guantitative evidence that the relationship between the SS
firing rate and eye velocity is more linear than the relation-
ship between the SS firing rate and dip velocity.

The mean CS firing rate of each cell was approximately
an increasing, saturating function of the dlip velocity, al-
though some exceptions can be seen especialy at large slip
velocities (Fig. 6C). At stimulus velocities between 40 and
80°/s, some cells exhibited an increase, some a decrease,
and some no change in CS firing rate. As found for SS, the
relationship between the mean CS firing rate and the eye
velocity was more linear (Fig. 6D). The mean correlation
coefficient between CS firing rate and eye velocity (0.93)
was statistically larger than (P = 0.008) that between CS
firing rate and dlip velocity (0.89), again providing quantita-
tive evidence that the relationship between CS firing rate
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FIG. 6. Velocity tuning curves of SS and CS. Following relations are
shown: SS firing rate and retinal slip velocity (A), SSfiring rate and eye
velocity (B), CS firing rate and retinal dip velocity (C), CS firing rate
and eye velocity (D), SS and CS firing rate (E). Bold solid line shows
the regression line of al the data. F: retina dlip velocity (circle) as a
function of the stimulus velocity, and the eye velocity (cross) as a function
of the stimulus velocity. Dotted line shows the line with a slope of 1.0 and
passing through the origin. Retina slip was calculated by subtraction of
eye movement from stimulus movement. Upward or contralateral motion
was assigned positive polarity. Each set of data points connected by aline
represents data from an individual cell (n = 12).

and eye velocity is more linear than the relationship between
CS firing rate and slip velocity.

The correlation coefficient between the mean SS and CS
firing rate at each stimulus velocity was calculated for each
of 12 cells (Fig. 6E) and then averaged (mean = —0.91 +
0.06; P = 0.05). This result demonstrates that there is a
reciprocal relationship between the mean SS firing rate and
the mean CS firing rate with respect to their stimulus and
eye velocity dependence. The very large negative slope
(—48.2) of the regression line in Fig. 6E for the average
data of 12 cells indicates that modulation of CS firing rate
depending on different stimulus speeds was opposite in sign
and only 2.1% of that of SS.

SS and CS dependencies on either the dip velocity or the
eye velocity were examined in Fig. 6, A—D. Because OFR
is essentialy induced by the retinal dlip, one may wonder
that the dlip velocity is very highly correlated with the resul-
tant eye velocity, thus the above analyses might not be sensi-
ble. Plotting the averaged slip velocity (cross) and the aver-
aged eye velocity (circle) asfunctions of the stimulus veloc-
ity resolved thisissue (Fig. 6F). Even in the small stimulus
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velocity range (from —40 to 40°/s), the two curves had
opposite curvatures. Furthermore, for the largest stimulus
speeds (—80 and 80°/s), the eye velocity showed clear signs
of saturating, whereas the retinal slip kept increasing. Thus
even for the averaged behavior, the retina dip and the eye
movement were considerably different. Marked differences
in their transient behaviors will be given in the following
text.

Temporal patterns of CSfiring rates (experiment 3)

InV cédls (n = 9), the SS firing rate decreased and the
CsSfiring rateincreased in response to upward 80°/s stimulus
motion (Fig. 7A). Moreover, CS and SS of an individual
cell appeared to be affected to similar extents by the same
stimulus motion (e.g., cells 1 and 2 exhibited relatively small
changes in both CS and SS firing rate, whereas cell 3 exhib-
ited relatively large changes in both CS and SSfiring rate).
Furthermore, athough the percent change in the SS firing
rate was much larger than that of CS (note the 10 times
difference in ordinate scales between the left and right col-
umns), the SS temporal firing profiles were similar to those
of CS if the sign was reversed and the magnitude scaled.

There was a significant cell-to-cell negative correlation
(—0.76, P = 0.01) between the mean magnitude of change
from the spontaneous activity in the SS and CS firing rates
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FIG. 7. Reciproca relationships between the CS and SSfiring rates. A:
SS and CS firing rates evoked by upward stimulus motion at 80°/s (1-ms
bins from O to 300 ms after the onset of stimulus motion) for 3 example
cells. B: mean percent change in SS firing rate for each cell is plotted
against that of CS. Solid line represents the linear regression of the data.
C: instantaneous SS firing rates (binned in 2-ms intervals from 0 to 300
ms after the onset of stimulus motion) of cell 1 shown in A were plotted
as a function of those for CS in the same time bins. Solid line represents
the linear regression of the data (n = 150; r = —0.38; P = 0.0001).
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latter. Accumulated trial numbers for the 5 cells were 901, 899, 396, 327,
and 487 from top to bottom. Data are shown from top to bottom in order
of increasing mean change in firing rate in response to stimulus motion.

in response to upward 80°/s stimulus motion (Fig. 7B). This
result statistically supports the above qualitative observation
suggesting that the magnitude of change in the CS firing
rate parallels the magnitude of change in the SS firing rate.
Because the slope of theregression lineis —17.9, the popula-
tion mean change in CS firing rate is 5.6% of that of SS,
for the preferred direction of CS and the anti-preferred direc-
tion of SS. The y-axis intercept of the regression line (Fig.
7B) was not significantly different from zero (P = 0.23),
which suggests that the SS firing rate is unmodulated if the
CsS firing rate is unmodulated and vice versa.

There was a dtatistically significant negative correlation
(P = 0.0001) between the instantaneous CS and SS firing
rates within the same 2-ms time bin (Fig. 7C) for cell 1
shown in Fig. 7A. The instantaneous SS and CS firing rates
were negatively correlated for all nine cells examined in
experiment 3. For seven of the nine cells, the negative corre-
lation was statistically significant (P < 0.01). This analysis
provides statistical evidence that the SS temporal firing pro-
fileis similar but of opposite sign to the CS temporal firing
profile.

