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Abstract

Movements of the visual scene evoke short-latency ocular-following-responses (OFR). Many studies suggest that a neural
pathway containing the cerebellar-ventral-paraflocculus (VPFL) mediates OFR. The relationship between eye movement and
simple-spike firing in the VPFL during OFR has been studied in detail using an inverse dynamics approach. The relationship
between eye movement and cell firing in the extraoculomotor nucleus (MN) has already been reported. However, no studies have
examined the information transformation that occurs between the VPFL and the MN during OFR. In this paper, using an inverse
dynamics approach, we derive a transfer function that represents the characteristics of the structure connecting the VPFL and the
MN during upward OFR. This structure appears to contain a kind of neural integrator, which constructs eye-velocity-and-posi-
tion information from eye-acceleration-and-velocity information. We propose a diagram for the neural integration commonly at
work during all types of upward eye movement. This is a closed-loop circuit containing a low-pass filter. The low-pass filter can
construct eye-velocity-and-position information from an eye-acceleration-velocity-position command similar to the final motor
command used commonly for all upward eye movements. Anatomical and electrophysiological data suggest that the vestibular
nuclei-interstitial nucleus of Cajal-vestibular nuclei loop might perform such neural integration. © 2000 Elsevier Science Ireland
Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Behavioral studies in monkeys and humans have
shown that sudden movements of the visual scene
evoke short-latency ocular-following responses (OFR),

which are thought to be important for stabilizing the
eyes on nearby stationary objects during movement of
the observer (Miles et al., 1986; Gellman et al., 1990;
for review see Kawano, 1999). The control system for
OFR is assumed to be triggered by movement of the
retinal image and to be a visual negative-feedback-sys-
tem (Yamamoto et al., 1997a; Kawano, 1999). Evidence
from single-unit recordings and focal chemical lesions
suggests that OFR are mediated by a pathway that
includes area MST of the cerebral cortex (Kawano et
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al., 1994), the dorsolateral pontine nucleus (DLPN)
(Kawano et al., 1992), and the ventral parafloccular
lobes of the cerebellum (VPFL) (Miles et al., 1986;
Shidara and Kawano, 1993). However, it is not clear
what informational processing occurs between the
VPFL and the extraoculomotor nucleus (MN) during
OFR.

Using an inverse dynamics approach, Shidara et al.
(1993) and Gomi et al. (1998) showed that the temporal
modulation pattern of the simple-spike discharge of
Purkinje cells in the VPFL during OFR can be recon-
structed from simple-spike firing by combining the ac-
celeration, velocity, and position of eye movements
with a time delay. The time delay was near the latency
of electrical-stimulation-evoked eye movements.

In the inverse dynamics analysis, the temporal firing
patterns are fitted by kinetic information containing a
motor apparatus. With best-fit parameter values, we
can examine which portion of the final motor command
is represented by the temporal pattern of the instanta-
neous firing frequency of neurons in a brain region
under consideration (Gomi et al., 1998). If firing pat-
terns can be well reconstructed by an inverse dynamics
representation, we can then understand not only what
information is encoded in that neural activity, but also
which portion of the motor command is still lacking.
This should allow us to suggest the downstream neural
structures and parallel pathways necessary to construct
the final motor command.

Using the inverse dynamics approach, this paper
examines the characteristics of the system between the
VPFL and the MN during upward OFR. First, from an
inverse dynamics analysis of our physiologically
recorded data, we derive a transfer function that repre-
sents the characteristics of the system. Then, we analyze
what kinds of processing must occur in the system and
propose block diagrams equivalent to the transfer func-
tion. Finally, we propose a plausible algorithm for the
neural integration in the brain stem necessary to con-
trol upward OFR.

Preliminary reports of this study have appeared pre-
viously (Yamamoto et al., 1997b).

