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Takemura, Aya, Yuka Inoue, Hiroaki Gomi, Mitsuo Kawato, and  visual stimulus in primates. These responses help to stabilize
Kenji Kawano. Change in neuronal firing patterns in the process ghe eyes on the visual scene. Experiments using monkeys have
motor command generation for the ocular following resporke. ;qealed many features of ocular following (Kawano and Miles

NeurophysiolB6: 1750-1763, 2001. To explore the process of MotQrag . ns: T
command generation for the ocular following response, we record 86; Miles and Kawano 1986; Miles et al. 1986). One of the

the activity of single neurons in the medial superior temporal (MST}0St interesting features of ocular following is that it has an
area of the cortex, the dorsolateral pontine nucleus (DLPN), and tBeserved latency of as short as 50 ms. Considering the delays
ventral paraflocculus (VPFL) of the cerebellum of alert monkeyistroduced in the retina and the ocular motor plant, the inter-
during ocular following elicited by sudden movements of a large-fieNlening neural elements must be limited in sequential number,
pattern. Using second-order linear-regression models, we analyzedél]ﬁgesting that this system may be amenable to characteriza-
quantitative relationships between neuronal firing frequency pattetns. "o+ all stages, from sensory input to motor output.

and eye movements or retinal errors specified by three parameterls_) . tudi h found that in th dial
(position, velocity, and acceleration). We first attempted to reconstruct revious studies have toun al neurons In the media

the temporal waveform of each neuronal response to each vis§Perior temporal (MST) area of the cortex (Kawano et al.
stimulus and computed the coefficients for each parameter using ##094), the dorsolateral pontine nucleus (DLPN) (Kawano et al.
least-square error method for each stimulus condition. The tempoi&92), and the ventral paraflocculus (VPFL) of the cerebellum
firing patterns were generally well reconstructed [coefficient of detqiShidara and Kawano 1993) of the monkey respond with

mination index (CD)> 0.7] from either the retinal error or the giractional selectivity to movements of a large-field visual
associated ocular following response. In the MST and DLPN datas mulus. In most cases. their firing rate bedins to increase
however, the fit with the retinal error model was generally better th ) ! 9 9

?g)gfore the eye movement.

with the eye-movement model, and the estimated coefficients o
acceleration and velocity ranged widely, indicating that temporal The MST sends strong projections to the DLPN (Brodal
patterns in these regions showed considerable diversity. The accel@78; Glickstein et al. 1980, 1985; Maunsell and van Essen
ation component is greater in MST and DLPN than in VPFL, sug983; May and Andersen 1986; Ungerleider et al. 1984), and
gesting that an integration occurs in this pathway. When we detéiie DLPN sends projections to the cerebellum, mainly to the
mined how well the temporal patterns of the neuronal responses gigcculus (paraflocculus) and lobules VI and VIl of the vermis
given cell could be reconstructed for all visual stimuli using a singl@rodm 1979, 1982; Langer et al. 1985). Recent anatomical
set of_coefficients, g_ood fits were found only for Purkinje cells (P'tudies have shown that the DLPN sends only a light projection
cells) in the VPFL using the eye-movement model. In these cases, 8ethe flocculus. In contrast, DLPN projections to the VPFL

coefficients of acceleration and velocity for each cell were similar, a dd | fl I b ial (Glickstei | 1994-
the mean ratio of the acceleration and velocity coefficients was clgdgd dorsal paraflocculus are substantia (Glickstein et al. J

to that of motor neurons. These results indicate that individual M9Y¥agao et al. 1997). Furthermore, lesion studies of the MST
and DLPN neurons are each encoding some selective aspects of(flidara et al. 1991; Takemura et al. 2000), DLPN (Kawano et
sensory stimulus (visual motion), whereas the P-cells in VPFL ag. 1990) and VPFL (unpublished observations) have shown
encoding the complete dynamic command signals for the associatkét injection of suppressive chemicals into any of these re-
motor response (ocular following). We conclude that the sensory-igions produces a decrement in ipsilateral ocular following
motor t(ansformation for the ocular following response occurs at “Fésponses. Evidence from these single-unit recordings and fo-
P-cells in VPFL. cal chemical lesions have suggested that early ocular following
responses are mediated by a pathway that includes the MST,
DLPN, and VPFL.

To understand what the temporal pattern of a Purkinje cell
Ocular following responses are slow tracking eye movéP-cell) in the VPFL represents, Shidara et al. (1993) and Gomi
ments evoked by sudden drifting movements of a large-fiefd al. (1998) used a linear time-series regression analysis. They

showed that the simple spike activities of the P-cells during
Address for reprint requests: A. Takemura, Neuroscience Research Institag,l’”ar following could be reconstructed by an inverse-dynam-

AIST, 1-1-1, Umezono, Tsukuba, Ibaraki 305-8568, Japan (E-mail: a.takemdff® repre_s_entation. Th_is successful reconstruction SUggeSt_ed
@aist.go.jp). that the firing frequencies of the P-cells represent the dynamic
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motor command used by downstream structures to elicit ocutiat pattern. Each ramp started 50 ms (in some cases, 100-300 ms)
following. However, the transformation of visual informatiorgfter the end of a saccade directed toward the central part of the

into motor commands for eye movement has yet to be Char?eteen. The stimulus lasted 250—-300 ms, then the screen went blank
terized or 0.5-2 s while the animal remained in the dark. The ramps were

. . . resented at five speeds (10, 20, 40, 80, and 160°/s) and in eight
~ To examine how the motor command is generated in t'gi‘?ections (right, left, up, down, and the 4 diagonal directions). The
information-processing stream, we analyzed the temporal pafonkeys were given an occasional drop of fruit juice to help them
terns of single units in the neural circuit for ocular followingremain alert and to facilitate fast saccades.
specifically, the MST, DLPN, and VPFL. The purposes of this
study are to understand what the temporal neuronal activitiest
the MST and DLPN represent and to understand the differenc
among the MST, DLPN, and VPFL. Single-unit activities were recorded using tungsten microelectrodes

To investigate the information represented in the dischargewplanted in the MST, DLPN, or VPFL. A hydraulic microdrive
of MST and DLPN neurons and of P-cells in the VPFL fronfNarishige Mo-9) was mounted on the recording cylinder, and glass-
the Viewpoint of motor command generation, we app“ed @ated tungsten minO.electf:Odes Were used to Inltlally Identlfy and
second-order linear-regression model (the inverse-dynamgép each region and its neighboring structures. A fixed grid system

%cording technique

; ; rist et al. 1988) was then used to introduce and fix in place a
representation) using eye movement to reconstruct the tem (t;ginless steel guide tube through the dura. The tips of the guide tubes

ral firing patterns._ Con\_/ersely_, to examine the neu_ral di jere positioned 3-5 mm above the MST, DLPN, or VPFL. Flexible
charges from the viewpoint of visual signal transformation, Wensten electrodes were used to record through the tube.

used retinal error instead of eye movement in the model.