Reproduction of firing probability of CS

The result of using a generalized linear model of eye
movement to reproduce the SS and CS firing probability in
experiment 3 is shown in Fig. 8 for five individua cells.
The mean correlation coefficient between the observed firing
rate and the estimated firing probability was 0.84 = 0.12 for
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SS and 0.48 = 0.10 for CS for the nine cells in experiment
3. The mean deviance of the CS firing probability for the
eye movement model (equation 2) was smaller than that of
the SS (Table 1), indicating that the CS firing probability
was more accurately reproduced than that of the SS. Further-
more, the deviance of the CS firing probability was smaller
than that of the SS firing probability on an individual cell
basis for seven of the nine Purkinje cells analyzed. As the
number of trials performed while recording from a single
cell approaches infinity, the firing rate (spikes/s) multiplied
by the time hin (s) should approach the firing probability
p. On the other hand, if the trial number n is finite, there
are large fluctuation in firing rate with a standard deviation
vnp(1 — p) dueto the binomial distribution (see METHODS).
Thusthe rapid fluctuation of the firing rate from the predicted
firing probability observed in Fig. 8 is not mainly an error
due to the model but rather sampling noise inherent to the
stochastic spike-count data itself.

A generalized linear model of eye movement also was
used to reproduce the SS and CS firing probability from
experiment 2. A single set of parameters was estimated for
each cell to reproduce the firing patterns for al stimulus
velocities. Asin experiment 3, the mean deviance of the CS
firing rate was smaller than that of the SS (Table 1) and the
deviance of the CSfiring rate was smaller than that of the SS
firing ratefor all 12 individual cellsrecorded in experiment 2.
Thus these data aso indicate that the CS firing probability
was better reproduced from eye movement than was the SS
firing probability.

We examined whether temporal patterns of firing proba-
bility in SS and CS encode significantly sensory or motor
information. The firing probabilities of CS and SS were
reconstructed via the generalized linear model of eye move-
ment (Eq. 2) or retina dlip (Eg. 6), then the deviances were
compared between the eye movement model and the retinal
dlip model. To improve the data reliability, we averaged the
data from nine cells recorded in experiment 3 as shown in
Fig. 9. Because of this population averaging, the stochastic
noise in the firing rate of CS was reduced. The temporal
patterns of retinal dlip position, velocity, and acceleration
and eye position, velocity, and acceleration and SS and CS
dicited by upward 80°/s stimuli are shown in Fig. 9. Thick
linesin Fig. 9, G and I, show the firing probability recon-
structed for SS and CS respectively by the generalized linear
model of the retinal dlip. Thick lines in Fig. 9, H and J,

TABLE 1. Mean deviances in estimations of firing probability
from eye movement and retinal slip

Upward 80°/s Stimulus 8-Speed Stimuli
Eye Movement  Retinal Slip  Eye Movement Retinal Slip
SS 1913 +880 171.6 + 539 3585 = 1505 4234 + 1834
CS 1509+ 241 1385+ 114 785 + 11.3 83.0 + 129

Comparison of mean deviances (+ SD) in estimations of firing probability
from eye movement and retinal slip. The two left columns show the results
from experiment 3, which used 80°/s stimulus in the preferred direction for
complex spikes (CS), and the right two columns show the results from
experiment 2, which used 8 or 6 speed stimuli in both the preferred and
anti-preferred directions for CS and simple spikes (SS).
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FIG. 9. Population average of the retina dlip, eye movement, CS and
SS of 9 cellsin experiment 3 (5,214 trials). Left: retinal slip position (A),
velocity (C), and acceleration (E) in responses to 80°/s upward stimulus
motion. Right: eye position (B), velocity (D), and acceleration (F) re-
sponses to the same stimulus motion. G and H: thin traces show the popula-
tion average of firing probability of SS. Thick tracesin G and H show the
estimated firing probability of SS from retina dip and eye movement,
respectively. | and J: thin traces show the population average of firing
probability of CS. Thick tracesin | and J show the estimated firing probabil-
ity of CS from retinal slip and eye movement, respectively.

show the firing probability reconstructed by the generalized
linear model of eye movement for SS and CS, respectively.

It may appear superficialy that the tempord patterns of the
retinal dip and the eye movement are similar and thus that
it is satigticaly difficult to discriminate which sgna better
reconstructs the firing frequency patterns. But actually even the
position temporal patterns are quite different between the two
signals unless an appropriate time shift is introduced, whereas
the velocity and acceleration are entirely different with negative
correlations. The firing data were best modeled by retinal dip
~40 ms time delayed, and it was modeled best by the eye
movement ~10 mstime advanced. Thus for estimating statisti-
caly the extent of amilarity of the two signas, we first time
delayed the retind dip by 40 ms and time advanced the eye
movement by 10 ms and then calculated the correlation of the
two sgnas. The corrdation coefficient between retind dip
acceleration 0—200 ms after onset of the stimulus motion and
eye acceleration 50—250 ms from onset of the stimulus motion
was —0.012. Thus the acceleration patterns were little corre-
lated. The corrdation coefficient between velocity of retinal
dip and velocity of eye movement was —0.60. Thus the veloc-
ity patterns were negatively correlated. The coefficient for posi-
tion was 0.97. Thus in summary, the position patterns were
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highly positively correlated, but the dynamic components (ac-
celeration and velocity) of the two tempora patterns were
entirely different.

Comparison of the deviances for the eye movement model
and the retina dip model, as shown in the left two columns
of the Table 1 indicates that the SS and CS firing probabilities
were reproduced as well or better from the retinal dip than
from eye movement for the upward 80°/s stimulus in experi-
ment 3. But we do not think this is a statistically important
observation. To reliably and more rigorously compare the two
statistical models in reproducing the experimental data, the
generalization capability of the models should be tested using
the data from experiment 2 because a large variety of stimuli
and responses are essentia to test the goodness of the models.
The mean deviances in experiment 2 are shown in the right
two columns of Table 1. Here, both the SS and CS were
better reproduced from the eye movement than the retina
dip. Instead of directly comparing the deviance values them-
selves, an index of the sensory-motor nature of the signals
was calculated as the deviance for the eye movement divided
by that for the retina dip. If the index is smaller than 1, the
signal will be more motor in nature, whereas if it is larger
than 1, the signal will be more sensory. First, because the
mean of the index for CS (0.95) was close to 1, CS were
equally well reproduced from either the retina dip or the eye
movement. Second, the mean of the index for SS (0.85) was
smaller than that for CS, suggesting that SS are more motor
in nature than CS (and conversely, that CS are more sensory
in nature than SS).