2. Method

Our analysis was based on recordings of eye move-
ments and simple spike activity of Purkinje cells in the
VPFL, as described in a previous paper (Kobayashi et
al., 1998). The methods for preparing monkeys, pre-
senting visual stimuli, and recording the simple spike
and eye movements are described in Gomi et al. (1998)
and Kobayashi et al. (1998). Briefly, data were collected
from two Japanese monkeys (Macaca fuscata) that had
been trained to fixate on a small spot. Under pentobar-
bital sodium anesthesia and aseptic conditions, a head

holder, a cylinder for microelectrode recording, and
scleral search coils for measuring eye movements were
implanted in the monkeys. The animals faced a tangent
screen, upon which random dot patterns were back-
projected and moved at a constant velocity (80° s−1

upward) to elicit ocular following. VPFL simple spike
activity and eye movement were recorded simulta-
neously. In one monkey, the eye movements and simple
spike firing of 11 cells were recorded during 5,719 trials.
In the other monkey, the eye movements and simple
spike firing of one Purkinje cell were recorded during 99
trials. The data for the 1 ms bin during the first 285 ms
after the onset of visual stimuli motion were averaged
over all cells and trials for each monkey.

To determine the accuracy of the models for the
system between the VPFL and eye movement, we simu-
lated eye movements from recorded simple spike firing
frequency. The accuracy of the simulated eye move-
ments (goodness-of-fit) was estimated with the follow-
ing equation:

R2=1−
!%(f. (t)− f(t))2, %( f(t)− f( )2"

f. (t) represents the simulated eye movement, f(t) repre-
sents the recorded eye movement of the monkey, and f(
represents the average of f(t). The accuracy of the
simulated results increases as R approaches 1.

First, we analyzed the data for 5,719 trials in one
monkey in detail. Then, we analyzed the data for 99
trials in the other monkey.

3. Results

3.1. In6erse dynamics representation of neural discharge

Shidara et al. (1993) and Gomi et al. (1998) success-
fully reconstructed the temporal firing frequency pat-
tern of simple spikes by summing the acceleration,
velocity, and position of eye movements using the
following Eq. (1).

s(t)=MES·u8 (t+d)+BES·u: (t+d)+KES·u(t+d)

+CES (1)

Where, s(t), u8 (t), u: (t), u(t), d, and CES are the simple
spike firing frequency at time t, the eye acceleration,
velocity, and position at time t, the time lag between
the firing frequency and the eye movement, and a bias
term, respectively. The coefficients MES, BES, KES, and
CES, and the time lag d are parameters. Eq. (1) means
that the system between the VPFL and eye movements
works as a second-order low pass filter, as a Laplace
transfer function (Fig. 1A).

Based on statistical analyses, Gomi et al. (1998)
concluded that the VPFL simple spike firing frequency
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for downward OFR contains positional information
on eye movements, while Yamamoto et al. (1997a)
concluded that the simple spike firing frequency for
upward OFR does not contain positional information
on eye movements. They successfully reconstructed
the temporal pattern of simple spike firing during up-
ward OFR by combining the eye acceleration and
velocity data, suggesting that the simple spike firing
during upward OFR contains an eye acceleration-ve-
locity command. Based on this report, the eye-posi-
tion coefficient KES in Eq. (1) was set at zero in the
present study of upward OFR.

CES in Eq. (1) was approximated as the mean sim-
ple spike firing rate between 0–30 ms after the onset
of visual stimulus motion. Values of the parameters
MES, BES, and d were estimated to minimize the
squared error between the observed and reconstructed
firing frequencies.

In an inverse dynamics representation, the final
motor command mc(t) as the firing frequency of MN
neurons is represented by the following Eq. (2);

mc(t)=M0 EM·u8 (t+D)+B0 EM·u: (t+D)+K0 EM·u(t+D)

+C0 EM (2)

where, M0 EM, B0 EM, K0 EM, C0 EM, and D are coefficients
for eye acceleration, velocity, position, the bias term,
and the time lag, respectively. Eq. (2) means the sys-
tem between the MN and eye movement works as a
second-order low pass filter, as a Laplace transfer
function (Fig. 1B).

