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Abstract The smooth-pursuit system must interact with
the vestibular system to maintain the accuracy of eye move-
ments in space during head movement. Maintenance of a
target image on the foveae is required not only during head
rotation which activates primarily semi-circular canals but
also during head translation which activates otolith organs.
The caudal part of the frontal eye Welds (FEF) contains pur-
suit neurons. The majority of them receive vestibular inputs
induced by whole body rotation. However, it has not been
tested whether FEF pursuit neurons receive otolith inputs.
In the present study, we Wrst classiWed FEF pursuit neurons
as belonging to one of three groups (vergence + fronto-par-
allel pursuit, vergence only, fronto-parallel pursuit only)
based on their responses during fronto-parallel pursuit and
mid-sagittal vergence-pursuit. We, then, tested discharge
modulation of these neurons during fore/aft and/or right/left
translation by passively moving the whole body sinusoi-
dally at 0.33 Hz (§10 cm, peak velocity 19 cm/s; 0.04g).
The majority of FEF pursuit neurons in all three groups
were activated by fore/aft and right/left translation without
a target in complete darkness. There was no correlation
between the magnitude of discharge modulation and trans-
lational vestibulo-ocular reXex (VOR). Preferred directions

of translational responses were distributed nearly evenly in
front of the monkeys. Discharge modulation was also
observed when a target moved together with whole body,
requiring the monkeys to cancel the translational VOR.
These results indicate that the discharge modulation of FEF
pursuit neurons during whole body translation reXected
otolith inputs.
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Introduction

The smooth-pursuit system has evolved in primates to
maintain the image of a slowly moving object of interest on
the foveae of both eyes during movement. During head
movements, the pursuit system must interact with the ves-
tibular system to maintain the accuracy of eye movements
in space so that eye-velocity-in-space (i.e., gaze velocity)
matches target velocity (see Leigh and Zee 2006 for a
review). The VOR is well known to have an important role
in stabilizing a visual image on the retina by compensating
for head movements. Maintenance of a target image on the
foveae is required not only during head rotation which acti-
vates primarily semi-circular canals but also during head
translation which activates otolith organs. The translational
VOR requires compensation diVerent from the rotational
VOR (Tomko and Paige 1992; Angelaki et al. 2001). This
is because the geometrical relationship between the target
and the eyes with respect to the direction of translation
critically determines the amount of compensation needed to
stabilize the target image on the foveae (see Angelaki 2004
for a review).
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The caudal part of the frontal eye Welds (FEF) contains
pursuit-related neurons (pursuit neurons, MacAvoy et al.
1991; Gottlieb et al. 1993, 1994; Tian and Lynch 1996a, b;
Tanaka and Fukushima 1998; Fukushima et al. 2000,
2002a, b; Tanaka and Lisberger 2002). The majority of FEF
pursuit neurons receive vestibular inputs induced by
passive whole body rotation that activates primarily semi-
circular canals (Fukushima et al. 2000; Akao et al. 2007).
However, otolith inputs to FEF pursuit neurons have not
been tested. Projection of otolith (i.e., saccular) signals to
the FEF have been reported only recently by using func-
tional magnetic resonance imaging in humans (Miyamoto
et al. 2007).

As a Wrst step to examine the role of otolith signals in the
caudal FEF, in this study we asked whether FEF pursuit neu-
rons receive otolith inputs. For this, we tested responses of
FEF pursuit neurons during passive horizontal translation of
the whole body in complete darkness. Discharge modulation
was compared when a target was presented during translation.
Some of the results have been presented in preliminary form
(reviews K. Fukushima et al. 2005; J. Fukushima et al. 2006).

Materials and methods

Two Japanese monkeys (Macaca fuscata, H, K, 3.9 and
4.5 kg) provided data for this study. All procedures were
performed in strict compliance with the guidelines for the
Care and Use of Animals of National Institutes of Health.
Our speciWc protocols were approved by the Animal Care
and Use Committee of Hokkaido University School of
Medicine. The general methods for animal preparation,
training, vestibular stimulation, recording, and data analysis
were described in detail previously (Fukushima et al. 2000,
Akao et al. 2005). BrieXy, each monkey was sedated with
ketamine hydrochloride (5 mg/kg, i.m.), and then anesthe-
tized with sodium pentobarbital (25 mg/kg, i.p.). Additional
anesthesia (0.5–1.0% halothane mixed with 50% nitrous
oxide and 50% oxygen) was administered as necessary.
Under aseptic conditions, head holders were installed to
restrain the head Wrmly in the primate chair. A scleral
search coil was implanted on each eye to record vertical
and horizontal components of eye movement for both eyes
(Fuchs and Robinson 1966). Analgesics and antibiotics
were administered post-surgically.