The generalized linear model of the eye movement shown
in EQ. 2 nonlinearly transforms the linear weighted summa-
tion of the eye acceleration, eye velocity, eye position, and
the constant term, M- 6(t + 6) + B-6(t + 8) + K-4(t +
6) + C by the sigmoid function Sdefined in Eq. 3. The bold
solid curvesin Fig. 10, A and B, denote this summation, that
is, the argument of S or the contents of the square bracket
in Eq. 2 for the SS and CS, respectively. Here, we use the
same population data from the 9 cellsin experiment 3, which
were already shown in Fig. 9, B, D, F, H, and J. The noisy
curves denote the inverse of the sigmoid function of the
actual firing data: S *(y,/m) = log[(y;/m)/(1 — y;/m)].
Because the bold solid curve S*(p) well approximates this
noisy curve, the good fit of the generalized linear model was
reconfirmed. The four thin solid curves shown in Fig. 10
indicate thefour terms, i.e, M- 4(t + 6),B-0(t + 6), K- (t
+ 6), and C for the SSand CS, in A and B, respectively. C
of the CS was smaller than that of the SS by ~4, indicating
that the spontaneous firing rate of the CSwas about exp(—4)
= 0.02 times of that of the SS. The acceleration, velacity
and position curves of the CS shown in Fig. 10B had the
opposite polarity but similar magnitudes to those of SSin
Fig 10A. Thisreconfirmed that the temporal patterns of firing
frequency for the CS are similar to those for the SSif the
sign is reversed and the magnitude is scaled by dividing by
exp(—4) = 0.02.

Next, we examined the relative contributions of the three
factors (acceleration, velocity, and position) in recon-
structing the SS and CS temporal profiles by calculating the
following variance accounted for (VAF) of the eye accelera-
tion, velocity, and position, respectively
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same aggregated data from the 9 cells in experiment 3, which were already
shown in Fig. 9, B, D, F, H, and J.
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The VAF indicates what proportion of the total modulation
in the S* transformed firing frequency could be accounted
for by each of the three terms. V[x] denotes the variance
of x. A larger VAF indicates a larger contribution of that
component. VAF,, VAF,, and VAF, for the SS were 0.05,
0.51, and —0.55, respectively. VAF,, VAF,, and VAF, for
the CS were 0.34, —0.24, and —0.29, respectively. These
resultsindicate that the eye vel ocity component was the most
dominant in the SS and eye acceleration component was the
most dominant in the CS.

The ratio of the velocity and acceleration coefficients (B/
M) in the generalized linear model of eye movement (Eq.
2) for the population data shown in Figs. 9 and 10 was
computed. (B/M) for SS was 55 and for CS was 26. This
confirms that the SS contained the larger velocity component
or the CS contained the larger acceleration component.
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In both experiment 3 and experiment 2, the mean accelera
tion, velocity, and position coefficients of eye movement
(M, B, and K) for CS and SS generally had opposite signs
but were of the same order of magnitude (Table 2). The
mean C of CS was smaller than that of SS by ~4. This also
indicates a lower firing probability of the CS than the SS.
Taken together, this indicates that the percent change in the
CSfiring rate is approximately exp(—4) = 0.02 that of the
SSfiring rate. The onset of SS and CS modulation preceded
the onset of eye movement by a similar amount: the average
6 (Eg. 2) from 21 cells from experiment 2 and experiment
3 was 5.1 = 10.3 ms for CS and 10.8 + 6.0 ms for SS
(means = SD; not significantly different P > 0.05; see dso
Table 2). Because M, B, K, C, and ¢ reflect the temporal
firing probability profile, these results indicate that the CS
temporal firing probability profile was similar to that of SS
if the sign was reversed and the modulation amplitude scaled.
Thus these data provide additional quantitative evidence
with high temporal resolution (2-ms bin) that the SS and
CS temporal profiles were similar but opposite in sign.

We have demonstrated previoudly that SS recorded in the
VPFL exhibit tempora firing profiles that closely follow an
inverse dynamics representation of eye movements and that
the ratio between the acceleration and velocity coefficients
is close to that of motor neurons, thus indicating their role
as the dynamic motor commands (Gomi et al. 1998; Kawano
et al. 1996; Shidara et a. 1993). In the present study, we
modeled firing probability by generalized linear models in-
stead of using linear models for firing frequency. Because
the sigmoid (logarithmic) function in the generalized linear
model can be approximated by an exponentia function if
its argument is negative and its absolute value is large, the
acceleration, velocity, and position coefficients of the linear
model can be approximated from the corresponding coeffi-
cients of the generdized linear model by multiplying by
exp(C). Thus the ratio of the coefficients can be compared
directly between the linear model and the generalized linear
model used in the present study.

The mean velocity and acceleration coefficient ratio of
eye movement model (B/M) for 21 cells in experiments 2
and 3 for SSwas 56, which is close to that for motor neurons
(67) (Keler 1973); thus these results are consistent with
the hypothesis that SS provide dynamic motor commands
(Gomi et al. 1998; Kawano et al. 1996; Shidara et al. 1993).
The mean ratio (B/M) for 21 cells in experiments 2 and 3
for CS was 28. This indicated the tempora profile of SS
contained the larger velocity component or that of CS con-
tained the larger acceleration component. The same conclu-
sion was drawn already from application of the same model
to the accumulated data from nine cells in experiment 3
(Figs. 9 and 10). The VAF analysis of the same data aso
reconfirmed this.

Plots of the best-fit parameters of the coefficients M, B,
K, and C for the SS data against the best-fit parameters for
the CS data for each of the 21 Purkinje cells from experi-
ments 2 and 3 indicate that the acceleration, velocity, and
position coefficients for the SS and CS data generally had
opposite signs (note the quadrant) but were of the same
order of magnitude, even on a cell-to-cell basis (Fig. 11).
The regression lines in Fig. 11, A and B, were constrained
to pass through the origins for the following two reasons.
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TABLE 2. Estimated model parameters in the generalized linear model of eye movement
Upward 80°/s Stimulus 8-Speed Stimuli

Simple Spike Complex Spike Simple Spike Complex Spike
M —0.00051 + 0.00048 0.00093 + 0.00061 —0.00072 + 0.00086 0.0017 + 0.0012
B —0.036 = 0.020 0.023 + 0.017 —0.036 = 0.010 0.049 + 0.039
K 0.10 + 0.096 -0.14 = 0.11 0.078 = 0.0071 -022 = 034
C -22 + 062 -5.9 + 0.67 —2.4 + 0.62 -65+ 11
6, ms 104 = 49 6.2 = 10.2 11.0 = 6.9 4.2 + 10.7

Comparison of estimated model parameters in the generalized linear model of eye movement described in Eq. 2 (means + SD) for reconstruction
of SS and CS firing probabilities. The left two columns show the results from experiment 3, and the right two columns show the results from experi-

ment 2.