Furthermore, to investigate the relationship between the firing = ) )

patterns and retinal error/eye movement under a single corfdRquisition of behavioral and unit data

tion or multiple conditions, we used local and global fitting, oyr previous studies indicated that neurons in the MST and DLPN
respectively. In the analyses, we focus on the differencgsd p-cells in the VPFL discharge during brief, sudden movements of
between the fitting performances in global/local fittings frora large-field visual stimulus that elicits ocular following (Kawano et
sensory/motor signals and the estimated coefficients represent1992, 1994; Shidara and Kawano 1993). Most of these neurons
ing characteristics of the neural discharges. Our results indicaterease their firing rate before the eye movements begin. To further
that the information represented in the firing patterns of MSgharacterize the response properties of neurons involved in sensory-
and DLPN neurons were similar to each other, but differd@-motor information processing for ocular following, we first selected
from those of P-cells in the VPFL. Based on our observatiodéggrr]g”tsh ;Cgl‘i’égg‘c? C}(?u}gl’elfroﬁcl)s\lflzi?]zrg/zﬂseerni:gll\éltti)lflgtoaasi?golglrl:?li;”?l\lljsl
we provide a hypothetlcal_scheme of spatlotemporal ancj S bserved its responses to a visual scene moving at 80°/s in eight
sory-to-motor transformations for ocular following. Prelimi- irections. We selected neurons in which the activity was modulated
nary results from these analyses have been presented elsewhiege of these stimuli (the preferred direction). We then moved the
(Takemura et al. 1996, 1999). visual scene in the preferred direction and recorded the neuronal and
ocular responses at five different speeds.
During the ocular following response, the mirror velocity and the
METHODS horizontal and vertical components of eye position and velocity (mea-
sured with the search coils and filtered with a 6-pole analog Bessel
ilter using a cutoff frequency of 100 Hz), were recorded at 500 Hz.
he speed of the random-dot pattern on the screen was proportional to
h& mirror velocity. The single-cell activity of each region was iso-
ted using a time-amplitude window discriminator and was simulta-
ously recorded at 1,000 Hz. Some of the data presented here were
en from prior studies (Kawano et al. 1992, 1994; Shidara and
ano 1993) and were reanalyzed.

Data were collected from nine adolescent Japanese monkiys (
caca Fuscaty weighting 5-9 kg. All animals had been traine
previously to fixate on a small target spot on a tangent screen fO{
liquid reward (Wurtz 1969). A cylinder for chronic recording of singlq
neuron activity was implanted under aseptic conditions into eaq
monkey under pentobarbital sodium anesthesia. A fixture was
tached that allowed the head to be fixed in the standard stereotgx
position during the experiments. Scleral search coils were implante
into both eyes to record eye movements according to the technique of
Judge et al. (1980). Eye position was monitored by an electromagnddiata preparation
induction technique (Fuchs and Robinson 1966). The coil output ]
voltages were calibrated for eye position by having the animal fixateWe selected neurons whose responses to each stimulus were re-
on small light-emitting diode (LED) targets at known positions alongorded for more than 30 trials under each condition. The firing
the horizontal and vertical meridians. All experimental protocols wefeequency of each neuron and the eye movement during 30 trials

approved by the Electrotechnical Laboratory Animal Care and ug@der the same stimulus conditions were ensemble averaged for each
Committee. cell after excluding trials with saccadic intrusion (35 MST neurons, 32

DLPN neurons, and 20 P-cells). The responses were aligned with the
stimulus onsett{me 0, and the eye acceleration profiles were ob-
Behavioral paradigms and visual stimuli tained by digital differentiation of eye-velocity profiles after averag-
ing. Retinal errors as a visual motion signal were obtained by sub-
The behavioral paradigms and visual stimuli used in this study wetracting eye movements from mirror movements. To align the filtering
identical to those of Shidara and Kawano (1993) and are descrild=lays, the ensemble average firing pattern (i.e., the firing frequency
elsewhere (Kawano et al. 1992, 1994; Shidara and Kawano 1993)témporal pattern) was low-pass filtered with a 6-pole Bessel digital
brief, during the recording sessions, the monkey sat in a primate chdter using the same cutoff frequency (100 Hz) as that of the analog
with its head secured to the chair facing a translucent screeix (85filter for the eye movements. For reasons that we shall go into later,
85°) located 235 or 500 mm in front of the animal. The visual stimulus| data were low-pass filtered with the same cutoff frequency to avoid
was back-projected onto the screen as a ramp movement of a randamestimation error (the Butterworth filter cutoff was 50 Hz).
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A
400
-50)
s §200
g";-.) FIc. 1. The ensemble averaged patterns
= of 40 trials under the same stimulus condi-
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Analysis method (linear-regression models of firing rate)  during the observation period, respectively. The CD ranges from O to
o . . 1. As the CD approaches 1, the reconstructed firing frequency is near
_ To quantitatively analyze the relationship between sensory/mot@g ohserved value, which equals the square of the correlation coef-
information and neural activity, we used a linear time-series regragsent. If the CD is close to 1, it suggests that the temporal patterns of
sion method (Gomi et al. 1998; Shidara et al. 1993). We applied th& firing frequency encode the temporal patterns of visual motion or
same linear-regression model to the neuronal activity of each regiopor command. If the firing frequencies are not linearly correlated
using acceleration, velocity, and position of sensory or motor infofith the acceleration, velocity, or position of the eye movements or
mation (retinal errors shown in FigBLeye movements shown in Fig. yetinal errors, the index approaches zero. The CD depends on the
1C). Figure 1 shows the temporal patterns of each retinal ermgsiiance of the observed firing frequency (i.e., the signal-to-noise
component as input and eye movements as output, with the tempe&giy)  Because the variations in firing probabilities differ among the
pattern of an MST neuron. The equation used for the analysis isige regions, we applied a low-pass filter (the Butterworth filter) to
follows cut frequency components-60 Hz) that were higher than the dom-
F(t—8) =a-X(t) + b-x(t) + c-xt) + d ) inant components of the retinal errors and eye movements. Conse-
R quently, we could avoid any noise contamination in comparing the
wheref(t), X(t), X(t), x(t), andd are the reconstructed firing frequencycharacteristics of the firing patterns in different brain regions.
of a neuron; the acceleration, velocity, and position of eye movement
or retinal error at timeé and the time delay, respectively (Fig. 1). Fou i
coefficients &, b, ¢, andd) and the time delayd) were estimated in Local and global fitting
such a way as to minimize the squared estimation error. To estimatérevious studies demonstrated that the magnitude of ocular follow-
each coefficient at a particulad, a linear-regression method wasing is strongly dependent on stimulus speed (Miles et al. 1986).
applied to the firing pattern from 10 ms after stimulus onset (ranfPecent experiments also demonstrated that different temporal patterns
onset) to 2 ms before the end of the stimulus (the duration was 238o6rfiring frequency could be induced by different stimulus speeds.
288 ms). The search range f®was limited from—20 to 20 ms for That is, neural responses are also strongly dependent on stimulus
the eye movement components, and frerB0 to —30 ms for the speed (Kawano et al. 1992, 1994; Shidara and Kawano 1993). To
retinal error components. investigate the relationship between firing pattern and sensory/motor
The coefficient of determination index (CD) (Gomi et al. 1998information under the single-stimulus condition, we used local fitting
Hines and Montgomery 1972) expressed in B 2 was used to (Gomi et al. 1998). By applying the model to the firing pattern at one

evaluate the performance of the model of the five speeds, a local relationship between the neuronal firing
. ) a0 pattern and retinal errors or ocular responses can be examined. The
Ch=1- Z( f(t) — f(1) /E(f(t) -f) (2)  temporal firing patterns in response to the five stimulus speeds in the

R - preferred direction of a neuron were reconstructed by each set of
wheref(t), f(t), andf indicate the reconstructed firing frequency, th@arameters. This yielded five sets of parameters calculated per neuron.
observed firing frequency at tinteand the averaged firing frequencyOn the other hand, we used global fitting to test whether the model
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could be applied independently of stimulus speed such that all five retinal error
responses could be reconstructed together using a single set of pa-
rameters from retinal errors or eye movements (Gomi et al. 1998). To A
investigate the characteristics of the neural activities, we focused on .,
the reliable parameters using the Studertitest, in which theP

values of the-test indicate the probability of the null hypothesis (that 200

the coefficient of each component is 0). The model’s applicability was i E
evaluated by Cp statistics. The technical details and results are de- |10 ! 10
0 v

scribed in theaPPENDIX.
20 ;J,

observed data

local fittin B lobal fittin
g g g

C.D.=0.87 C.D.=0.35

|

400

RESULTS 200}

We successfully recorded the activities of single units in thg 0_20
MST, DLPN, and VPFL, all of which represent different stages
of the information-processing stream, from sensory input &
motor output for ocular following. To investigate the relation-2 5
ship between neuronal activity and retinal errors or eye mow%
ments under single (local fitting) or multiple (global fitting) <
stimulus conditions, we useflq. 1to quantitatively analyze & 400
temporal firing patterns during ocular following responses iff