Each monkey was seated in a primate chair in darkness
with the head restrained in the stereotaxic plane, facing a
22 in. computer display (Mitsubishi, RDF 221S) placed
65 cm away from the eyes (Fig. 1a, 0° orientation). The
inter-ocular distances of the 2 monkeys were 20 and
21 mm. A red spot of 0.2° angular size was presented at the
screen distance. Eye position signals were calibrated for
each eye separately by requiring the animal to Wxate a

stationary spot or pursue a slowly moving one at 0.2 Hz
(§10°). Visual stereo stimuli were generated as two alter-
nating images viewed by left or right eyes through polariza-
tion shutter glasses that were switched at 120 Hz rate as
described previously (Akao et al. 2005). The monkeys were
trained with apple juice reward for pursuing the spot that
moved in fronto-parallel plane or in depth. After this train-
ing, a recording chamber was installed over craniotomy
(anterior 21–25; lateral 10–15 mm) to allow single neuron
recording in the left peri-arcuate cortical area.

Recording procedures

The primate chair was attached to a turntable for rotation.
The turntable together with the chair was mounted on a lin-
ear sled that moved sinusoidally (Fig. 1a). Pursuit neurons
were recorded extracellulary mostly in the fundus of the
arcuate sulcus (see “ Results”). For our search stimulus, the
target moved sinusoidally along oblique trajectories that
were generated by combinations of target motion in fronto-
parallel plane and in depth (3D-pursuit) at 0.5 Hz (§10°),
and monkeys were required to pursue the spot (Fig. 1a, 0°
orientation). Once responsive single neurons were encoun-
tered as judged visually and on the audio monitor, neuronal
responses were tested during fronto-parallel pursuit in 4
planes (vertical, horizontal, and two diagonals, separated by
45°) at the screen distance and during vergence-pursuit in
the mid-sagittal plane from 65 to 10 cm depth. This was to
examine whether responsive neurons discharged during
fronto-parallel pursuit only, vergence-pursuit only, or both.
(e.g., Fukushima et al. 2002a; Akao et al. 2005).

Whole body translation was applied by moving the chair
sinusoidally at 0.33 Hz (§10 cm, peak velocity and accel-
eration, 19 cm/s and 40.0 cm/s/s = 0.04g, respectively)
along a given axis without a target in complete darkness to
minimize pursuit related discharge modulation while the
monitor was turned oV (Fig. 1a). All pursuit neurons identi-
Wed (n = 68) were tested for fore/aft translation (Fig. 1a, 0°
orientation, Table 1Ba). Thirty neurons of the 68 were also
tested for right/left translation (Table 1Bb) by positioning
the chair (and hence the monkey) at §90° orientation as
schematically illustrated in Fig. 1a. Preferred directions for
translational responses were examined in 23 neurons by
positioning the monkey at §45° orientation (Fig. 1a) so that
translation was tested along 4 axis (right/left, fore/aft,
§45°). For 10 of the 23 neurons the monkeys were oriented
at §30° also. The monkeys were then oscillated along the
same earth-horizontal direction so that whole body transla-
tion was applied along diVerent directions with respect to
the animals’ body. This was to reconstruct responses to
translation relative to the animals’ body as schematically
illustrated in Fig. 1b. The monkeys were not required to
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perform any particular task during this condition but were
kept alert by occasional randomly delivered drops of apple
juice.

In 14 FEF pursuit neurons, we presented a target on
another computer monitor during right/left translation
(Fig. 1a, ¡90° orientation). This monitor was placed 50 cm
in front of the monkeys. Two task conditions were tested.
In one, the target moved together with the whole body,
requiring cancellation of the translational VOR. In the
other, the target remained stationary in space, requiring

perfect compensation by translational VOR (VOR £1).
Peak horizontal eye velocity for perfect compensation that
was required by the geometrical relationship between the
target and the eyes during right/left translation at 0.33 Hz
(§10 cm) was 23.4 deg/s.

Responses of these neurons were also tested during fore/
aft translation for VOR cancellation and VOR £1 at 0° ori-
entation with the target distance of 65 cm (Fig. 1a). Peak
vergence eye velocity for perfect compensation required by
the geometrical relationship between the target and the eyes

Fig. 1 Methods to test whole 
body translation and discharge 
of representative FEF pursuit 
neurons. a Schematic illustration 
of the direction of passive whole 
body translation and orientation 
of monkeys while identical sinu-
soidal translation was applied 
without a target in complete 
darkness in the same direction 
pointed by arrows. b Direction 
of horizontal translation with 
respect to the monkeys. 
c–f, g–j are two diVerent neu-
rons. c, g Discharge during 
horizontal pursuit, d and h dis-
charge during vergence-pursuit. 
e, i Discharge during fore/aft 
translation. f, j Discharge during 
right/left translation. From top to 
bottom in c, d and g, h are super-
imposed target velocity (vel), 
“de-saccaded” horizontal 
eye velocity (eye vel) and “de-
saccaded” vergence eye velocity 
with the overlaid Wt sine waves, 
spike rasters, and histograms of 
cell discharge with superim-
posed Wt sine waves. From top to 
bottom in e, i are left horizontal 
and right horizontal eye posi-
tions (LHE, RHE, respectively), 
“de-saccaded” vergence eye 
velocity, chair velocity and cell 
discharge with superimposed Wt 
sine waves. From top to bottom 
in f, j are horizontal and vertical 
eye position (HE, VE, respec-
tively), horizontal eye velocity 
(HE vel), chair velocity and cell 
discharge with superimposed 
Wt sine waves. All traces 
in c–j were superimposed with 
respect to the stimulus (target 
or chair) velocity. For further 
explanation, see text
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during fore/aft translation at 0.33 Hz (§10 cm) was
0.6 deg/s. Horizontal-pursuit and/or vergence-pursuit were
also tested at 0.3 Hz (§10°, peak velocity 18.8 deg/s) and
0.5 Hz (§5°, peak velocity 15.7 deg/s) for comparison.