First, the results shown in Fig. 7B indicate that SS were
unmodulated if CS were unmodulated. This suggests that
the inverse dynamics coefficients were zero for both SS and
CS, so that the origin was a default data point. Second, the
results of experiment 1 indicate that both CS and SS were
unmodulated by the stimulus direction perpendicular to their
optimal and antioptimal directions. Thus a large number
of data points concentrate on the origin. The slopes of the
regression linesfor M (P = 0.02) and B (P = 0.00001) were
significantly more negative than zero based on a Student’ s t-
test. This result indicates that there are cell-to-cell negative
correlations between the SS and CS coefficients and conse-
guently cell-to-cell negative correlations between the SS and
CS tempora firing patterns. M and B are functionally more
important than K because SS provide only the dynamic part
of the motor commands (Gomi et a. 1998; Kawano et al.
1996; Shidara et al. 1993).
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Fic. 11. Estimated parameters M, B, K, and C, and their confidence

intervals are shown in A-D, respectively. Estimated coefficient for SS of
each cell is plotted against that of CS using the same scale for the ordinate
and the abscissa. Center of each cross indicates the maximum likelihood
estimation, whereas the lengths of the vertical and horizontal bars indicate
the square roots of the asymptotic variance for SS and CS, respectively.
Crosses represent data from 9 cells responding to upward stimulus motion
at 80°/s and data from 12 cells in which 6 or 8 different velocities were
used. Estimated coefficients from the averaged data to upward stimulus
motion at 80°/s (5,214 trials) are plotted as double circles.

Short-term modulation of SSby CS

The cross-correlation analysis was applied to the SS (Fig.
12A) and the CS (Fig. 12B) firing for nine cells presented
with upward 80°/s stimulus motion (experiment 3). Figure
12 shows the results for one example cell. The apparent
cross-correlation Ry, Was calculated directly by CS spike
trigger averaging of the SS (Fig. 12C). The stimulus-depen-
dent cross-correlation Ry, was similarly calculated after
shuffling the impulse trains (Perkel et al. 1967; Toyama
et a. 1981) (Fig. 12D). The true interaction (net cross-
correlation Ry = Ry — Rem) between SS and CS (Fig.
12E) was determined by subtracting the stimulus-dependent
cross-correlation from the apparent cross-correlation. The
proportion of the SS discharge modulation SScs that is a
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FIG. 12. Cross-correlation analysis of SS and CS. A: SS peristimulus
time histogram. B: CS peristimulus time histogram. C: apparent cross-
correlation between SS and CS, Ry, which was directly calculated by
CS spike trigger averaging of SS. D: stimulus-dependent pseudo cross-
correlation between SS and CS, Ry, which was similarly calculated after
shuffling the impulse trains (Perkel et al. 1967; Toyama et a. 1981). E:
net cross-correlation between SS and CS, R, determined by subtracting
the stimulus-dependent cross-correlation in D from the apparent cross-corre-
lation in C. F: SS modulation, SS-s, which is accounted for by the short-
term effect on SS by CS. Data shown in A—F were obtained from responses
of 1 cell to upward stimulus motion presented 487 times at 80°/s.
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direct consequence of short-term effect of CS can be evalu-
ated by the convolution integral of the CSfiring pattern with
the net cross-correlation obtained above (Fig. 12F)

sSs() = | Ru(9)CS(t - 905 (12)
Comparison of the convolution integral of CS (Fig. 12F) and
the SS peristimulus time histogram (Fig. 12A) indicates that
the estimated CS-induced SS modulation was negligible com-
pared with the actual SS modulation; theratio of the estimated
CS-induced SS modulation (averaged over the interval from
0 to 250 ms from the onset of the stimulus motion after
subtraction of the prestimulus firing rate) and the actual SS
modulation after subtraction of the prestimulus firing rate was
very small (0.006) (for the 9 cells, mean = SD = 1.2 X
1072 = 1.4 x 107?). It is important not to overestimate the
stimulus-dependent pseudo correlation and, consequently, to
underestimate the net correlation and the CS-induced SS mod-
ulation. The magnitude of the net cross-correlation between
SS and CS observed in the present study was approximately
the same order of magnitude asin previous observations (30—
50 spikes/ s firing rate during the pause and 10—30 ms pause
duration) (Sato et a. 1992; Stone and Lisberger 1990b).
Consequently, the reciprocal relationship between SS and CS
cannot be explained by a short-term CS-induced SS modula-
tion. A similar conclusion was derived from studies of other
species (Simpson et a. 1996).

DISCUSSION
Theories of CS function

The view that climbing-fiber inputs function as detectors
of control errors is accepted rather widely but there is still
much argument as to whether they act in real-time via the
direct influence of CS on targets of the Purkinje cells and/
or via a short-term modulatory action on SS patterns or in
longer term by inducing long-lasting changes in the potency
of paralel fiber-Purkinje cell synapses. More specificaly,
the primary theories regarding the function of CS are sum-
marized as follows. Some previous researchers have not ex-
cluded the possibility that multiple theories may be correct
so that the CS have multiple functions.

1) CS have been shown to be €licited by unexpected
perturbations during wrist movements in awake monkeys
(Gilbert and Thach 1977), during skilled locomotion (An-
dersson and Armstrong 1987) and a step-like movement
(Gellman et al. 1985) in awake cats, and during walking in
decerebrate ferrets (Lou and Bloedel 1986, 1992). Because
the cerebellum is involved in controlling both posture and
movement, unexpected perturbations might be considered as
errors (Oscarsson 1980) in postural performance and move-
ment, because they imply a mismatch between desired and
actual movement. In this connection it has been suggested
that the mean firing rate of CS during several hundred milli-
seconds represents a sensory error signa (e.g., retina dip).
This hypothesis was derived from experimental data ob-
tained in the rabbit flocculus during eye movements induced
by movement of alarge visual field (Graf et al. 1988; Simp-
son and Alley 1974). Furthermore, in the monkey VPFL
during smooth pursuit eye movement induced by small target
motion, transient retina dlip was shown to correlate with
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the occurrence of a single CS during steady-state pursuit
(Stone and Lisberger 1990b). In Ojakangas and Ebner’'s
study, CS was shown to be coupled to a velocity-related
error signal during a voluntary arm movement (Ojakangas
and Ebner 1994).