400

00

40 .
reconstruction

the preferred directions. 200
Fitting performances of the retinal error model 0
400

The traces in Fig. 2A and B, summarize the results of
reconstructing the firing patterns of an MST neuron from 200
retinal errors under local) and global fitting B). In Fig. 2,A
andB, each pair of traces shows the firing patterns aligned with 0= ™ . . : . .
the onset of the ramp motion. Within each pair, the thick trace o _ 100 200 o _ 100 200
(labeled “reconstruction”) shows the reconstructed firing patw Time (ms) Time (ms)
terns from retinal acceleration, velocity, and position under3 6o C
local (Fig. 24) and global fitting (Fig. B). The thin trace & 50
(labeled “observed data”) in each pair shows the observed 40
firing pattern, which is based on the same data at the sanie 30
stimulus speed as in Fig. 2,andB. As shown in Fig. 2 (local ~ & 2°
fitting), all reconstructed firing patterns were very close to thég >
observed data within each pair. Their CDs were between 0.8 % o2 04 06 08 1 % 02 04 06 08 1
and 0.94 (mean value, 0.85), indicating extremely good recon- Coefficient of Determination
Struqtlon ateach Qf the five StImU|u_S speeds. Under |OC§.| f'mngne. 2. Reconstruction of the temporal firing patterns of an MST neuron at
the linear-regression model for retinal errors was applicableg@timulus velocities from retinal errors: the model was applied separately
most of the data from the MST [shaded area of Fig, @D = to the firing pattern at each of the 5 stimulus speeds (local fittBighe model
0.7 (131/175’ 75%)]_ On the other hand, as shown in FBJ avas applied to ﬁring patterns at_all 5 stimulus_ s_pet_ads with a single set of
(global fting). the reconsiructed firing patterns were qufieIiels 0024l 1) The Sirubs speed = ndeaied by e numbers o
different from the observed data in each of the pairs. Thgin line) and the firing frequency profiles reconstructed from retinal errors
calculated CD was 0.35, indicating a failed reconstruction @fick line). Traces are aligned with the beginning of the ramps (tinems).
the five temporal patterns from retinal errors using a single geendD: frequency histograms of the coefficient of determination indexes
of parameters. The CDs for a large percentage of MST neurdf89) for 175 MST neuron datasets for local fitting) (and for 35 MST
(88%, 27/35) were lower than 0.7 (blank area of FQ) 2nder neurons for global fitting[®). &: CD = 0.7.

global fitting, indicating that the firing patterns of most MST .

neurons were not adequately reconstructed from retinal err %h'n %agg paw(.j_Th;e_z CDs werg betweetn O.t'72 antd 0.9;? (T?ﬁn
using only a single set of parameters. value, 0.87), indicating a good reconstruction at each of the

The results obtained from DLPN neurons were similar V€ Stimulus speeds. Most of the data from P-cells (89%,

those obtained from MST neurons. Most of the data from t89/100) were satisfactorily reconstructed from retinal errors
DLPN (71%, 114/160) were satisfactorily reconstructed by tgder local fitting (CD= 0.7, in shaded area of FigC3. On
retinal error model under local fitting (CB 0.7). Under global the other hand, as shown in Fig3 8global fitting), the recon-
fitting, however, the CDs for a large percentage of DLPRtructed firing patterns were quite different from the observed
neurons (75%, 24/32) were0.7. data in each of the pairs. The CD was 0.68, indicating a failed

Figure 3 summarizes the results of reconstructing the firitigconstruction of the five temporal patterns from retinal errors
patterns of a P-cell from retinal errors under locA) @nd using a single set of parameters. Global fitting was accurate
global fitting B). As shown in Fig. & (local fitting), all only for a small percentage of the VPFL P-cells [GDO0.7
reconstructed firing patterns were close to the observed d&t&#0, 35%), in the shaded area of FidD]3

oo

(o)

umber of cells
N S
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retinal error tively), the null hypothesis for the acceleration component was
rejected. On the other hand, in only one-fifth of the datasets
400 A local fitting B global fitting from VPFL P-cells (21.3%, 19/89), the null hypothesis for the
acceleration component was rejected. These results indicate
sook C.D.=0.72 : C.D.=068 that the necessity for the acceleration component to be pre-
10 M 10, /\m sented in P-cell firing patterns is less than that for the MST and
oL ”“?"'J IS DLPN neuronal firing patterns. Meanwhile, the snfalvalue
400 : for the other components (i.e., velocity, positional, and bias
: C.D. =090 : components) indicates that these components are necessary for
200k 205 205 adequate reconstruction in all regions.
! : The t-test analysis suggests that the information on retinal
N , errors represented in the temporal firing patterns of the MST
§ 400 o : and DLPN neurons is similar but differs from that of P-cells.
B ' C.D.=0.96 ' To characterize the temporal firing patterns of the three re-
%200- 408 . gions, we investigated reliably estimated parameters (coeffi-
= ; : cient of acceleration, velocity, and position). We first examined
%, ol : whether the distributions of the estimated coefficients were
£ 4o0r CD. =093 different in the three regions. Figure 4 shows the relationships
ic ! ' between the acceleration and velocity parameters, which were
200} _ ! : both reliably estimated (CE: 0.7 andP < 0.05) by the retinal
. error model under local fitting. As shown in Fig. 4, the MST
0 and DLPN neurons (representeddgnda, respectively) were
400 more widely scattered than P-cells (represente@byThere
200k TABLE 1. Summary of the t-test P values
' No. of Datasets
O _ : L L : L L
0 . 100 200 0 . 100 200 0.005<
" Time (ms) Time (ms) P<0005 P<005 0.05< P
g
g 50 % 8 A. Local fitting by the retinal error model
g o6 MST
230 °,4 Acceleration component 84 (64.1) 4(3.1) 43 (32.8)
© 20 g Velocity component 131 (100) 0(0.0) 0(0.0)
@ £ 2 Positional component 107 (81.7) 12 (9.2) 12 (9.2)
g1 5 DLPN
2 00 o2 o7 o6 o8 1 z 05 04 06 o08 1 Acceleration component 87 (76.3) 0(0.0) 27 (23.7)
- o Velocity component 114 (100) 0(0.0) 0(0.0)
Coefficient of Determination Positional component 91 (79.8) 5 (4.4) 18 (15.8)
FiG. 3. Reconstruction of the firing patterns of a P-cell at 5 stimulu¥PFL _
velocities from retinal errorsA: local fitting. B: global fitting. The stimulus ~ Acceleration component 18 (20.2) 1(1.1) 70 (78.7)
speed is indicated by the numbers to téf of the traces. Traces are aligned Velocity component 89 (100) 0(0.0) 0(0.0)
with the beginning of the ramps (time 0 ms).C andD: frequency histograms ~ Positional component 72(80.9) 2(2.2) 15(16.9)

of the CDs for 100 P-cell dataset§)(and for 20 P-cells®). =, CD = 0.7.
B. Local fitting by the eye-movement model
From the preceding analyses, the following features COMt

mon to MST, DLPN, and VPFL neurons were evident. The pcceleration component 92 (92.9) 0(0.0) 7(7.1)
firing patterns of most neurons were successfully reconstructegelocity component 97 (98.0) 0(0.0) 2(2.0)
by local fitting. However, reconstruction was unsatisfactorg Positional component 81(81.8) 3(3.0 15(15.2)
; ; ; e LPN
using retinal error du”ng gIObaI flttlng. Acceleration component 66 (97.7) 0(0.0) 2(2.3)
) ) Velocity component 79 (89.8) 1(1.1) 8(9.1)
Estimated parameters of the retinal error model Positional component 69 (78.4) 8(9.1) 11 (12.5)
VPFL
To investigate the information represented in the temporalacceleration component 78 (94.0) 0(0.0) 5 (6.0)
firing patterns, we focused on the reliable coefficients of ac-Velocity component 83 (100) 0(0.0) 0(0.0)