In 10 of the 14 neurons, we compared rotational VOR
cancellation and VOR £1 by applying whole body rotation
in the horizontal (yaw) plane at 0.3 Hz (§10°). During rota-
tional VOR cancellation, the target moved together with the
whole body. During rotational VOR £1, the target
remained stationary in space, requiring perfect compensa-
tion by VOR (VOR £1) as previously described (Miles and
Fuller 1975; Lisberger and Fuchs 1978; Fukushima et al.
2000; Akao et al. 2007). These neurons were also tested
during whole body rotation without a target in complete
darkness.

Data analysis

The data were analyzed oV-line as previously described
(Fukushima et al. 2000, 2002a, b; Akao et al. 2005).
Discharge of individual neurons was discriminated with a
dual time–amplitude window discriminator and digitized
together with eye position, chair position and target
position signals at 500 Hz using a 16-bit A/D board. Eye
position signals were diVerentiated by analog circuits
(DC—100 Hz, ¡12 dB/octave) to obtain eye velocity. Stimulus
position signals were diVerentiated by software to obtain
velocity. During vergence-pursuit and during fore/aft trans-
lation in complete darkness, vergence eye movements were
calculated as the diVerence between the horizontal components

of the left and right eyes (e.g., Akao et al. 2005). To exam-
ine vergence-pursuit and fronto-parallel pursuit eye veloc-
ity, saccades on eye velocity traces and blink-related fast
eye movements were removed using our interactive com-
puter program (Fukushima et al. 2000). Some FEF pursuit
neurons analyzed in this study exhibited burst of spikes
during blinks and saccades with the presence of a tracking
target. We deleted those traces entirely from the analysis.

All traces were aligned with stimulus velocity for 10–30
cycles, and raster and histograms of neuronal responses
were constructed. To quantify responses, each cycle was
divided into 128 equal bins. A sine function was Wt to aver-
aged velocities and cycle histograms of neuronal discharge,
exclusive of the bins with zero spikes, by means of a least-
squared error algorithm. Responses that had a harmonic
distortion (HD) of less than 50% or a signal to noise ratio
(S/N) of higher than 1.0 were selected for further analysis;
S/N was deWned as the amplitude of the fundamental fre-
quency component divided by the amplitudes of the 3rd
through 8th harmonic, and HD as the amplitude of the 2nd
harmonic divided by that of the fundamental (Wilson et al.
1984). The phase-shift of the peak of the Wt-function rela-
tive to peak upward/rightward or forward stimulus velocity
was calculated as a diVerence in degrees. For neuronal
responses during vergence-pursuit, phase shift of neuronal
responses was calculated relative to peak convergence tar-
get/eye velocity. For fore/aft and right/left translation,
phase shift was calculated relative to peak forward and
rightward chair velocity, respectively. Sensitivity (re stimu-
lus velocity) was calculated as the peak amplitude of the
fundamental component Wt to the cycle histogram divided
by the peak amplitude of the Wt stimulus velocity (i.e.,
target velocity for fronto-parallel pursuit and vergence-
pursuit, chair velocity during translation). Sensitivity (re
stimulus velocity) ¸0.10 spikes/s/deg/s was taken as
signiWcant modulation (Fukushima et al. 2000, 2002a, b).
Vergence eye velocity and horizontal eye velocity
responses were calculated similarly (Akao et al. 2005).

Preferred directions were examined by comparing sensi-
tivity (relative to chair velocity) during translation in diVer-
ent orientations in complete darkness without a target
(Fig. 1a, b). A Gaussian function was used to estimate pre-
ferred directions (Colby et al. 1993; Gottlieb et al. 1994) by
plotting mean discharge rate against diVerent directions
with respect to the monkey (Fig. 1b).

Histological procedures

Near the conclusion of recordings, the sites of pursuit
neuron recordings were marked and were conWrmed as
reported previously (Tanaka and Fukushima 1998;
Fukushima et al. 2000, 2002a, b).