2) The CS have been suggested to be real-time motor
commands that modulate SS (Mano et a. 1986) because for
tens of milliseconds after a CS, there is a pause in SS firing
(Bell and Grimm 1969) and/ or thereis a short-term modula-
tion of SS discharges for severa hundred milliseconds after
CS firing (Ebner and Bloedel 1981).

3) The electrical coupling between 10 neurons (Llinas et
a. 1974; Sotelo et a. 1974) has been shown to cause a
degree of CS synchrony among groups of Purkinje cells
(Sugiharaet al. 1993; Wylieet al. 1995). In the vestibul ocer-
ebellum in aert rabbit, CS synchrony was demonstrated dur-
ing eye movement (De Zeeuw et al. 1997a). This character-
istic, and the observation that CS have relatively rhythmic
firing patterns (Welsh et al. 1995), has led to the suggestion
that CS are phasic motor commands involved in controlling
the timing of movement execution.

4) Results of physiological, anatomic, and behavioral
studies, as well as the existence of long-term depression at
parallel-fiber/Purkinje-cell synapses, support the proposal
that the climbing fibers are involved in motor learning. In
summary, SS provide motor commands that are regulated
by CS via modulation of the efficacy of the parallel fiber
inputs (Albus 1971; Ito 1984; Marr 1969).

Kawato and colleagues (Kawato and Gomi 1992a,b; Ka-
wato et al. 1987) extended earlier learning models by formu-
lating a computationally explicit feedback-error-learning
model. In this model, CS are assumed to be copies of feed-
back motor commands generated by a crude feedback control
circuit, and thus CS are suggested to be sensory error signals
in motor coordinates. The model predicts that the cerebellar
cortex acquires an inverse dynamics model of a controlled
object asaresult of thislearning. Thereis an ongoing debate
as to whether the plasticity at the parallel-fiber/Purkinje-cell
synapse is the elementary process underlying motor adapta-
tion and motor learning and what role climbing fibers may
have in this process.

These hypotheses variously predict the information con-
veyed by CS, the relationship between SS and CS, and the
function of CS. The information conveyed by CS is sug-
gested to be either sensory error (hypotheses 1 and 4), motor
commands (hypothesis 2), or timing of movement (hypothe-
sis 3). The feedback-error-learning model (Kawato and
Gomi 1992b) predicts intermediate properties of CS, that is,
that CS are derived from sensory error signals but already
are represented temporally and spatially as feedback motor
commands. CS and SS are suggested to be either independent
(hypotheses 1 and 3) or related via short-term modulation
(hypothesis 2) or long-term synaptic plasticity (hypothesis
4). The function of CS is suggested to involve either real-
time motor control (hypotheses 2 and 3) or motor learning
(hypothesis 4).

Type of information encoded by CS and the mechanism
involved

Identification of the type of information and the mecha-
nism by which that information is encoded by CS is of
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central importance in assessing the validity of the many
current theories of climbing fiber function. CS are induced
by vestibular (Amat 1983; Barmack et al. 1993; Ferin et al.
1971), visua (Fushiki et al. 1994; Graf et al. 1988; Mae-
kawa and Simpson 1973; Simpson and Alley 1974; Stone
and Lisberger 1990b), or other sensory stimuli. These data
have been the basis of the common assumption that the
climbing fibers convey sensory information to Purkinje cells.
The present study adds new information about the motor
characteristics of CS based on thefollowing four quantitative
analyses of CS firing while confirming that CS also have a
sensory component.

First, the results of the present study indicate that the
preferred directions of SS during OFR were close to either
the vertical or horizontal axis. This is consistent with data
obtained during smooth pursuit eye movements indicating
that the preferred directions of SSin the VPFL were either
ipsilateral or downward (Krauzlisand Lisberger 1996; Stone
and Lisberger 1990a).

The preferred direction of SS and CS and their reference
frame was extensively examined in the rabbit during optoki-
netic responses (OKR), using a 3-D planetarium projector
(Graf et al. 1988) . Because we did not use the 3-D planetar-
ium projector stimulus system such as used in the rabbit’'s
study (Graf et al. 1988), we could not answer the question
about the spatial coordinates of CSor SS. However, Krauzlis
and Lisberger (1996) suggested that the spatial coordinates
of SSin the VPFL during smooth pursuit were aligned with
the coordinates of either eye muscles or semicircular canals.
Their argument was based on the following data. It has been
shown in lateral and frontal eyed animals, that eye muscles
and semicircular canals share a similar spatial reference
frame (Graf and Simpson 1981). That is, the orientations
of the planes of the horizontal, anterior and posterior semicir-
cular canals are approximately aligned with the ipsilateral
horizontal lecti, vertical lecti, and oblique muscles, respec-
tively. The axes of eye muscles and semicircular canals of
monkey are approximately vertical and approximately hori-
zontal if they are projected in the front-parallel plane (Simp-
son et al. 1986).

In this study, because we fixed animal’s head movement,
sensory signals mainly came from visual system rather than
from vestibular system. Furthermore, Shidara and Kawano
(1993) reported that the preferred direction of SS of the
Purkinje cells in the VPFL was either downward or ipsilat-
eral, and at the site of each recording, electrical stimulation
of the Purkinje cell with a single negative pulse elicited eye
movement toward the preferred direction of the SS in more
than one-half of the cases. Thusthe spatial coordinate system
of the SS is considered to be that of the motor commands
or muscles rather than that of the vestibular input.

The media superior temporal area of the cerebral cortex
(MST) and the dorsolateral pontine nucleus (DLPN) pro-
vide visua information to the VPFL during OFR (Kawano
et a. 1992, 1994ab), and this pathway (MST-DLPN-
VPFL) has been suggested to be a major sensory-motor
transformation circuit (Glickstein et a. 1985; Kawano et al.
1992, 1994ab; Langer et al. 1985; Tusa and Ungerleider
1988). Most MST and DLPN neurons showed strong direc-
tional preferences for visual stimulus motion, and when their
preferred directions (directions of movement associated with
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the most vigorous discharges) are plotted together in polar
form, it is clear that all directions of motion are represented
about equally (Kawano et a. 1992, 1994b). That is, the
visual coordinates for OFR are uniformly distributed in all
directions. On the other hand, the spatial coordinates of the
extraocular motor neurons are segregated into three chan-
nels. Thus for OFR, the visual and motor coordinates are
entirely different.