celeration, velocity, and position of retinal errors under local Positional component 77(92.8) 2(24) 4(48)
f|tt|ng.'A_fter applylng a threShOldfj*(_)j) to the_CDS Of, the Summary table of thetestP values, showing the significance probability of
local fittings, we performed a statistical analysis in which th@e null hypothesis (that the coefficient of each component is 0). Percentages
significance of each coefficient was examined bytthest for are in parentheses: the P values obtained for the medial superior temporal
the null hypothesis (that the coefficient of each componentd$a (MSbT)Ii dor?\‘;:;’j‘lt:‘ir)a'bpaminle_““C'EUS (D_'-PIN)r and Vecglral!pfgaf'?ccu'us of
: the cerebellum y applying the retinal error modgl.the P values
0). Th(.a number .Of datasets that fell under a paI’tICGIEIStP obtained for the MST, DLPN, and VPFL by applying the eye-movement
value is shown in TableA. In most datasets from MST andmogel. If theP value is small, the model fitting is poor when that component
DLPN neurons (67.2%, 88/131 and 76.3%, 87/114, respecsdropped.
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25 EETEE P = 0.41 for the MST vs. VPFL, by Wilcoxon’s rank-sum

o MST neurons test).
A DLPN neurons . ..
20| | ® VPFL P-cells = The means of the position coefficients were 56113.54

A o (spikes/s)/° for the MST neuron datasets8.06 + 35.38
(spikes/s)/° for the DLPN neuron datasets, and 7187.19

15 (spikes/s)/° for the VPFL P-cell datasets. The distribution of
the DLPN positional components was significantly different
from that of the MST and VPFLR < 0.00005 for the MST vs.
DLPN, P < 0.05 for the DLPN vs. VPFL, ant = 0.85 for the
MST vs. VPFL, by Wilcoxon’s rank-sum test).

We next examined whether the relationship between the
stimulus speed and the goodness of fit (CD) under local fitting
differed among the three regions. However, we will first review
the directional and speed sensitivities of the MST and DLPN
neurons and the P-cells. The neurons analyzed in this study
%01 005 0 005 01 015 02 were direction-selective. Therefore their neuronal responses

Coefficient of Acceleration [(spikes/s)/(deg/s3)] increased for stimuli moving in their optimal direction. To

Fic. 4. A comparison of the distributions of the estimated coefficientlénderStand the temporal neurpnal aC.tIVItIeS n MST and DLPN
(abscissa, acceleration coefficient; ordinate, velocity coefficients) by the retif@urons and P-cells, we studied their temporal firing patterns
error model under local fitting. Each point indicates the reliable estimatersing stimuli moving in their optimal direction at 10—160°/s.
parameters (CB= 0.7 andP < 0.05) of a dataset at a given stimulus speed forhare were also speed-selective neurons, as shown in Figs. 2
a given neuron. MST neuronsi), dorsolateral pontine nucleus (DLPN), o
neurons ), and ventral paraflocculus (VPFL) of the cerebellum (VPFL)E‘_nd 3. The ter_nporal f'”ng pattems Of_ these neurons were of
P-cells @). different magnitudes, depending on stimulus speed.

To determine the optimal speed for each neuron, we mea-

were various cell types (acceleration- or velocity-dominaftiréd the magnitudes of the neuronal responses over the time
cells) in the MST and DLPN. Their temporal pattern chara®eriod analyzed by the linear-regression method. Some MST
teristics were very different from each other. The means of tRgurons (13/35, 37%) showed their best response at high
acceleration coefficients for the MST and DLPN neurons affimulus speed (160°/s), whereas others (19/35, 54%) showed
the VPFL P-cell datasets were 0.0320.036, 0.025+ 0.034, their best response at a moderate stimulus speed (40 and 80°/s).
and 0.009+ 0.022 (SpiKES/S)/(Oﬁ, reSpeCtiVEly. The mag-nl Most of the DLPN.neuronS (25/32, 78%) and P'.Ce”S (15/20,
tudes of the acceleration coefficients of the MST and DLPKfS%Z showed their best responses at high stimulus speed
neurons were approximately threefold greater than those of {#60°/s). Significant differences were observed between the
VPFL P-cells. Furthermore, differences in the distributions @Peed preferences for the MST and DLPN/VPIRL< 0.002
the acceleration coefficients were significant atRhe 0.0015 for the MST vs. DLPN and MST vs. VPFL, by Wilcoxon’s
level between the MST and VPFL and at the< 0.01 level rank-sum test). However, no significant difference was ob-
between the DLPN and VPFL, respectively (by Wilcoxon'served between the speed preferences of the DLPN and VPFL
rank-sum test). The difference in the distributions of the aP = 0.94).
celeration coefficients between the MST and DLPN, however,Because we were interested in the relationship between the
was not significant® = 0.24). optimal speed and fitting performance, we first normalized the
The means of the velocity coefficients for the MST andtimulus speed to the optimal speed Jogtimulus speed/
DLPN neurons and the VPFL P-cell datasets were 3:8104, optimal speed)]. Figure 5 shows the average CD as a function
3.24+ 3.18, and 2.50= 1.69 (spikes/s)/(°/s), respectively. Theof the normalized stimulus speed for 35 MST neurofs 82
magnitudes of the velocity coefficients in the firing patterns @LPN neurons B), and 20 P-cells@). As shown in Fig. B,
the MST and DLPN neurons and P-cells were similar. Thee fitting performance (CD) of the MST was significantly
differences in their distributions were not significaRt= 0.71 reduced as the stimulus speed moved away from the preferred
for the MST vs. DLPNP = 0.59 for the DLPN vs. VPFL, and speed regardless of whether it was faster or slower. On the

10

Coefficient of Velocity [(spikes/s)/(deg/s)]

A B C
1.0~ — —r— 1.0 - - 1.0
AN HE D :
0.8}4 /]’\K it 0.8 0.8 - FIc. 5. The relationship between fitting performance (CD)
! and optimal speed for neurons in the MSA),(DLPN (B), and
o 06 i 0.6 0.6 [fmidobiofonnd VPFL (C). The normalized stimulus speed (the abscissa) is
o plotted on a logarithmic scale [lgg(stimulus speed/optimal
0.4 0.4} 0.4 - speed)]. The ordinate axis represents the average CD obtained
: from the retinal error model under local fitting. *, the fitting
0.2 0.2 |+ 0.2 bt performance was significantly reduce®l € 0.05); 1, the fitting
; . . - : i o performance was significantly increaséd< 0.05).
0'0-4-3-2-101234 0'0-4-3-2-101234 0'0-4-3-2—101234

Loge(stimulus speed/optimal speed)
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eye movement

A local fitting B  globalfitting
400 '

C.D.=0.79 C.D.=0.58

200

sponses through multiple stimulus speeds. Under local fitting
(Fig. 6C, @), 57% of the data from the MST (99/175) were
reconstructed relatively well from eye movements. Under
global fitting, however, the reconstructed firing patterns were
not able to approximate the observed firing patterns of most
MST neurons (71%, 25/35; FigDg 0).