Table 1 Number of FEF pursuit neurons tested for 3D-pursuit and
passive whole body translation

A, number of three groups of neurons tested. B, number of pursuit neu-
rons responsive to fore/aft (Ba) and right/left (Bb) translation among
tested neurons and percentages of responsive neurons

A. 3D-Pursuit n

Fronto-parallel pursuit + vergence-pursuit 44

Vergence-pursuit only 18

Fronto-parallel pursuit only 6

Total 68

B. Number of pursuit neurons responsive to horizontal whole body 
translation in complete darkness

a. Fore/aft translation 44/68 = 65%

Fronto-parallel pursuit + vergence-pursuit 34/44

Vergence-pursuit only 6/18

Fronto-parallel pursuit only 4/6

b. Right/left translation 24/30 = 80%

Fronto-parallel pursuit + vergence-pursuit 19/21

Vergence-pursuit only 2/5

Fronto-parallel pursuit only 3/4
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Results

This study examined eVects of horizontal whole body trans-
lation on a total of 68 FEF pursuit neurons. We Wrst classi-
Wed these neurons as belonging to one of three groups
based on their responses of whether they discharged during
fronto-parallel pursuit, vergence-pursuit, or both (see
“Materials and methods”). As summarized in Table 1A, the
majority of them (44/68 = 65%) responded to both frontal-
parallel pursuit and vergence-pursuit. The two columns in
Fig. 1c–f, g–j illustrate discharge of 2 representative FEF
pursuit neurons during diVerent stimulus conditions. The
neuron shown on the left responded during both fronto-par-
allel pursuit (Fig. 1c) and vergence-pursuit (Fig. 1d). Neu-
rons that responded during vergence-pursuit but not during
fronto-parallel pursuit (18/68 = 26 %) or those that
responded during fronto-parallel pursuit but not during ver-
gence-pursuit (6/68 = 9 %, Fig. 1g vs. h) were also exam-
ined, although such neurons were in the minority in this
study (Table 1A). We, Wrst, anayzed discharge modulation
of these neurons during fore/aft and/or right/left translation
without a target in complete darkness (see “Materials and
methods”).

Responses of FEF pursuit neurons to passive horizontal 
translation of the whole body in complete darkness

As summarized in Table 1B, the majority of tested neurons
responded to both fore/aft (44/68 = 65%, Table 1Ba) and
right/left translation (24/30 = 80%, Table 1Bb). The
responsive neurons include all 3 types of FEF pursuit neu-
rons (fronto-parallel pursuit + vergence-pursuit, vergence-
pursuit only, and fronto-parallel pursuit only neurons,
Table 1B). The example neuron shown in the left column of
Fig. 1c–f discharged during forward translation (Fig. 1e)
and leftward translation (Fig. 1f). In contrast, the neuron
shown in the right column of Fig. 1g–j was activated during
rightward translation (Fig. 1j) but not during fore/aft trans-
lation (Fig. 1i).

To examine whether fore/aft translation in complete
darkness without a target induced vergence eye movement
responses, we measured vergence eye velocity (see “Mate-
rials and methods”). Vergence eye velocity was induced
minimally (less than 1 deg/s, typically 0.7 deg/s) during
fore/aft translation (Fig. 1e, i). In contrast, right/left transla-
tion induced horizontal eye movement responses more con-
sistently (Fig. 1f, j). However, the magnitudes of horizontal
eye velocity varied widely from 1.4 to 19.7 deg/s with the
mean of 12.3 (§5.4) deg/s without a target. The expected
peak horizontal eye velocity for perfect compensation if a
stationary target in space had been presented during right/
left translation was 23.4 deg/s at a target distance of 50 cm

(see “ Materials and methods”), suggesting that without a
target our monkeys exhibited the mean horizontal transla-
tional VOR gain of 0.53 (=12.3/23.4).

To examine discharge characteristics of FEF pursuit
neurons during horizontal translation, Fig. 2a, b plots sensi-
tivity of responsive neurons against phase shift (re chair
velocity) during fore/aft translation (Fig. 2a) and right/left
translation (Fig. 2b). Mean sensitivity tended to be higher
for responses during right/left translation than fore/aft
(mean 1.03 vs. 0.51 sp/s/cm/s, respectively). Phase values
were distributed widely, but the majority were scattered
around peak chair velocity (¡45 to +45°, ¡135 to ¡180°,
or 135 to 180°, Fig. 2a, b).

Because the majority of tested neurons responded during
vergence-pursuit (Table 1A) and also during fore/aft trans-
lation (Table 1Ba), we examined whether there was any
functional correlation between the directions and/or magni-
tudes of the two kinds of responses. The activation of the
example neuron illustrated in Fig. 1c–f during forward and
leftward translation (Fig. 1e, f) is consistent with the activa-
tion of this neuron during convergence (Fig. 1d) and right-
ward pursuit (Fig. 1c). However, rightward pursuit
preferred directions of the neuron illustrated in Fig. 1g–j is
not consistent with the activation of this neuron during
rightward translation (Fig. 1j), because during rightward
translation the compensatory VOR rotated the eyes toward
left (see also below).