Keller (1973) reported the time constants of the
low pass filter for the system between the firings of
medial and lateral recti motoneurons and horizontal
eye movement, while there are no reports on the de-
tailed characteristics of the firing of motoneurons for
vertical eye movements. In this paper, we use coeffi-
cients in Eq. (2) based on the data and time con-
stants reported by Keller (1973) for the upward OFR
on the assumption that the coefficients are not very
different between horizontal and vertical motoneu-
rons. Thus, M0 EM, B0 EM, and K0 EM were estimated as
0.012, 0.808, and 4.14, respectively.1

The reported time lag from the electrical stimula-
tion of the cerebellar flocculus to inhibition of the
flocculus-target-neurons in the VN was 1.090.57 ms,
and the time lag from electrical stimulation of the

oculomotor nucleus to antidromic responses of floc-
culus-target-neurons in the VN was 0.5890.07 ms
(Zhang et al., 1995). The time lag was estimated at
7.5094.24 ms from Eq. (1) (Gomi et al., 1998), indi-
cating that the time lag from simple spike firing to
eye movement (d) is almost the same as the time lag
from firing in the MN to eye movement (D). There-
fore, in this study, we assume that d=D, to simplify
the analysis. The bias terms, CEM and C0 ES, corre-
spond to the spontaneous activity of the simple spike
and the MN. In this study, we assume that C0 EM=
CES, to simplify the analysis.

3.2. Characteristics of the system connecting the VPFL
and the MN

Using the data for the 5,719 trials in 11 cells of
one monkey with upward stimuli at 80 deg s−1, the
parameters MES and BES in Eq. (1) (or Fig. 1A) were
estimated to be 0.0245 and 0.818, respectively.

A transfer function with the characteristics of the
system between the VPFL and the MN was derived
from the transfer functions in Fig. 1A and Fig. 1B
and estimated as that in the left box in Fig. 1C.
Inputting a recorded temporal pattern of the simple
spike firing frequency of the monkey (black line in
Fig. 1D-a) into the left box in Fig. 1C generated a
reconstructed temporal pattern of the firing frequency
in the MN (red line in Fig. 1D-a). Inputting this
reconstructed temporal pattern into the middle box in
Fig. 1C, which is the same as the left box in Fig. 1B,
generated a reconstructed temporal pattern of eye po-
sition (red line in Fig. 1D-c). The reconstructed eye
positions were almost the same as the recorded eye
positions of the monkey (black line in Fig. 1D-c).
The goodness-of-fit between the reconstructed eye po-
sitions and the recorded eye positions in Fig. 1D-c
was 0.999.

We compared the parameters in Eq. (1) and Eq. (2)
to understand what kind of information transforma-
tion was performed between the VPFL and the MN.
If the ratios of the parameters in Eq. (1) and Eq. (2),
i.e. MES/M0 EM, BES/B0 EM, and KES/K0 EM, are equal, sim-
ple spike firing is assumed to be enough to construct
the final motor command. If the ratios differ, the
simple spike firing is not enough to construct the
final motor command. The respective ratios were
2.04, 1.01, and 0, indicating that simple spike firing is
not sufficient for the final motor command and some
‘missing’ motor command is required in addition to
simple spike firing to construct the final motor com-
mand.

The larger ratio for the acceleration coefficient
(2.04) than those for the velocity and position coef

1 Keller (1973) reported that the average time constants using the
second-order equation for the firing of 15 units in the extraoculomo-
tor nucleus were 16.2 ms for the smaller time constant and 179 ms for
the larger time constant. He also reported that the coefficient for the
eye acceleration term in the second-order equation was 0.012 for a
specific example unit. Using these time constants and coefficient, we
calculated the coefficients M0 EM, B0 EM, and K0 EM in Eq. 2 as 0.012,
0.808, and 4.14, respectively.



UNCORRECTED P
ROOF

/typeset2:/sco3/jobs1/ELSEVIER/nsr/week.37/Pnsr1639.00101 Wed Oct 11 09:13:54 2000    Page     Wed 

K. Yamamoto et al. / Neuroscience Research 000 (2000) 000–0004

cients (1.01 and 0, respectively) means that simple
spikes make a larger contribution to the final acceler-
ation command than to final velocity and position

commands. Accordingly, in this paper, we assume
that the final acceleration command in the final mo-
tor command comes from simple spike firing.