The results obtained from DLPN neurons were similar to
those obtained from MST neurons. Under local fitting, 55% of
the data from the DLPN (88/160) was reconstructed relatively
well from eye movements, whereas global fitting produced a
CD of =0.7 in a small percentage of the DLPN neurons (31%,
10/32). It is clear from these results that the eye-movement

g model accounted for the different neuronal responses of only a
o small portion of neurons in the MST and DLPN under multiple
o stimulus speeds and using a single set of parameters.
o On the other hand, the traces in Fig. 7 summarize the results
g of reconstructing the firing patterns of the same P-cell as in Fig.
2 eye movement
Lt . .
A local fitting B  global fitting
4001 :
: C.D.=092 ' C.D.=089
: 200F 101 /\P« 108 A
: ok ;
[ 400 . b
0 ' C.D.=0.94 !
0 L L L L 1 L L] 1
0o _ 100 200 0o _ 100 200 200T 20, 20,
Time (ms) Time (ms) —
w . N 1
8 2 w0y :
2 X~ ' C.D. =091 '
36 @ H .
Sy © 200T a0 40!
g 5 . .
g2 > ot 1 :
>
Eo 2y £ 0o, :
z 0 02 04 06 08 1 0 02 04 06 08 1 i : !
Coefficient of Determination 200k 805 m
Fic. 6. Reconstruction from eye movements of the firing patterns of the .
same MST neuron as in Fig. 2 at 5 stimulus velocitfedocal fitting. B: global ol . C.D.=0.87 '
fitting. The stimulus speed is indicated by the numbers tdefief the traces. 400F 1 :
Traces are aligned with the beginning of ramps (time0 ms).C and D: ' '
fregency histograms of the CDs for 175 MST neuron datasstsufd for 35 ' 4
MST neurons D). @, CD = 0.7. 200 160! 160!
other hand, the fitting performance of the DLPN and VPFL ol CD.=092 . .
was not significantly reduced over the rang2 to +2 (Fig. 5, o _ 100 200 0 100 200
B and C). These results indicate that the temporal firing pat- Time (ms) Time (ms)

terns of MST neurons represented information on retinal errorsg ,, C
(%]

only near their optimal speed.

Fitting performances of the eye-movement model

Figure 6 summarizes the fitting performances of the eye-3 10

movement model under locall and global B) fitting for the

0
same MST neurons that were used in Fig. 2. As shown in FigZ 0 02 04 06 0.

O

Number of cells

SO N O

1 0 02 04 06 08 1

>

6A, the CDs were between 0.41 and 0.79 (mean value, 0.65), Coefficient of Determination
indicating that the firing patterns at lower stimulus speeds wereic. 7. Reconstruction from eye movements of the firing patterns of the
relatively well reconstructed. In FigB5 the traces in each pair same P-cell as in Fig. 3 at 5 stimulus velocitiés.local fitting. B: global

show that the MST firing patterns were not adequately rec

fitting. The stimulus speed is indicated by the numbers tdefi@f the traces.

aces are aligned with the beginning of ramps (time0 ms).C and D:

struqted Under.gmba' fitting. The CD was 0.58, indicating fequency histograms of the CDs for 100 P-cell datag@tsd for 20 P-cells
nonlinear relationship between MST firing and ocular rep). @, CD= 0.7.
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10 4 fitting performances of the VPFL P-cell®)(are distributed in
8 4 L] msTreuron  the right top quadrant of Fig. 8, indicating that the temporal
2} _ \[/’;ELN;‘_QC‘;T” firing patterns of the P-cells were satisfactorily reconstructed
23 el from eye movement components using the linear-regression
0 ——r U model for both local and global fitting [CE= 0.7 in 85/100

00 01 02 03 0.4 05 0.6 07 08 09 1.0

datasets of the VPFL (85.0%) in local fitting; CB 0.7 in

109 17/20 P-cells (85%) in global fitting]. On the other hand, fitting

0.9+ performances of the DLPNA}] and MST neuronsd) were

08 | distributed above the slope line 1. This indicates that we were
able to attain a relatively good fit under local fitting [GD0.7

0.7 -

in 99/175 datasets of the MST (56.6%) and 88/160 datasets of
the DLPN (55.0%)]. When we used global fitting for the MST
and DLPN neurons, however, the model adequately repro-
duced the firing patterns for only a small number of neurons

o
o
|

C.D. of local fitting
=]
o1
|

0.4 [CD = 0.8 in 3/35 MST (8.6%) and 1/32 DLPN neurons
(3.1%); CD= 0.7 in 11/35 MST (33.3%) and 10/32 DLPN

037 neurons (31.3%)]. On the other hand, as demonstrated in the

0.2 preceding text, global fitting was accurate for most of the

o A DieNmouron g1 ] P-cells [CD= 0.8 in 9/20 (45%); CD= 0.7 in 17/20 P-cells

’ ® VPFLP-cell (85%)]. In Fig. 8, frequency histograms of the CDs for the

0.0 - 0.0 MST, DLPN, and VPFL datasets under both local and global

T I I T T T T I T T 1 T
0.0 0.1 02 03 04 05 06 0.7 08 09 1.0 0 20 40 60

C.D. of global fitting

fitting clearly show the similar tendencies of the MST and
DLPN. Figure 8 also reveals the difference between the VPFL
FIG. 8. Summary of the reconstruction of firing patterns by the eye—mov@—nd upstream Struc_tures (the MST and DL_PN)' .

ment model under local and global fitting. Each point indicates one of the MST From the preceding analyses, the following differences be-
neuronsi), DLPN neurons4), or VPFL P-cells ¢). The CDs of global fitting  tween MST and DLPN neurons and P-cells were evident: the
are plotted on the abscissa, and CDs of local fitting are plotted on the ordin§@mpora| firing patterns of the MST and DLPN neurons were
For global fitting, 1 CD was calculated for each neuron. For local fitting, since e

the model was applied separately at each of the 5 speeds, 5 CDs waticcessfully reconstructed urjder local fitting for one-half of the
calculated for each neuron; the meansSD are plotted.Top frequency NEUrons but for only Onejth“'d of the neurons under global
histogram of the CDs for 35 MST neurors)( 32 DLPN neuronstg), and 20  fitting, but the temporal firing patterns of the P-cells were

VPFL neurons«) under global fittingRight frequency histogram of the CDs gatisfactorily reconstructed from eye movements under both
for datasets from 175 MST neurons)( 160 DLPN neuronstf), and 100 |j.al and giobal fitting

VPFL neurons «) under local fitting.

3 from eye movements under loc&)(and global fitting B) at
five different speeds. In Fig.A{ the reconstructed firing pat- _ -~
terns under local fitting were very close to the observed datat€r applying a threshold%0.7) to the CDs of local fittings,
within each pair. The CDs were between 0.87 and 0.94 (meilR Performed thé-test analysis. In local fitting, the number of
value, 0.91), indicating good reconstruction at each of the fifftasets that could be classified under a particu&stP value is
stimulus speeds. In addition, in Fig;the reconstructed firing listed in Table B. The null hypothesis for the eye acceleration
patterns under global fitting were also very close to the ofoMPonent was rejected (0.005 P) in most datasets from all
served data in all pairs. The CD was 0.89, again indicatir%e: regions [92.9% (92/99) for the MST, 97.7% (86/88) for the

Estimated parameters of the eye-movement model

good reconstruction at each of the five stimulus speeds usligPN: and 94.0% (78/83) for the VPFL]. Tt values for the
only a single set of parameters. These results indicate a lin8Hter components (i.e., eye velocity and positional components)
relationship between P-cell firing and ocular responses at mifere aiso small, and the null hypothesis for these components was
tiple stimulus speeds. The linear-regression motel @) for ~'€jected B < 0.05). This indicates that all of the components in
eye movement was inapplicable in only a small number 1. 1make a significant contribution to describing the relationship
P-cell firing patterns under both local and global fitting (Fig. 72€Ween temporal firing patterns and eye movements. We inves-
C andD, O, 15/100 and 3/20, respectively; GB 0.7)% tigated the estimated coefficients for the datasets at different
As illustrated in Fig. 8, comparing the fitting performance§peeds- Figure 9 shows the relationship between the acceleration

of temporal firing patterns from eye movements for the msgnd velocity parameters, which were both reliably estimated
and DLPN neurons and for the VPFL P-cells revealed distin(&D = 0.7 andP < 0.05) by the eye-movement model under local

differences. In this figure, the CDs are displayed for glob4fing: As shown in this figure, the MST data (Figh37) and the

fitting (the abscissa) and for local fitting (the ordinate). ThELPN data (Fig. 8, ») are more widely scattered than the VPFL
data (Fig. €, ®@). Each symbol represents the coefficients of
11n this paper, we focus only on the neuronal responses to the prefer%@celerat'on and veIOCIty of a neuro_n at the ,SloweSt stimulus.
directions because the MST and DLPN neurons showed little response (neithB€Se parameters for a neuron at different stimulus speeds are

an increase nor a decrease in firing rate) to nonpreferred directions. In additioonnected (—); the lines in Fig. 8 andB, extend further than
we used the low-pass filter to compare the temporal firing patterns of differgpjose in Fig. €.