Figure 2c plots sensitivity to chair velocity during fore/
aft translation against vergence eye velocity sensitivity of
each neuron (n = 68). For fore/aft responses, positive and
negative values indicate responses during forward and
backward translation, respectively. For vergence response,
convergence and divergence responses were plotted as
positive and negative values, respectively. There was no
correlation between sensitivity to translation and vergence-
pursuit (Fig. 2c). A similar result was obtained by plotting
values only for neurons that responded during vergence-
pursuit and that also responded during fore/aft translation
(n = 36, Fig. 2d). In Fig. 2e, we re-plotted the absolute
values of sensitivity to fore/aft translation and vergence-
pursuit. There was no correlation between the two. Simi-
larly, we examined whether there was any correlation
between sensitivity to chair velocity during right/left trans-
lation and eye velocity sensitivity during horizontal pursuit
of FEF neurons with horizontal preferred directions. As
plotted in Fig. 2f for 20 horizontal pursuit neurons, there
was no signiWcant correlation between the two. We also
tested whether neuronal response to right/left translation
was a result of translational VOR that was observed more
consistently than that during fore/aft translation as described
above. As plotted in Fig. 2g, there was no signiWcant corre-
lation between response sensitivity to chair velocity during
right/left translation and translational VOR for all neurons
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tested. These results suggest that responses induced by fore/
aft and right/left translation and vergence/fronto-parallel
pursuit responses (Fig. 2c–e, f, g) were mostly independent
in FEF pursuit neurons (see “Discussion”).

Preferred directions of FEF pursuit neurons during 
passive horizontal translation in complete darkness

Because the majority of FEF pursuit neurons tested
responded to both fore/aft translation and right/left transla-

tion (Table 1B), we examined preferred directions of trans-
lational responses in 23 neurons by applying whole body
translation in 8 or more directions in complete darkness
(Fig. 1a, b, see “Materials and methods”). Figure 3 illus-
trates responses of two representative neurons to translation
while the orientation of the monkeys was systematically
changed (Fig. 1a). The neuron shown in Fig. 3a, b was the
same neuron shown in Fig. 1c–f and exhibited stronger
modulation when translation was applied while the animal
was oriented at +45° (Figs. 1b, 3b). The modulation was
minimal when the animal was oriented at ¡45° (Fig. 3b)

Fig. 2 Discharge characteris-
tics of FEF pursuit neurons 
during horizontal whole body 
translation. a, b Sensitivity plot-
ted against phase shift (re chair 
velocity) of individual respon-
sive neurons during fore/aft 
translation (a) and right/left 
translation (b). c Sensitivity (re 
chair velocity) during fore/aft 
translation plotted against sensi-
tivity (re eye velocity) during 
vergence-pursuit for all neurons 
tested (n = 68). Positive and neg-
ative values on the ordinate indi-
cate that discharge increased 
during forward and backward 
translation, respectively. Posi-
tive and negative values on the 
abscissa indicate convergence 
and divergence responses, 
respectively. d Similar plot to c 
but only for neurons that re-
sponded during vergence-pur-
suit and that also responded 
during fore/aft translation. e 
Plots absolute values of sensitiv-
ity to fore/aft translation against 
vergence eye velocity sensitiv-
ity. f Sensitivity (re chair veloc-
ity) during right/left translation 
plotted against sensitivity (re eye 
velocity) during horizontal pur-
suit for 20 horizontal pursuit 
neurons. Positive and negative 
values on the ordinate indicate 
that discharge increased during 
rightward and leftward transla-
tion, respectively. Positive and 
negative values on the abscissa 
indicate response during right-
ward and leftward pursuit, 
respectively. g Sensitivity 
(re chair velocity) of neuronal 
responses during right/left 
translation plotted against 
simultaneously recorded 
horizontal eye velocity
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and the response phase (re chair velocity) reversed when
the animal was oriented at ¡90°. The preferred direction
calculated by the Gaussian Wt was 33° (Fig. 3a). In contrast,
the neuron shown in Fig. 3c, d exhibited stronger modula-
tion when the animal was oriented at ¡45 and ¡90°, and
the modulation was minimal at 0° and response phase
reversed at +45°. The estimated preferred orientation by the
Gaussian Wt was ¡81° (Fig. 3c). This neuron was the same
neuron shown in Fig. 1g–j.

Figure 3b, d also illustrates simultaneously recorded
mean horizontal eye velocity (HE vel) and vergence eye
velocity (vergence vel, Fig. 3b). Discharge of these neurons
during translation at diVerent orientation cannot be
explained by translational VOR alone. Both neurons dis-
charged strongly during rightward pursuit (Fig. 1c, g), but
the neuron shown in Fig. 3b discharged very diVerently
during translation at +45° and ¡45° orientation, despite the
fact that the magnitude of the translational horizontal eye