Fig. 1.
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If we assume that all the final acceleration command
for upward OFR is served by simple spikes and that the
system between the VPFL and the MN serves to am-
plify the acceleration command, the simple spike firing
frequency is transported into the brain stem after multi-
plying it by M0 ES/MES. Accordingly, we can calculate
the ‘missing’ motor command by subtracting M0 ES/MES

times Eq. (1) from Eq. (2);

’missing’ motor command(t)

=mc(t)− (M0 EM/MES)s(t) (3)

={B0 EM− (M0 EM/MES)BES}u: (t+d)

+{K0 EM− (M0 EM/MES)KES}u(t+d)

=0.407u: (t+d)+4.14u(t+d)

The ‘missing’ motor command calculated was
0.407u: +4.14u. This indicates that eye velocity and
position commands must be added to simple spike
firing between the VPFL and the MN. The ‘missing’
command to construct the final motor command is
0.407/0.808=0.5 times the final eye velocity command,
and 4.14/4.14=1 times the final eye position command.
This ‘missing’ eye-velocity-position command must be
added to the eye-acceleration-velocity command of sim-
ple spike firing to construct the final eye-acceleration-
velocity-position command. Fig. 1D-b shows the
temporal firing pattern of the MN (red line) recon-
structed by summing 0.012/0.0245 times the simple
spike firing (black line) and 0.407 times eye velocity
(blue line) and 4.14 times position (green line). The
reconstructed temporal firing pattern (red line in Fig.
1D-b) is similar to the previously described recon-
structed pattern in Fig. 1D-a (red line). The similarity
between the reconstructed patterns from Eq. (2) (Fig.
1D-a, red line) and Eq. (3) (Fig. 1D-b, red line) means
that the inverse dynamics representation of simple spike
firing in Eq. (1) is very accurate.

Using the data for the 99 trials in the second mon-
key, during upward OFR with 80° s−1 stimuli, the
coefficients for s(t), u: , and u in Eq. (3) were estimated
to be 0.181, 0.389, and 4.14, respectively. This means
that 0.389u: +4.14u was the ‘missing’ motor command,

Fig. 2. Diagrams of models equivalent to the box on the left in Fig.
1C. The model shown in Fig. 2A is a cascade system; the models
shown in Fig. 2B, Fig. 2C, and Fig. 2D are parallel systems, and the
model shown in Fig. 2E is a system containing a closed feedback
loop. p denotes a Laplace transformation operator. a, b, c, and d are
0.490, 5.06, 11.6, and 33.4, respectively. e, f, and g are 0.490, 0.407,
and 4.14, respectively. h, i, and j are the same as M0 EM, B0 EM, and
K0 EM, in Fig. 1C, respectively.

and it was very similar to the ‘missing’ motor command
of the first monkey (0.407u: +4.14u).

4. Discussion

4.1. An algorithm for creating a slow motor command
during all types of upward eye mo6ements

The characteristics of the system between the VPFL
and the MN were estimated by the transfer functions in
the block diagram on the left in Fig. 1C. Yamamoto et
al. (1997a) concluded from a statistical analysis that the
simple spike firing frequency for upward OFR does not
contain the eye-position command. This means that we

Fig. 1. (A) Laplace transformation representation diagram showing the characteristics of the system between the VPFL and eye movement during
upward OFR with upward stimuli at 80° s−1. The transfer function in the left box shows the characteristics of the system between simple spikes
(ss) of Purkinje cells in the VPFL and the eye movement position (em). The right box shows the transfer function for time-delay d. p denotes a
Laplace transformation operator. MES, BES, and KES, which are estimated by Eq. (1) and recorded simple spike firing and eye movements, are
0.012, 0.808, and 4.14, respectively. d is 0.011 s. (B) Laplace transformation representation diagram showing the characteristics of the system
between the firing of extraoculomotor neurons (mn) and em during upward OFR with upward stimuli at 80° s−1. The right box shows the transfer
function for time-delay D. M0 EM, B0 EM, and K0 EM, which are calculated from the data in Keller (1973), are 0.0245, 0.818, and 0, respectively. In
this study, D is assumed to be the same as d. (C) Laplace transformation representation diagram showing the characteristics of the system between
ss and em. The box on the left shows the characteristics of the system between ss and mn. (D) a. The mean temporal firing frequency of the simple
spikes (ss) of 11 Purkinje cells in the VPFL of one monkey for 5,719 trials (black line) and the temporal firing frequency of extraoculomotor
neurons (mn) simulated by the box on the left in (C) (red line). The line for ss shows firing below the spontaneous firing frequency. The line for
mn shows increased firing over the bias term. b. Eq. (3) means that the sum of 0.012/0.0245 times ss (black line), 0.407 times eye velocity (blue
line), and 4.14 times eye position (green line) corresponds to the temporal pattern of the firing frequency of mn (red line). c. The temporal pattern
of the actual eye position of the monkey (black line) and that simulated by the system in Fig. 1C (red line).
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can approximate KES in Eq. (1) as zero for upward OFR.
In addition, it means zero can be used for KES in the box
on the left in Fig. 1C for upward OFR. When KES=0,
the box on the left of Fig. 1C can be repre-sented by
several equivalent models, like those shown in Fig. 2. The
model shown in Fig. 2A is a cascade system; the models
shown in Fig. 2B, Fig. 2C, and 2D are parallel systems,
and the model shown in Fig. 2E is a system containing
a closed feedback loop. The systems in Fig. 2A, Fig. 2B,
Fig. 2C, and Fig. 2D contain an integration element
(‘1/p’; p denotes a Laplace transformation operator),
while the system in Fig. 2E contains a low-pass filter. The
time constants of the second order low-pass filter in Fig.
2E are 16.2 and FS179 ms (Keller, 1973). These values
are much shorter than the time constant of leak of the
neural integrator (about 25 s (Becker and Klein, 1973))
hypothesized to exist in the brain stem (Robinson, 1975).