regions (se®eTHoDS). These differences in methods between previous studies ; At ; ;
(Gomi et al. 1998; Kitama et al. 1999; Shidara et al. 1993) and our stu There are three |mpI|cat|ons of the data presentEd in Fig. 9.

resulted in a high CD for P-cells in this paper, under both local and globaii'St, the magnitudes of the acceleration and velocity coeffi-
fitting using eye movement. cients varied at different speeds and in different cells, espe-
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C
40
N

FIc. 9. Comparison of the relationships be-
tween acceleration (abscissa) and velocity coeffi-
cients (ordinate) estimated by the eye-movement
model under local fitting. Each line merges the
reliable estimated parameters (GD0.7 andP <
0.05) for each neuron under different speed con-
ditions; MST neuronsA, 0), DLPN neurons B,

; i : »), and VPFL P-cells €, e); the data points
0 0.5 0 05 0 05 marked by these symbols are for the slowest stim-

lus.
Coefficient of Acceleration [(spikes/s)/(deg/s?)) uus

40

20

Coef. of Vel
[(spikes/s)/(deg/s)]
(=]
:?%
o
(=]

cially in the MST and DLPN (Fig. 9A andB). Second, the 1998; Shidara et al. 1993), the mean ratio of the acceleration
magnitudes of the velocity coefficients for slow stimuli wereoefficient to the velocity coefficient (b/a) of P-cells (50.1) was
frequently larger than those for fast stimuli (thexis in Fig. close to that of motor neurons (67.4). Thus the acceleration
9), especially in the MST and DLPN. Third, the magnitudes afoefficient of MST and DLPN neurons tended to be larger than
the acceleration coefficients for slow stimuli were often largdéhat of the P-cells. Meanwhile, the mean ratio of the acceler-
than those for fast stimuli in the DLPN (theaxis in Fig. 9). ation coefficient to the position coefficient (c/a) differed be-

In summary, the firing frequencies of the MST and DLPNween the MST, DLPN, and VPFL, and was of negative sign.
neurons were reconstructed successfully for one-half of the
datasets by the eye-movement model under local fitting. @omparison of the performances in local and global fittings
MST and DLPN neurons, the coefficients for different cellsom retinal error and from eye movement
and for different stimulus speeds within a cell were different The b in Eia. 10 e the fitti ¢ .
and widely scattered. On the other hand, the firing frequencies e boxes in Fig. 10 summarize the fitting performance (ie.,
of the VPFL P-cells were reconstructed successfully for mo € CD values) of all regression analysiest(local and global
datasets, and their coefficients were similar to each other.

As was the case with local fitting, the results of global fitting
also demonstrated that the temporal firing patterns in the MST
and DLPN were different from those in the VPFL. We exam- .
ined the reliability of estimated parameters that had a high CI¥?
(>0.7) by the eye-movement model under global fitting. The
significance of each coefficient was0.02 in all units, except
one P-cell (11/11 MST neurons, 10/10 DLPN neurons, and
16/17 P-cells).

The mean lead-time of the neuronal response with respect to
the onset of eye movement was 1%83.6 (SD) ms for MST
neurons and 11.% 6.9 ms for DLPN neurons. These values
agree with those of previous studies on the relative latency to the
onset of the stimulus of MST neural activity (Kawano et al. 1994)
and DLPN neural activity (Kawano et al. 1992) during ocular
following. The mean time delay of VPFL P-cells was 7-75.1 a
ms, which is near the latency period for electrical-stimulation-O
evoked eye movements (Shidara and Kawano 1993).

To compare the component data obtained from MST and
DLPN neurons and P-cells with corresponding data from motor
neurons (Keller 1973), we calculated the ratios of the acceler- ©°
ation, velocity, and position coefficients (Table 2). The mean
ratios of the acceleration coefficient to the velocity coefficient
(b/a) of MST (36.5) and DLPN neurons (24.7) differed from
those of motor neurons (67.4). This was because the acceler-
ation coefficient tended to be larger than that of the motor
neurons. On the other hand, as reported previously (Gomi et al.

)

1.0

0 0.0
local fit.  global fit. local fit.  global fit.

local fit.  global fit. local fit.  global fit.

F

TABLE 2. Ratios of the coefficients (b/a) in each of the three O
regions and in motor neurons

Acceleration:

0.0 . - 0.0 y "
Velocity: Position local fit.  global fit. local fit.  global fit.

. . FIc. 10. Summary of the linear-regression analysis for MST, DLPN, and
glﬁ;l’NnﬁgL(;grs]s 122?%%2%7 VPFL cells from retinal errorsA, C,andE) or eye movements, D, andF)
Purkinje cells 1.'50 '1__'236 7 under local or global fittingTop to bottom distribution of CDs in the MST,
Motor neurons (from Keller's data) 167 ;1.344 8 DLPN, and VPFL. Left/right box-plot in each panel: under local/global fitting.

Each box-plot shows the 10, 25, 50, 75, and 90th distribution percentiles.
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fitting by the retinal error modetjght, eye-movement model). Instead of taking the “piecewise linear” analysis approach,
In the retinal error modell€ft), the differences between theone could try to consider nonlinearities concealed in the rela-
distributions of CDs under local and global fitting were signiftionships between sensory/motor information and neuronal fir-
icant (P < 0.0001) in all three regions (the Mann-Whitnely ing patterns. Previous studies (Kawano et al. 1992, 1994) and
tests of nonparametric tests). This indicates that neuronal oex preliminary analysis suggest that three nonlinear factors
sponses in the MST, DLPN, and VPFL represent informatishould be considered in characterizing the “global” MST and
on retinal errors under a single or narrow stimulus rangBLPN activities and speed preference in each neuron. First,
Additionally, in the eye-movement model, the differences beven in a particular neuron, the neuronal response latencies
tween the distributions of CDs under local and global fittindiffer according to stimulus speed. Second, the sensitivity of
(right) were also significant for the MST and DLPN neuronghe acceleration and velocity components varies according to
(P = 0.0001 andP = 0.0014, respectively). However, asthe stimulus speed. Third, there is a difference between the
shown in Fig. 1@, this difference was not significant for VPFLsensitivity changes of the acceleration and velocity compo-
P-cells P = 0.15), and their firing patterns were frequentlynents according to stimulus speed. To consider all of these
reconstructed well from eye movements. These results indicatenlinear factors for global fitting, however, we need to use a
that only neuronal responses in the VPFL represented mogemplicated nonlinear model, which may be hardly justified
command information independent of the stimulus condition@nd does not give any clear view without sufficient data anal-
By Comparing performances in the retinal error model ar}ﬂSiS to characterize these nonlinear factors. Further experi-
eye-movement model under local fitting, the features of MSMeNts using various visual stimuli having complex profiles are
and DLPN neurons become clearer. Under local fitting, tieeded to capture the nonlinearities between retinal errors and
differences between the CD distributions in the retinal erré¢€ural responses under the global condition.
and eye-movement models were significaPt<( 0.0001) for Another interesting point is the effect of eye movement on
both the MST and DLPN neuronkeft boxesn Avs.BandC the neuronal activities in each region. Several studies have
vs. D). On the other hand, this difference was not significafigported continuous neuronal activities in the MST (Bradley et
(P = 0.14) for the VPFL P-cellsléft boxesin E vs.F). These al. 1996; Newsome et al. 1988; Sakata et al. 1983; Squatrito
results indicate that the retinal error model describes the teffld Maioli 1996), DLPN (Mustari et al. 1988; Suzuki and
poral firing patterns of the MST and DLPN neurons morkeller 1984; Thier et al. 1988), and VPFL (Lisberger and
accurately than the eye movement model. These results dfstghs 1978a,b; Miles and Fuller 1975) without a visual target
indicate that the firing patterns of VPFL P-cells were wefluring smooth pursuit eye movements. Previous studies of the
reconstructed both from retinal errors and from eye movemeggular following response, however, have demonstrated that
under local fitting. the discharges of MST and DLPN neurons and P-cells increase
On the other hand, by comparing the performances in thefore eye movement (Gomi et al. 1998; Kawano and Shidara
retinal error and eye-movement models under global fitting, tA893; Kawano et al. 1992, 1994; Shidara and Kawano 1993;
features of P-cells become clearer. Under global fitting, tifghidara et al. 1993) and abruptly decay when the moving
fitting performances in the eye-movement model were bettdpual scene is blanked (Gomi et al. 1998; Kawano et al. 1992).
than those in the retinal error model for the MST, DLPN, anfihus the closed-loop portion of the temporal firing patterns
VPFL (these differences were significantRit< 0.002,P < during the ocular following responses in this study need not be
0.04, and® = 0.0002, respectively), although the performanceonsidered an effect of eye movement on neuronal activity
of the eye-movement model for most MST and DLPN neuror€Xxtra-retinal information).
was still insufficient. As described in the preceding text, suf-