Fig. 3 Directional tuning and 
Gaussian Wt of representative 
FEF pursuit neurons during 
whole body translation in com-
plete darkness. a,b and c, d are 
two diVerent neurons. Filled cir-
cles in a and c plot discharge rate 
against translation direction with 
respect to the monkey. Open cir-
cles are resting discharge rate 
while the chair was stationary in 
space. Preferred directions cal-
culated by Gaussian Wt are indi-
cated by arrows in a, c. b, d 
Spike rasters and histograms of 
cell discharge with superim-
posed Wt sine waves while the 
horizontal orientation of the ani-
mal was selected by positioning 
the chair at diVerent orientations. 
Simultaneously recorded mean 
horizontal eye velocity (HE vel) 
and vergence eye velocity (ver-
gence vel) are shown in b at 
diVerent orientations. Notice 
diVerent gain scales for horizon-
tal eye velocity. Only mean HE 
vel is shown for d at diVerent 
orientations. Chair velocity is 
identical for each neuron at 
diVerent orientations and is 
shown only at +45° orientation 
in b, d. For details, see Fig. 1a, b
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velocity was virtually identical with minimal vergence eye
velocity (Fig. 3b). At ¡90°orientation, translational hori-
zontal eye velocity was largest but this neuron discharged
weakly during this orientation (Fig. 3b) compared to the
discharge at +45° orientation. The neuron shown in Fig. 3d
also exhibited a clear dissociation during smooth-pursuit
and translational VOR. Despite the fact that preferred direc-
tion of this neuron during fronto-parallel pursuit was right-
ward (Fig. 1g), it discharged strongly during leftward VOR
during translation at +45°, ¡45° and ¡90° orientations
(Fig. 3d). These results suggest that otolith inputs contrib-
uted to the discharge of FEF pursuit neurons during transla-
tion (see below and “Discussion”).

Figure 4 plots preferred directions of the 23 neurons for
translational responses. Preferred directions were distrib-
uted nearly evenly in front of the monkeys. In our small
sample, we rarely obtained neurons with preferred direc-
tions oriented backward of the monkeys (Fig. 4, n = 23).

Responses of FEF pursuit neurons during translational 
VOR cancellation and VOR £1

To further examine whether neuronal responses during
right/left translation was a result of eye velocity sensitivity
due to the translational VOR, we tested responses of 14
neurons during right/left translation with a target (Fig. 1a,
¡90° orientation, see “Materials and methods”). In one
condition, the target moved together with the whole body,
requiring cancellation of the translational VOR. In the
other, the target remained stationary in space, requiring per-
fect compensation (VOR £1). In 13 of the 14 neurons
tested, discharge modulation was clearly observed during

translational VOR cancellation during which peak horizon-
tal eye velocity was typically less than 2 deg/s (mean 1.8
deg/s). Discharge of two neurons is shown in Fig. 5a, b, f,
g. Like these neurons, in 7 of the 13 neurons, amplitudes of
discharge modulation during translational VOR cancella-
tion were similar to those during horizontal pursuit (Fig. 5a
vs. b, f vs. g) but were larger than those during translational
VOR £1 (Fig. 5b vs. c, g vs. h). Peak horizontal eye veloc-
ity during translational VOR £1 (mean 24.2 deg/s, gain
24.2/23.4 = 1.03) was more than 10 times larger than that
during translational VOR cancellation (mean 1.8 deg/s,
Fig. 5c vs. b, h vs. g). Mean sensitivities (re chair velocity)
of the 7 neurons during translational VOR cancellation and
VOR £1 were 1.57 and 0.82 sp/s/cm/s, respectively. Mean
eye velocity sensitivity of these neurons during horizontal
pursuit was 1.60 sp/s/deg/s.

Mean discharge rate of the seven neurons are summa-
rized in Fig. 6a, b during right/left translational VOR can-
cellation (a, red) and VOR £1 (b, black) and horizontal
pursuit (a, black) at 0.3 Hz. Discharge modulation during
horizontal pursuit and translational VOR cancellation was
similar and were clearly larger than the modulation during
translational VOR £1. For comparison, Fig. 6b (green)
plots mean discharge rate during right/left translation with-
out a target in complete darkness. Modulation was clear,
although it was smaller than the modulation during transla-
tional VOR cancellation (Fig. 6b: green vs. a: red). Dis-
charge modulation of the remaining six neurons during
translational VOR cancellation tended to be smaller than
that during VOR £1, but larger than the modulation during
translation without a target in complete darkness. Mean
sensitivities (re chair velocity) of these neurons during
translational VOR cancellation and VOR £1 were 0.91 and
1.03 sp/s/cm/s, respectively. These results indicate that dis-
charge modulation during right/left translation was not the
result of translational VOR.