Consequently, the visual and motor components of CS
can be evaluated by their spatial coordinate systems or, in
other words, their preferred directions. Approximately oppo-
site preferred directions of visual stimulus motion for CS
and SS during OFR were observed in the present study,
consistent with previous data, indicating that thereis arecip-
rocal relation between SS and CS (De Zeeuw et al. 1995;
Graf et al. 1988; Simpson and Alley 1974) and with data
during smooth pursuit (Stone and Lisberger 1990b). The
results of the present study clearly indicate that the spatial
coordinates of CS during OFR were aligned with both SS
and the motor command coordinates, suggesting that CS are
represented in the motor-command coordinates.

Second, we examined the speed tuning properties of CS
and SS during OFR. In rabbits, very low stimulus velocities
(<2°/s) are optima for evoking CS (Simpson and Alley
1974), whereas in the monkey, CS can be evoked using
higher stimulus velocities: =50°/s (Noda et a. 1987). We
found that CS during OFR were evoked optimally at stimulus
speeds of 40—80°/s. The mean change in CS firing rate was
more highly correlated with the mean eye vel ocity than with
the mean retinal slip velocity. Furthermore, the mean change
in CS firing rate was approximately a linear function of the
eye velocity but was an approximately saturating sigmoid
function of the retina dip velocity. These results also sug-
gest that CS firing patterns include a motor component. We
used a much wider range of stimulus velocities than these
in a previous study of smooth pursuit eye movement (Stone
and Lisberger 1990b). In that study, because target speed
wasrelatively low (~10°/s), the eye followed the step ramp
motion of the stimuli quite well, and consequently the retinal
dlip was small. On the other hand, in our study, for the high
speed stimuli, eye movement did not perfectly follow the
step ramp motion, and the gains of the OFR were signifi-
cantly lower than 1 (see Fig. 1, A and B); consequently a
large retinal dlip remained even after the initiation of the
OFR (see Fig. 6, A, C, and F also). In our experiment, the
temporal waveforms of the eye movement and the retinal
dip were markedly different, so it was possible to examine
sensory and motor components separately.

Third, we compared the SS and CS temporal firing pro-
files. Although the CS firing rate was very low and the CS
tempora firing profile was opposite in polarity to that of
SS, the CS firing probability was as accurately, or more
accurately, reproduced from eye movement than that of the
SS. The reciprocal relationship between SS and CS was
supported quantitatively by the fact that their inverse dynam-
ics coefficients were of opposite sign and the same order of
magnitude. The onset of the SS and CS modulation preceded
the onset of eye movement by a similar amount indicating
that CS and SS were approximately synchronous. The esti-
mated delay in the reconstruction study was close to that of
the delay (~10 ms) between the electrical stimulation of
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Purkinje cells in the VPFL and the resultant evoked eye
movement (Shidara and Kawano 1993). In smooth pursuit
eye movement, the modulation of SS and CS in the VPFL
also is synchronized approximately, with a delay of ~100
ms from the onset of stimulus motion (Stone and Lisberger
1990b), which is 50 ms longer than that for OFR. It is
interesting that CS and SS exhibit synchronous modulation
in the different motor behaviors.

Fourth, further examination revealed that CS had compar-
atively larger eye acceleration components than SS. The
firing rates of the MST and DLPN neurons, which provide
visual inputsto the cerebellar cortex, are not well reproduced
by applying the inverse dynamics model to the eye move-
ments in response to a wide range of stimulus velocities
(Kawano et al. 1994a). This supports the widely accepted
idea that these two regions convey primarily sensory infor-
mation. The velocity and acceleration coefficient ratio for
the eye movement model for CS was 28, which is closer to
the ratio (33) for the MST and the ratio (12) for the DLPN
(Takemura, Inoue, Kawano, Gomi, and Kawato, unpub-
lished observations), suggesting that, as compared with SS,
CS transmit information related more to visual inputs.

The data from the present study indicate that CS possess
both sensory and motor aspects and cannot be characterized
as purely sensory or purely motor in nature. Taken together,
these findings indicate that the CS firing probability carries
sensory error information derived from the retinal slip, but
that it is aready represented in the spatial and tempora
frame of the dynamic motor commands. Because the Pur-
kinje cells in the VPFL are synaptically distant from both
the primary sensory and motor centers, it would a priori be
very surprising if either SS or CS are purely sensory or
motor in nature. The present analysis demonstrates that a
more complex multimodal relationship must exist to account
for the data.

Real-time motor control by CS

The results of the present study suggest the possibility
that the motor component of CS includes real-time motor
commands. We discuss conditions for this to work effec-
tively.

First, the fact that the probability of CS firing can be
accurately modeled using an inverse-dynamics representa
tion indicates that the firing probability is extracted by either
spatial or tempora averaging. The signal-to-noise ratio
(mean divided by standard deviation: p/vp(l — p)/n =
vnp/(1 — p) of thefiring rate improves in proportion to the
square root of the trial number n and the firing probability
p. The rapid fluctuations in CS firing rate were relatively
larger than those of SS because the CS firing probability is
much smaller. There are three different ways to improve the
signal-to-noise ratio for CS. First, because p increases in
proportion to the width of the time bin, a short time average
(during severa tens of milliseconds) improves the signal-
to-noise ratio while sacrificing the high temporal resolution
signal. Second, if n trials are averaged temporally, the firing
probability can be extracted with an accuracy proportional
to Vn. A third method for improving the CS signal-to-noise
ratio is by spatial averaging. In terms of real-time control
functions of CS, those from many Purkinje cells may be
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summed and spatialy averaged either in the brain stem or
at extraocular motor neurons and the resulting signals may
represent real-time motor commands. The fact that CS have
very low firing rates speaks against this possibility, as dis-
cussed further in the following text. CS firing rates were not
only very low (CS modulation was only 2—6% that of SS)
but were completely absent in many trials, and even when
CS did occur, they consisted only of a single occurrence
during the period of consideration. Thus athough CS convey
motor information, it appears unlikely that they contribute
significantly to real-time motor control unless some strong
nonlinear effects take place. For example, synchronization
of the CS of many Purkinje cells may magnify the influence
of CS on the downstream motor control system. However,
the index of synchronization of the CS in pairs of Purkinje
cells was shown to be quite small: only one order of magni-
tude larger than the value expected for a pair of random
independent spike trains with similar firing rate of the CS
(Sugihara et a. 1993). Thus for CS to function as effective
real-time motor commands, it is essential to suppose that
spatial averaging occurs and that some unknown strong non-
linear summation occurs in the brain stem.