ficient performance by the eye-movement model under glo - ; -
fitting was only obtained for the P-cells in the VPFL. q&g’;n;itéogiﬁmesemed in the neuronal activities of the

In the analyses shown in the preceding text, several common
characteristics can be found in the firing patterns of MST and
Description of the relationship between sensory/motor DLPN neurons. First, the temporal firing patterns were accu-
information and neuronal activity rately described by the models under local rather than global

fitting. In addition, under local fitting, the temporal firing

As shown in the preceding analyses, we quantified tipatterns of the MST and DLPN neurons were modeled better
relationship among the temporal firing patterns for single nehy retinal errors than by eye movements. These results suggest
rons in the MST, DLPN, and VPFL and eye movements dhat the temporal pattern of each neuron in the MST and DLPN
retinal errors. The advantage of this method is that by applyingpresents retinal error information within the limited stimulus
both local and global linear regression analyses, we can bodmge. Second, under local fitting using the retinal error model,
argue the global linearity and global characteristics of the céle acceleration and velocity coefficients of the MST and
firing and examine the local representation of the cell firinDLPN were broadly distributed, whereas those of the VPFL
within a limited stimulus range. The ability to perform linearwere more compact (Fig. 4). This suggests that the MST and
regression analyses and compare the estimated coefficidit®N neurons encode a variety of dynamic visual properties
obtained by local and global analyses for the three regioasd that some are dominated by the acceleration component,
(MST, DLPN, and VPFL) has made it possible for us tsome are dominated by the velocity component, and others are
consider signal transformation in the process of eye motodifferent. Furthermore, the acceleration component of retinal
command generation. errors contributed more significantly to the temporal firing

DISCUSSION
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patterns of MST and DLPN neurons than it did for P-cellsieurons preferred lower stimulus speeds. These results indicate
From these results, it may be inferred that information ahat P-cells increase their discharge rate in response to a wide
retinal errors is integrated to represent the appropriate tempaeaige of stimulus speeds and do so in proportion to the stim-
firing patterns of P-cells to drive eye movements. ulus speed. Third, a linear relationship between neuronal firing

As for the similarity in the neuronal responses of the MSpatterns and eye movements was observed. This study demon-
and DLPN neurons, it has been reported (Kawano et al. 198%ated that P-cells already encode the dynamic component of
1994) that there are no significant differences in directionile motor command for ocular following. They do so under
preference (ipsiversive/contraversive or up/down) in these multiple stimulus conditions, which agrees with the observa-
gions. It has also been reported that most direction-selectii@ns of previous studies.
neurons show their strongest responses at high stimulus speedas for the positional component of eye movements, it has
but the remainder show their strongest responses at low stieen reported that VPFL P-cell activities show a weakly pos-
ulus speeds. In the present study, we observed a significiine correlation or no correlation with eye position (Krauzlis
difference in preferred speeds between the MST and DLPRDO0O0; Krauzlis and Lisberger 1994; Miles et al. 1980). In this
Furthermore, in the MST, the best CD was related to “preferratlidy, VPFL P-cell activities during ocular following nega-
speed.” Thus when a neuron preferred faster speeds, its @2ly correlated with eye position. Furthermore, the magni-
tended to be higher at faster speeds, and when a neutodes of these correlations were not negligible. Gomi et al.
preferred slower speeds, its CD tended to be higher at slow#®98) have already discussed in detail how the position com-
speeds. These results suggest that the temporal patternpasfents have a reversed sign relative to eye movements. Ad-
MST neurons represent information on retinal errors arouwdtionally, Kitama et al. (1999) used the acceleration, velocity,
the preferred stimulus. Previous reports have shown that tharal position of eye movements in cats to analyze the temporal
is a wide range of receptive field sizes in the MST, whereéising patterns of simple spikes from P-cells during optokinetic
DLPN neurons have large receptive fields (Suzuki et al. 199@sponse (OKR). When they controlled the initial eye position
Thier et al. 1988). These studies suggested that there is spatiaxamine the contribution of eye position to the firing pattern,
integration of information from the MST to the DLPN. Everthe absolute eye position was not encoded in the temporal
so, in this study, no clear difference was observed betwef#ing pattern during OKR. Furthermore, we attempted to de-
MST and DLPN neurons in temporal firing patterns. It isermine whether these discrepant findings might have been
possible that information on retinal errors may be integratedused by the omission of the slide component, which shows
spatially (i.e., receptive field and preferred speed) rather thdme time decay component of the firing rate (Krauzlis 2000). To
temporally from the MST to the DLPN. explain the time decay of P-cell firing,q. 3was usedEqua-

A recent study on disparity-induced vergence eye movien 3 is equivalent to the model proposed by Goldstein and
ments suggests that the discharges of individual MST neurdRebinson (1986) and Optican and Miles (1985) and can be
encode some limited aspect(s) of the stimulus disparity andieritten as
the vergence motor response, whereas the summed activity of
the population encodes the entire vergence velocity response
(Takemura et al. 2001). In this study, to see how well thgheref(t), (t), X(t), X(t), x(t), ands are the reconstructed firing
discharges of the entire population of MST or DLPN neurofffequency of a neuron; the time derivative of the firing rate; the
encoded the motor command for the ocular following rexcceleration, velocity, and position of eye movements at time
sponses, we had to analyze the temporal firing patternstond the time delay, respectively. Five coefficiertsy( c, d,
neurons in response to a given direction and speed in the saiAg Ts) and the time delag)(were estimated in such a way as
monkey, regardless of the preferred stimulus of the neurofs. minimize the squared estimation error. The result of the
Since we only have data on the response to the preferi@flculation was that the coefficients of the positional compo-
stimulus for each cell in this study, we are unable to determifgnt were still large negative values. Therefore the slide com-
whether the neuronal populathn average represents the mefehent in P-cell firing f{t)] in Eq. 3 does not explain the
command for the ocular following response. negative correlation with eye position in our results.