Figure 5k–m, n, o illustrates discharge of two neurons
during fore/aft translation. These neurons discharged dur-
ing convergence (Fig. 5k) or divergence (Fig. 5n). During
fore/aft translational VOR cancellation, mean vergence eye
velocity was 0.03 deg/s (Fig. 5l, o), but both neurons were
clearly activated when whole body moved backward
(Fig. 5l, o) with the discharge modulation comparable to
the modulation during vergence-pursuit (Fig. 5k, n). During
translational VOR £1 at a target distance of 65 cm
(Fig. 5m), the peak vergence eye velocity was 0.63 deg/s as
required by the geometrical relationship between the target
and the eyes (see “Materials and methods”). During this
condition, amplitude of modulation of this neuron was 15
sp/s (Fig. 5m). The amplitude of modulation of the same
neuron during vergence-pursuit (Fig. 5k) was 17 sp/s with
the peak vergence eye velocity of 16 deg/s. If the discharge
modulation of this neuron during translational VOR £1

Fig. 4 Preferred directions of translational responses. Preferred direc-
tions were calculated for 23 FEF pursuit neurons by Gaussian Wt. For
further explanation, see text
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(Fig. 5m) had been a result of vergence eye velocity sensi-
tivity, the expected amplitude of modulation should have
been 17/16 £ 0.63 = 0.67 sp/s. Our results showing that the
actual amplitude of modulation was 15 sp/s (Fig. 5m) indi-
cate that it cannot be accounted for by vergence eye veloc-
ity sensitivity alone due to translational VOR. Mean
amplitudes of discharge modulation of 14 neurons during
fore/aft translational VOR cancellation and VOR £1 were
7.8 and 6.8 sp/s, respectively (e.g., Fig. 5l, m). These are
only slightly smaller than the mean amplitude of modula-
tion of these neurons during vergence-pursuit (9.0 sp/s)
despite the clear diVerence in peak vergence eye velocity
(0.03–0.63 vs. 16–17 deg/s, e.g., Fig. 5k–m). These results
also suggest contribution of otolith inputs to the discharge
modulation during right/left and fore/aft translation (see
“Discussion”).

Comparison with passive whole body rotation

We compared discharge of 10 of the above 14 neurons dur-
ing rotational VOR cancellation and VOR £1 (see “Materi-
als and methods”). Discharge of 2 neurons (Fig. 5a, f)
during horizontal rotation is shown in Fig. 5d, e, i, j. Both
neurons exhibited discharge during rotational VOR cancel-
lation (Fig. 5d, i), similar to that during horizontal pursuit
(Fig. 5a, f) and modulation during rotational VOR £1 was
minimal (Fig. 5e, j). Similar discharge pattern was
observed in 6 neurons. These neurons also discharged dur-
ing translational VOR cancellation (Fig. 6a). Mean dis-
charge rate of the 6 neurons during rotational VOR
cancellation, VOR £1 and chair rotation without a target in
complete darkness are shown in Fig. 6c, d. Discharge mod-
ulation of these neurons during translational and rotational

Fig. 5 Responses of FEF pur-
suit neurons during translational 
and rotational VOR cancellation 
and VOR £1. Discharge of 3 
neurons is shown (a–e, f–m, 
n–o) during horizontal pursuit 
(a, f), vergence-pursuit (k, n), 
VOR cancellation during right/
left translation (b, g), VOR can-
cellation during fore/aft transla-
tion (l, o), VOR £1 during right/
left translation (c, h), VOR £1 
during fore/aft translation (m), 
rotational VOR cancellation 
(d, i), and rotational VOR £1 
(e, j). In each, the top trace is 
target velocity which was identi-
cal to chair velocity during VOR 
cancellation. The bottom two 
traces are spike rasters and 
averaged histograms of cell 
discharge with superimposed Wt 
sine waves during smooth-
pursuit. Other traces are as 
labeled. For further explanation, 
see text
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VOR cancellation and VOR £1 was basically similar
(Fig. 6a–d).

It has been shown that discharge of Xoccular gaze veloc-
ity Purkinje cells is approximated by linear addition of

discharge modulation during fronto-parallel pursuit and
VOR £1 (Lisberger and Fuchs 1978). FEF pursuit neurons
exhibited similar addition during rotational VOR cancella-
tion (Akao et al. 2007). Similar addition was also observed
during right/left translational VOR cancellation in the
seven neurons as shown in Fig. 6a, blue (also Fig. 6c for the
six neurons: blue for rotational VOR cancellation).

Recording location

Figure 7 illustrates the recording tracks of the 2 monkeys
(a, b, c, d). Responding neurons were found in the fundus of
the arcuate sulcus and the area dorsal to the superior arcuate
sulcus and spur (Fig. 7b, d). These areas are similar to those
reported in previous studies for pursuit neurons responsive
to whole body rotation (Fukushima et al. 2000; also Ebata
et al 2004).