Second, if, as generally supposed, SS convey the dynamic
motor commands, then CS are of the opposite sign as motor
commands because the modulations of CS frequency are of
opposite sign of those of SS. In other words, CSin V cells
are induced by upward stimulus motion, and if, like SS, they
elicit downward eye movements, they would form a positive
feedback loop that is harmful for real time control. The effect
of CS on eye movement must, in fact, be upward if they are
to form a real-time negative feedback loop to reduce the
retinal slip. Three possible neural mechanisms to realize
upward eye movement induced by CS will be discussed
below. Direct short-term inhibition of SS by CS (Ebner and
Bloedel 1981; Mano et al. 1986) is apossible sign inversion
mechanism. However, in the spike trigger averaging analysis
in Fig. 12F, we showed quantitatively that this effect was
too weak compared with the direct effect of CS. Thus the
short-term effect on SS does not change the polarity of the
net effect of CS, because this is the summation of the direct
effect of CS (-2 to —6% of SS) and the short-term pause
in SSfiring (1% of SS), which isstill negative (—1 to —5%;
and very small). The same conclusion can be reached by
directly calculating how many SS were suppressed by the
short-term inhibition induced by a single CS. By integrating
the SS-CS net cross-correlation of Fig. 12E, we estimate
that only 0.11 SS were removed by asingle CS (n = 21, in
experiments 2 and 3) . Thus the combined effect of the direct
and short-term effects was 1-0.11 = 0.89 of the original
single CS and the resulting signal was still of the opposite
sign of the motor command.

The second possihility isthat because of the postinhibitory
rebound burst (Llinas and Muhlethaler 1988), the net effect
of CS on the recipient vestibular nuclei neurons could be an
increase in firing, and CSs and SSs can be discriminated by
the nuclei neurons, and the rebound excitation occurs only
for CSs and not for SSs for some reasons which we do not
understand. The third and most probable possibility is that
the direct excitatory pathway from the 10 to the cerebellar
nucleus (De Zeeuw et al. 1997b; Sugihara et al. 1996) over-
rides the inhibitory effect of the CSs on the cerebellar nu-
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cleus. However, this argument implies that the cerebellar
cortical pathway is not useful for on-line motor control al-
though the 10 itself is effective.

Finally, the CS tempora firing profile was too phasic
(i.e., too acceleration-dependent; B/M = 28) to be related
to dynamic motor commands (B/M = 67). A signa must
have the proper ratio of acceleration and velocity compo-
nents of eye movement to function as a dynamic motor
command.

In summary, the CS firing probability conveys high-fre-
quency eye-movement—related information, and it may
function as real-time motor commands during OFR, but only
if some unknown strong nonlinear spatial summation of CS
takes place and furthermore sign inversion occurs in the
target cells only for CS (except for the short-term inhibition
of SSbhy CS).

Interactions between CS and SS for individual cells

As discussed in the theory of CS function, possible inter-
actions between CS and SS include short-term modulation
and long-term synaptic plasticity. As discussed earlier, the
short-term modulation was weak. In relation to long-term
interactions, the following three aspects of the CS and SS
firing characteristics were found to be negatively correlated
on a cell-to-cell basis: the optimal stimulus direction from
experiment 1, the average amount of modulation from exper-
iment 3, and the temporal patterns of firing probability from
experiments 2 and 3.

Four possible neural mechanisms that account for some
of these correlations are as follows. First, the short-term
inhibition of SS by CS may qualitatively explain all three
correlations. As explained above, however, short-term inhi-
bition was quantitatively weak, and only 1% of the SS modu-
lation can be explained. Second, individual cell differences
in size and/or input resistance may account for at least part
of the second negative correlation but does not explain the
first or third negative correlation. Third, some innate ana-
tomic connectivity between mossy fiber inputs and climbing
fiber inputs may explain general SS-CSreciprocity including
the first negative correlation but does not explain the other
two negative correlations. For example, if the climbing fiber
inputs and the parallel fiber inputs have the same visua
signal origin but the sign of one of them is inverted by an
inhibitory relay center, then the general CS and SS reciproc-
ity of directional selectivity and temporal firing profiles may
be explained (Soodak et al. 1988). Because such connec-
tions are relatively nonspecific at a cell-to-cell level, how-
ever, they do not explain the specific cell-to-cell negative
correlations (2nd and 3rd ones in preceding paragraph).

The fourth possible neural mechanism that may explain
the three negative correlations is along-term interaction be-
tween CS and SS. For the parallel-fiber/Purkinje-cell syn-
apse, two types of synaptic plasticity in which the climbing
fiber has a critical role are known: long-term depression,
which occurs when the climbing fiber and the parallel fiber
are simultaneously active (Ito 1989; Ito et al. 1982; Sakurai
1987), and long-term potentiation, which occurs when only
the parallel fiber is active (Hirano 1991; Sakurai 1987). This
bidirectional change (potentiation/depression) of synaptic
efficacy may occur alternately for each parallel fiber synapse.
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Then, on a cell-by-cell basis, this long-term interaction be-
tween CS and SS may lead to some reciprocity, that is, if
the CS firing rate is high then the SSfiring rate is low, and
conversely if the CSfiring rate is low then the SSfiring rate
is high for some specific characteristics of visual inputs.
Thusat least qualitatively, itispossiblethat all three negative
correlations can be explained by a long-term interaction be-
tween CS and SS.

Finaly, we give a more computationally concrete model
for these negative correlations based on previous theoretical
studies (Kawato and Gomi 1992a,b). Suppose that the SS
temporal firing profile of each cell is acquired through the
temporal averaging of the CS temporal firing profile of the
same cell based on synaptic plasticity. Equation 12 models
the above process of long-term depression and potentiation,
and Egs. 13 and 14 its consequence for the SS temporal
profile

Tdw (t)/dt = —ex; (){ CS(t) — CSqom} — Wi (1) (12)
SS(t) = 3 wi(t)x (1) (13)
(14)

= —¢ Y % (){CS(t) — CSpon} % (t)

where w;, X, 7, SS, CS, CSqont, and the overline, respec-
tively denote the efficacy of the ith parallel-fiber/Purkinje-
cell synapse, the firing rate of the ith paralel fiber, the time
constant of synaptic plasticity, the SS and CS firing rates,
the spontaneous CS firing rate, and the temporal average.
Assuming linear summation of synaptic inputs in SS (Eg.
13) and that time constant 7 is much larger than the SS and
CS temporal variations, Eqg. 14 predicts that SS provide an
approximate sign reversed temporal average of CS on a cell-
by-cell basis, because w; becomes positive, zero, and nega-
tive if x (t) is negatively, not, and positively temporally
correlated with CS(t) — CSgon- Considering the large cell-
to-cell variability in SS and CS firing characteristics, this
temporal averaging leads directly to the cell-to-cell negative
correlations between SS and CS. In this connection, we
should consider the data in which the CSs were abolished
by lesioning the inferior olive with lidocaine. The SS modu-
lation remained, and the depth of SS modulation was unaf-
fected (Leonard and Simpson 1986) . This might be interpre-
ted as compatible with the LTD—long-term potentiation
mechanism described by Eq. 12.