To construct the final eye acceleration-velocity-posi-
tion command from the eye acceleration-velocity com-
mand of simple spikes, some group of neurons in the
brain stem must construct the ‘missing’ velocity-position
command calculated by Eq. (3). Recordings of neural
firing in the brain stem during VOR and saccades
revealed that MN neurons produce mainly eye velocity
and position commands, while other supranuclear sub-
systems produce only eye velocity commands (for a
review, see Robinson, 1975). Robinson (1975) suggested
that an integrator in the brain stem performs the velocity-
to-position transformation. During not only VOR and
saccades but also OFR, the same neural system may
construct the ‘missing’ eye velocity-position command
from the eye acceleration-velocity command of the VPFL
output.

To create the eye velocity-position command during
not only OFR but also VOR and saccades, it is more
efficient for the brain stem to have a common neural
group that creates the velocity-position command during
all types of eye movement than to have independent
neuron groups that create the velocity-position command
for each type of eye movement. If there is a common
group of neurons for creating the slow motor command
during all kinds of upward eye movement, it should
receive commands for all types of each eye movement.

One possible neural structure that obviously receives
commands during all types of upward eye movement is
MN, because it is known that the motor commands for
various kinds of eye movement converge at MN to move
the eyes (for a review, see Robinson (1975)). Here, we
assume that the common neural group receives the final
motor command, which is the firing of MN, to construct
the eye velocity-position command during all types of eye
movement. The constructed eye velocity-position com-
mand is added to the eye acceleration–velocity command
of simple spike firing to create the final motor command.
Since the final motor command is fed into the common
neural group, the system contains a closed-loop feedback

circuit. As we mentioned previously, the model shown in
Fig. 2E contains such a closed-loop circuit. The low-pass
filter in the closed-loop circuit of the model (Fig. 2E) is
supposed to construct the eye-velocity-position com-
mand from the final motor command, i.e. the eye
acceleration-velocity-position command. Thus, the
model shown in Fig. 2E can construct the ‘missing’
eye-velocity-position command during all types of up-
ward eye movement.

4.2. A feedback loop between the VPFL and
motoneurons

The model shown in Fig. 2E adopts a simple algorithm
for creating slow motor commands during all kinds of
upward eye movement. However, a biological system
does not necessarily follow a simple algorithm.