In the retinal error model, the temporal firing patterns of
Information represented in the activities of the VPFL P-cell3/PFL P-cells were not described under global fitting. Under
N local fitting, the firing of P-cells fitted better than that of MST

Our results show that the temporal firing patterns of VPF4nd DLPN neurons under local fitting (Fig.A, C,andE, leff).
P-cells can be described by the eye-movement model und@lese results can be explained as follows: P-cells receive the
global fitting, suggesting that P-cells have the appropria§gsual information from the DLPN and MST, and DLPN and
global characteristics for motor command. Previous StUdiWST neurons have a narrow range of preferred stimulus
have shown that VPFL P-cells have different response progpeeds, so their temporal firing patterns encode the local rep-
erties than MST and DLPN neurons to visual stimuli like thos@sentation of retinal errors. Since the local visual information
in the ocular following response (Kawano et al. 1996). Firs¢onverges on a P-cell, the temporal firing patterns do not relate
the distribution of their preferred directions during the oculap retinal errors globally. On the other hand, the temporal firing

following response has clearly divided the VPFL P-cells intgatterns at every stimulus speed relate to retinal errors locally.
two classes: horizontal P-cells, which preferred ipsiversive
movement, and vertical P-cells, which preferred downwarg,nstormation of visual input into eye motor commands
movement. Second, P-cells showed their best responses at higah

stimulus speeds. Most MST and DLPN neurons also showedn this study, we were unable to determine whether the
their best responses at high stimulus speeds, although saraerons we observed in the MST and DLPN send signals to the

ft—8) =a-x() + b-X(t) + c-x®) + d — Ts-f(t — &) 3)
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next stage of information processing. These neurons could joshclude that sensory-to-motor transformation for ocular fol-
function as local interneurons or could project to regions utewing occurs at the P-cell.

related to ocular-following eye movements. However, neurons

in the DLPN, which is the next stage after the MST, shamprpPENDIX

many characteristics with neurons in the MST (Figs. 4 and 8)
This suggests that there is little possibility that only MS
neurons that fitted well with eye movements project to the To find the model that best represented the observed firing patterns,
DLPN. Furthermore, it has also been reported that the viswed examined several models that had combinations of acceleration,
response properties of visual mossy fibers in the VPFL ayglocity, and position terms with bias and delay. The best model was

o valuated using Cp statistics, which test whether the increased param-
similar to those of DLPN and MST neurons (Kawano ang r can be traded for the goodness of model fit (Gomi et al. 1998;

) ) y et

Shl(_jara 1993; Shldara etal. 1993)_‘ T_he temporal firing patterﬁ es and Montgomery 1972). The equation used for finding the

of visual mossy fibers were also similar to those of DLPN angl,_s¢atistics value was as follows

MST neurons and were modeled from eye movements under .

local fitting but not under global fitting (unpublished data). > () — f(1)?

This suggests that the neuronal signals observed in the DLPN Cp= ‘T —n+2p (A1)

project as the inputs to the VPFL; therefore it is unlikely that

only well-fitted neurons in the DLPN project to the VPFL. Wheren is the number of data points for the regressipnis the
Glickstein et al. (1994) reported that there is a sparse Hiftmber of degrees of freedom for the modef, is the estimated

- L . . opulation variance(t) is the reconstructed firing frequency, ai(i)
definite projection to the VPFL but that the major wsuqu; the observed firing frequency. In this analysis, we used the esti-

pontine projection is to the dorsal rather than ventral paraflogateq variance of the full-term modeEq. 1) as the estimated
culus. To study the role of the dorsal paraflocculus during thgpulation varianceg? By selecting a model having the minimum
ocular following responses, single-unit recording and quantyp statistics, it is possible to find the best model taking into account
tative analysis are required. Although, evidence from foctile tradeoff between the model size and fitting error.

chemical lesions of the MST, DLPN, and VPFL suggests that

the MST, DLPN, and VPFL play a role in the early phase of tthpresentation of retinal error model

ocular following response. The temporal firing pattern charac- . ) )
teristics observed in this study and the visual properties found’Ve analyzed the temporal firing patterns using the retinal error
in previous studies support the following ideak Single cells model inEq. 1 Itis possible, however, that another model with fewer

. E - . . arameters may be sufficient for fitting the temporal firing patterns. In
in the MST encode limited visual information extracted by thg, .. words, one of the parametersg. 1 might be unnecessary to

visual cortex in their temporal firing patterns. They do so onlyccyrately represent temporal firing patterns. For this reason, we
when a visual stimulus is given in the receptive field with thexamined all models that combined acceleration, velocity, and posi-
preferred direction and speed) Single cells in the DLPN tion terms with bias and delay

receive spatially integrated visual information (e.g., receptive

odeling check (Cp statistics)

field, preferred speed) from MST neurons. Here the temporal flt—8) =a-X({t) +b-xt) +c (A2)
firing patterns in the MST and DLPN do not yet represent the f(t—6) = a-X(t) + b-x(t) + ¢ (A3)
dynamic component of the motor command. Rather they rep- A

resent the dynamic properties of the visual stimulus in a limited flt—8) =a-xt)+b-x1t) +c (A4)

range by various combinations of the acceleration, velocity,

and position components of retinal errors. MST and DLPN ft=9=a-x)+b (AS)
neurons vary somewhat in their properties. However, as a ft—8=a-xt+b (A6)
whole, they encode the dominant acceleration component that )

is probably integrated prior to the VPFL P-cells’ firing pat- ft=9) =a-xt) +b (A7)

.tems' And3). Smgl.e P-cell§ receive spatially ar'!d te.mporally In most of the MST and DLPN neuron datasets, the Cp-statistics’
integrated visual Infprmatlon (e.g., preferrgd direction) fro'vg{ues were lowest foEq. 1in the retinal error model under local
DLPN neurons, mediated by visual mossy fibers. The tempof@ing (62.6%, 82/131 and 61.4%, 70/114, respectively). On the other
firing pattern of P-cells analyzed in this study was the simpigind, in 65/89 (73.0%) of the VPFL P-cell datasets, the model for
spike, which results from the synaptic action of granule celklocity and position of retinal errors performed best (7). These results
axon terminals. The granule cells receive mossy fiber inpute consistent with those of titgest (Table &) and suggest that the
from the brain stem and send axons up to the molecular layaggeleration component of retinal errors contributed more signifi-
where they bifurcate and traverse as parallel fibers, makig@tly to the temporal firing patterns in the MST and DLPN regions
numerous serial contacts with P-cell dendrites. In this study i it did to P-cell firing in the VPFL.
is conceivable that the retinal error information encoded in the
temporal patterns of DLPN neurons converges on a P-cellRepresentation of eye-movement model
the VPFL. Thus a potential explanation is that every singleIn local fittin o

. . . : : g, the Cp-statistics’ value was lowest t6q. 1among
(I;’-cell receives a _Iarge number of inputs Wlth various tlm§I (if the models we tested in most of the datasets: 75.8% (75/99) for
lelays, and these inputs are summed together into the tempglaly st "g1 g9 (72/88) for the DLPN, and 90.4% (75/83) for the
firing pattern of a P-cell. Therefore the temporal firing patterigg|_ Additionally, in global fitting, for all the neurons except one
of the P-cells represent temporally integrated visual informg=cell (11/11 in the MST, 10/10 in the DLPN, and 16/17 P-cells), the
tion. At the same time, the P-cells’ firing represents the dyp-statistics value was lowest f. 1 These results indicate that all
namic motor command independent of the stimulus speed. \&fehe components of eye movementsEig. 1are required to represent
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the temporal firing patterns. Therefore the modedt@q 1was the best KrauzLis RJ. Population coding of movement dynamics by cerebellar Purkinje
among those we tested, in both local and global fitting. cells. Neuroreport11: 1045-1050, 2000.
KRrAuzLIs RJ AND LISBERGER SG. Simple spike responses of gaze velocity
Purkinje cells in the floccular lobe of the monkey during the onset and offset
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