CS may convey information sufficient for motor learning

The two aspects of the experimental findings (cell-to-cell
negative correlations and the sensory-motor nature of CS)
become a coherent pictureif it is assumed, as above, that the
SS tempora firing profile is acquired through the temporal
averaging of CS based on synaptic plasticity as predicted in
the cerebellar feedback-error—learning model (Kawato and
Gomi 1992a,b). The feedback-error—learning model spe-
cifically proposes that CS provide a copy of crude feedback
motor commands, which originally are derived from sensory
signals and are used as an error signa in the acquisition of a
cerebellar representation of the inverse model of a controlled
object. The most unique aspect of this hypothesis is that
the CS firing probability carries sensory error information
derived from the retinal dip but already is represented in
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the spatial and temporal frame of the dynamic motor com-
mands so that it can directly modify SS, thus predicting
both the sensory and the motor characteristics of CS. Recent
computational studies (Kawato and Gomi 1992a,b) revealed
that this is the essential property of the error signd if it is
to be directly used to modify the motor command based on
a simple heterosynaptic plasticity rule such as long-term
depression and potentiation [in more computational terms,
the generalized é-rule (Rumelhart et al. 1986); Widrow-
Hoff rule (Widrow-Hoff 1960); the least square-error
method]. The following three specific predictions of the
computational studies (Kawato and Gomi 1992ab) were
satisfied by the present data. The first prediction, that the
spatial coordinate frame of CSis the same as that of SS was
confirmed by the results of the directiona tuning experi-
ments. The second prediction was that the CS temporal firing
profile is similar to that of SS; the reciprocal relationship
between the SS and CS firing patterns has been shown pre-
vioudy in the low frequency range (De Zeeuw et a. 1995;
Graf et al. 1988; Waespe and Henn 1981) and was demon-
strated quantitatively in the present study in the high-fre-
guency range (severa hundreds of Hertz) as previously sug-
gested (Keating and Thach 1995) . The results of the present
study also support the third prediction that CS encode error
signals derived from the sensory signal but are already repre-
sented temporally and spatially in motor command coordi-
nates.

It is interesting to consider why CS (the putative error
signal ) remain even after sufficient learning has presumably
occurred. The system controlling OFR is adynamic feedback
control system with delay. In any feedback control system,
the error cannot have an immediate influence on itself, be-
cause the controlled object has inertia and any feedback |oop
contains time delay. Thus the error cannot be suppressed to
zero. Thisisobvious because, for examplein OFR, the visual
stimulus motion cannot be predicted beforehand and cannot
be compensated for completely by the eye movement. Gomi
and Kawato (1993) mathematically demonstrated that even
without time delay the motor error signal is similar to the
final motor command even after sufficient learning and thus
is neither zero nor orthogonal to SS, the motor command.
Time delays of ~40, 10, and 50 ms exist between the stimu-
lus mation onset and CS, between CS and eye movement,
and between stimulus motion onset and eye movement, re-
spectively. If the CS directly influences the SS 40 ms after
the onset of stimulus motion through synaptic plasticity, then
this change in SS leads to a change in eye movement (i.e.,
retinal slip) 10 ms later, 50 ms after the stimulus motion
onset. The retinal dip then leads to a change in CS 40 ms
later, 90 ms after the onset of stimulus motion. Thus a CS
at any particular instant can, at the earliest, influence CS 50
ms after that instant and cannot be reduced to zero or be
orthogonal to SS.

Although we needed to average discharges of P cells over
many trials (and for some purpose over severa cells), this
is appropriate given the likelihood that such temporo-spatial
averaging will be mimicked in vivo by spatial averaging
occurring in the projections from Purkinje cells to floccular
target neurons. There is a quantitative histological study of
numerical data on cells and on synapses in the cerebellar
nuclel in the cat (Palkovits et al. 1977). Probable conver-
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gence of Purkinje axons on nuclear cells are ~860, and the
number of boutons of Purkinje cells origin is 11,600 per
nuclear cell (Palkovits et a. 1977). These convergence may
enable the target neurons to do spatial averaging.

The present study provides evidence as to why the CS
firing rate is so low. Low membrane impedance due to gap-
junctions in 10 neurons may reduce the firing rate, but high-
frequency information can be preserved via spatial averaging
of many inputs by electrical coupling among the inferior
olive neurons (Sotelo et al. 1974).

It appears that interference by CS in real-time movement
control is minimized by their ultra-low firing rate, whereas
the high-frequency information necessary for motor learning
is preserved via neuronal temporal averaging (Egs. 12—14).
It is interesting to note that, in studies of adaptation, OFR
gains were shown to change after a small number (tens) of
trials (Miles and Kawano 1986), whereas the SS temporal
firing profiles observed in the present study (Figs. 7 and 8)
may be acquired over millions of OFRs. It remains the case
that the system has not been studied while it is adapting.
Miles and Kawano (1986) demonstrated that adaptation of
OFR gain can be induced over the course of relatively few
trials. By that experiment, we will be able to know directly
how the CS will behave while they are most strongly ex-
erting their proposed teaching function.

However, one significant factor in the present study is
that perturbative ‘‘learning paradigms’ such as causing the
animal to learn or stimulating climbing fibers electrically
were not used. Instead, we used analytic studies in normal
behaving monkeys, the results of which suggest that CS
represent sensory error signals that can directly modify the
dynamic motor commands (SS) and reveal cell-to-cell nega
tive correlations between the SS and CS firing characteris-
tics, which are presumed to be acquired through life-long
learning.
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