Fig. 2E suggests that the firings of the neurons in the
MN are inputted into the group of neurons that creates
the slow motor command. In other words, the group of
neurons receives an efference copy of firings of the MN.
However, no research has identified neural groups that
receive fibers from the MN, while collaterals of fibers
projecting into the MN were reported to project to the
interstitial nucleus of Cajal (INC) (Iwamoto et al., 1990b;
Moschovakis et al., 1991a,b). The INC may receive an
eye acceleration–velocity-position command like the
MN. Anatomically, neural circuits between the cerebellar
flocculus and the MN that are assumed to function
during vertical OFR have been reported (Fig. 3A) (for
a review, see Fukushima et al., 1992). The firing of
Purkinje cells of the cerebellar flocculus is transmitted to
the VN (Zhang et al., 1995). The axons of the neurons
in the VN project to the MN, and their branches project
to the INC (Fukushima, 1987; Iwamoto et al., 1990b).
Some neurons in the INC project axons to the MN,
which is involved in vertical eye movement (Carpenter et
al., 1970; Graybiel and Hartwieg, 1974; Kokkoroyannis
et al., 1996; Steiger and Buttner-Ennever, 1979), and
some project axons to the VN (Carpenter and Cowie,
1985; Chimoto et al., 1992; Fukushima et al., 1982;
Kokkoroyannis et al., 1996; Pompeiano and Walberg,
1957). The two sides of the VN are interconnected
(Brodal, 1974). Thus, the vestibular nuclei-interstitial
nucleus of Cajal-vestibular nuclei (VN–INC–VN) cir-
cuit might function as a closed-loop circuit, as modeled
in Fig. 2E.

The low pass filter in Fig. 2E receives the same input
as input into the MN. The reported differences between
INC firing and MN firing (for a review, see Fukushima
et al., 1992) suggest that the input into the INC might
be different from the input into the MN. To construct
the ‘missing’ eye velocity-position command using a
second order low-pass filter, the input into the low-pass
filter must have eye acceleration-velocity-position infor-
mation, but not necessarily be the same as the final motor
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command. This suggests that the model in Fig. 2E can
be replaced by that in Fig. 3B. Even if the input into the
INC is different from the input into the MN, the input
into the INC is assumed to have eye acceleration-veloc-
ity-position information because the INC receives input
from fibers that convey dynamic and slow motor com-
mands (Iwamoto et al., 1990b). Thus, the low-pass filter
in Fig. 3B constructs the ‘missing’ eye velocity-position
command from an eye acceleration–velocity-position
command that is different from the final motor com-
mand.

The circuit in Fig. 3A will produce eye-velocity-posi-
tion commands not only during upward OFR, but also
during upward VOR and upward saccades, because the
INC is assumed to receive the collaterals of fibers
projecting into the MN conveying information during
not only vertical OFR, but also vertical VOR and vertical
saccades. During vertical VOR, the head-velocity infor-
mation of the primary vestibular afferent is sent to the
flocculus-target-neuron and position-vestibular-neuron
in the VN (Zhang et al., 1995). VN firing is also
transported to both the INC and the MN (Iwamoto et
al., 1990b). During vertical saccades, the firing informa-
tion of vertical burst neurons in the rostral interstitial
nucleus of the medial longitudinal fasciculus also flows
into the INC and the MN (Moschovakis et al., 1991a,b).
These preceding studies suggest that the INC receives
acceleration-velocity-position commands like motoneu-
rons, not only during vertical OFR, but also during
vertical VOR and vertical saccades. If the VN-INC-VN
loop corresponds to the circuit in Fig. 3B, the loop would
be able to construct the eye-velocity-position command
during upward VOR, upward saccades, and upward
OFR.

If the VN–INC–VN loop fills the function proposed
in Fig. 3B: (1) some neurons in the VN and the INC
should have a firing frequency corresponding to the
linear sum of eye velocity and position; and (2) lesions
of the VN or INC will disrupt neural integration for
vertical eye movements. Some physiological data support
these predictions: (1) Some neurons in the VN (Iwamoto
et al., 1990a) and in and around the INC (Büttner et al.,
1977; King and Fuchs, 1977; King et al., 1981;
Fukushima, 1987; Fukushima et al., 1990; Shiraishi and
Nakao, 1995; Chimoto et al., 1999) exhibit a burst-tonic
or tonic firing rate for vertical eye movements; (2) Lesions
of the INC or VN shorten the time constant of the neural
integrator (Anderson et al., 1979; Cannon and Robinson,
1987; Fukushima, 1987; Crawford et al., 1991). The
VN–INC–VN loop has been implicated as an important
component of neural integration (Fukushima et al., 1992;
Chimoto et al., 1999). Thus, the VN–INC–VN loop
might work as shown in Fig. 3B.

Some other structures have been proposed to create the
slow motor command, including commissural connec-
tions between bilateral INCs (Moschovakis et al.,

1991a,b; Partsalis et al., 1994; Chimoto et al., 1999) and
cerebellum (Fukushima et al., 1993; Fukushima and
Kaneko, 1995). Chimoto et al. (1999) suggested that
multiple loops involving the VN–INC–VN loop, the
commissural INC loop, other parts of the brain stem, and
possibly the cerebellum might work for neural integra-
tion. The low-pass filter in Fig. 3B might be realized as
a part of these neural circuits.

4.3. Neural integrator

Robinson (1975) suggested that there must be a neural
system, called the neural integrator, which creates eye
position from eye velocity during all kinds of conjugate
eye movement. Robinson (1975) hypothesized that the
neural integrator works commonly during all kinds of
conjugate eye movement.

As we described previously, the low-pass filter in Fig.
3B makes the slow motor command from the sum of
dynamic and slow motor commands. If the definition of
the ‘neural integrator’ is a group of neurons that makes
the slow motor command from dynamic motor com-
mands, then the low-pass filter in Fig. 3B is not the
‘neural integrator’. To visualize the difference between
the ‘neural integrator’ and our proposed low-pass filter,
the diagram in Fig. 3B is redrawn as the diagram in Fig.
3C. The pathway in the yellow box in Fig. 3C corre-
sponds to the ‘neural integrator’, because it makes the
slow motor command from dynamic motor commands.
In our proposed model, ‘neural integration’ is carried out
by a low pass filter in a closed feedback loop.

Some neural network models have been proposed for
neural integration (Arnold and Robinson, 1997; Cannon
et al., 1983; Galiana and Outerbridge, 1984). All of these
models also contain positive feedback closed-loops.
However, the purpose of the positive feedback in these
models is different from the purpose of the positive
feedback in Fig. 3B. Previous neural network models
needed positive feedback connections to create slow
motor commands, whereas the model in Fig. 2E, Fig. 3B,
and Fig. 3C does not need feedback connections to create
slow motor commands. The low-pass filters in the figures
create slow motor commands, and the feedback connec-
tions in the figures are utilized only for the addition of
the slow motor command to the dynamic motor com-
mand (Fig. 3D).

4.4. Our model’s predictions and reliability

Fig. 3D shows how we believe the neural system
works for upward OFR control. The dynamic compo-
nent of a motor command, like the eye acceleration-ve-
locity command, is generated from retinal slip in the
feedforward pathway through the VPFL, while a slow
motor command, like the eye velocity-position com-
mand, comes from a closed internal feedback loop in
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Fig. 3.

the brain stem. It is assumed that the low-pass filter in
Fig. 3D contains a kind of forward model (Kawato,
1999) that calculates positional information on eye
movement from the final motor command.

If the model in Fig. 3B is realized in the circuit in
Fig. 3A, the following predictions can be derived: (1)
The firing of some VN neurons has a phase-delay larger

than the MN; (2) Such neurons send axons to the MN
and the INC; (3) The temporal pattern of firing of the
flocculus-target-neurons in the VN should be success-
fully reconstructed by the combination of eye accelera-
tion and velocity using inverse dynamics analysis. The
temporal firing pattern of the INC should be success-
fully reconstructed by the combination of eye velocity
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and position; (4) The coefficients that are calculated
from the inverse dynamics analysis of some VN neu-
rons should not differ for upward OFR, VOR, and
saccades.

The data for the 5719 trials in one monkey, we
estimated the values of e, f, and g in Fig. 2E to be
0.490, 0.407, and 4.14, respectively. From the data for
the 99 trials in the other monkey, the respective esti-
mates were 0.181, 0.389, and 4.14. e denotes the size
correction rate between recorded simple spike firing in
the monkeys and reported neural firing in the MN by
Keller (1973), while f and g denote the characteristics of
the system between the VPFL and the MN. The simi-
larity of f and g in the two monkeys supports the
existence of our proposed model in the brain stem.

Our model relating the VPFL and eye position (Fig.
1A) corresponds to a second-order low-pass filter
model as a transfer function. Krauzlis (2000) proposed
a second-order linear model with two poles and one
zero for the transfer function between the VPFL/floc-
culus and eye ‘velocity’ during smooth pursuit. His
model successfully constructed eye velocity from simple
spike firing frequency, while it could not reconstruct eye
velocity well after eliminating the one zero component.
However, his results do not mean that the two poles
and one zero model is better than our second-order
linear low-pass filter model. When a model with one
zero component can reconstruct eye velocity well, the
model obviously cannot reconstruct eye velocity after
eliminating the one zero component without adequate
changes in the other time constants. Our model recon-
structed upward OFR velocity successfully (the good-
ness-of-fit was 0.973 for eye velocity and 0.677 for eye
acceleration), but it could not reconstruct eye velocity
well after adding the one zero component, just as in
Krauzlis (2000) (the goodness-of-fit was 0.814 for eye
velocity and 0.287 for eye acceleration). If we use the
same logic as Krauzlis, these values of goodness-of-fit
suggest that our second-order low pass filter model for
the system between the VPFL and eye position is better

than the two poles and one zero model for the system
between the VPFL and eye velocity. We tried to simu-
late the temporal pattern of eye velocity using the
transfer function used by Krauzlis and our simple spike
firing data. The ratio of the size of simple spike firing to
the eye movement of the monkeys in Krauzlis (2000)
may be different from the ratio in our monkey. We
therefore estimated the goodness-of-fit after adjusting
the amplitude of the simulated eye movement to our
monkey’s eye movement. The goodness-of-fit was 0.958
for eye velocity and 0.195 for eye acceleration. The two
poles and one zero model in Krauzlis (2000) could not
reconstruct eye acceleration successfully, while our pro-
posed model reconstructed both eye velocity and eye
acceleration successfully.

In this paper, we assumed that the final acceleration
command comes from simple spikes of the VPFL and
the slow motor command is created in the system
between the VPFL and the MN. These assumptions are
based on the assumption that OFR is controlled by the
MST–DLPN–VPFL–MN pathway. Impairment of
OFR by flocculus/VPFL lesions (Miles et al., 1986)
means that the MST–DLPN–VPFL pathway controls
OFR primarily, while the lateral terminal nucleus
(LTN) in the accessory optic system (AOS) has been
reported to respond to vertical large-field stimulus
(Mustari and Fuchs, 1989). Further studies of pathways
other than the MST-DLPN-VPFL pathway will be
required to determine whether the pathway through the
VPFL is the only pathway for OFR control.
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Fig. 3. (A) The correspondence between the real neural system for vertical OFR and the circuit shown in Fig. 2E. The red line shows the
movement of the dynamic motor command. The blue line shows the movement of the slow motor command. The purple line shows the final motor
command. Summation of the dynamic motor command (red line) and slow motor command (blue line) is assumed to construct the final motor
command (purple line). The interstitial nucleus of Cajal (INC) receives both dynamic and slow commands. This figure is based on a figure in
Fukushima et al. (1992) and a slight modification by the results of Zhang et al. (1995). FTN: flocculus target neuron (Zhang et al., 1995). PV:
position vestibular cell. (B) Diagram of the closed-loop circuit for Fig. 3A when the input into the INC is not the same as the final motor
command. u denotes eye movement position. e, f, g, h, i, and j are the same as the values in Fig. 2E. h %, i %, and j % are the coefficients for the eye
acceleration, velocity, and position commands for input into the low pass filter, respectively. Although, anatomically the dynamic motor command
and slow motor command converge at the extraoculomotor nucleus (mn) as shown in Fig. 3A, the summing junction of the red line and blue line
was drawn as a black dot apart from mn to simplify the drawing. (C) Diagram of a closed-loop circuit similar to that in Fig. 3B; the only
difference is the input-output direction for the low pass filter. The circuit colored yellow corresponds to the neural integrator, which constructs
slow motor commands from dynamic motor commands. (D) Our interpretation of the control system that constructs the final motor command
for upward OFR. The final motor command for upward OFR is constructed by summing the dynamic motor command and the slow motor
command. The dynamic motor command comes from a fast feedforward pathway, which translates retinal slip information into a motor
command. The slow motor command comes from a feedback loop in the brain stem. s denotes the simple spike firing frequency.
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