Discussion

The present study has demonstrated for the Wrst time that the
majority of FEF pursuit neurons in alert monkeys were acti-
vated by passive whole body translation without a target in
complete darkness (Figs. 1, 3, Table 1B). These responses

Fig. 6 Mean discharge rate of FEF pursuit neurons during transla-
tional and rotational VOR cancellation, VOR £1 and smooth-pursuit.
a and b show mean response of 7 neurons. c and d show mean response
of 6 neurons, during horizontal pursuit (a, c black), right/left transla-
tional VOR cancellation (a, red) and VOR £1 (b, black), right/left
translation without a target in complete darkness (b, VOR D, green),
rotational VOR cancellation (c, red) and VOR £1 (d, black), and yaw
rotation without a target in complete darkness (d, green). Predicted
modulation during translational VOR cancellation is shown in a in blue
by adding discharge during smooth-pursuit and translational VOR £1.
Predicted modulation during rotational VOR cancellation is shown in
c in blue by adding discharge during smooth-pursuit and rotational
VOR £1. Mean resting discharge rate during Wxation of a stationary
target without vestibular stimulation was subtracted from the predicted
discharge in a, c. In b, d Wt sine function is shown for each discharge.
For further explanation, see text

Fig. 7 Recording locations of 2 monkeys. a, b and c, d are from diVer-
ent monkeys. a and c, top view of the left peri-arcuate cortex. The grey
area in a indicates entry points of tracks. b and d, cross sections
through areas indicated by dashed lines in a and c, respectively, show-
ing trajectory of tracks containing responsive neurons
123



Exp Brain Res (2009) 193:455–466 465
were not a result of translational VOR for the following rea-
sons. (1) Vergence eye velocity was induced minimally dur-
ing fore/aft translation without a target (Fig. 1e, i). (2) There
was no correlation between sensitivity of these neurons to
chair velocity during fore/aft and right/left translation and
simultaneously evoked translational VOR (Fig. 2c–g). (3)
During translation at diVerent orientations (Fig. 3), discharge
modulation was not accounted for by simultaneously recorded
translational VOR. (4) During right/left translation and fore/
aft translation with a target, nearly all neurons tested (13/14)
discharged when the monkeys cancelled VOR by Wxating a
target that moved together with whole body during which eye
velocity was induced minimally (Figs. 5, 6), and (5) during
translational VOR £1 also, discharge of FEF pursuit neurons
cannot be accounted for by eye velocity sensitivity alone (e.g.,
Fig. 5a vs. c, k vs. m). It is well known that horizontal whole
body translation selectively activates the otolith organ, espe-
cially, utriculus (see Wilson and Melvill Jones 1979 for a
review). Therefore, our results indicate that otolith inputs con-
tributed to the discharge modulation of FEF pursuit neurons to
horizontal translation in complete darkness.

Previous studies in our laboratory have shown that the
majority of pursuit neurons in the caudal FEF respond to
semi-circular canal inputs induced by passive whole body
rotation in complete darkness and that preferred directions
to semi-circular canal inputs and pursuit-preferred directions
are similar (Fukushima et al. 2000; Akao et al. 2007). The
present results show that there was no obvious directional
correlation between discharge modulation induced by fore/
aft and right/left translation and vergence-pursuit/horizon-
tal-pursuit preferred directions (Fig. 2c–e). Our results has
demonstrated that preferred directions of translational
responses of FEF pursuit neurons were distributed nearly
evenly in front of the monkeys (Fig. 4). We rarely obtained
neurons with preferred directions oriented backward of the
monkeys (Fig. 4). It is possible that pursuit related neurons
do not need to know about targets and movements behind
the animal where it cannot see. However, because during
fore/aft translation some FEF pursuit neurons discharged
during backward translation (Fig. 2a, phase near §180°), it
is also possible that the lack of neurons with preferred direc-
tions oriented backward of the monkeys was due to our
small sample. In the present study, we are unable to deter-
mine whether some FEF pursuit neurons had a vertical pre-
ferred direction due to the limitations of our experimental
apparatus. Nevertheless, our results suggest a diVerence in
the way otolith and semi-circular canal inputs are repre-
sented in FEF pursuit neurons (see below).

It has been shown that the majority of FEF pursuit
neurons signal gaze velocity during passive whole body
rotation (Fukushima et al. 2000, 2008; Akao et al. 2007)
with discharge characteristics similar to Xoccular gaze
velocity Purkinje cells (Miles and Fuller 1975; Lisberger

and Fuchs 1978). Comparison of discharge modulation dur-
ing right/left translational VOR cancellation and VOR £1
revealed that half of FEF pursuit neurons tested in the pres-
ent study (7/14) exhibited discharge characteristics similar
to gaze velocity neurons (Fig. 5a–c, f–h). Moreover, dis-
charge of these neurons during translational VOR cancella-
tion was approximated by linear addition of discharge
modulation during fronto-parallel pursuit and translational
VOR £1 (Fig. 6a). These results suggest that some FEF
pursuit neurons signal gaze velocity during right/left trans-
lation as well as whole body rotation.

The pathway of otolith input to FEF remains to be deter-
mined. Similar preferred directions have been reported for
many neurons in the medial superior temporal (MST) cortical
area that respond to passive whole body translation (DuVy
1998; Page and DuVy 2003; Gu et al. 2006). Reciprocal con-
nections between the FEF and MST (Tusa and Ungerleider
1988; Stanton et al. 1993, 1995; Tian and Lynch 1996a, b)
may transmit otolith signals from MST to FEF pursuit neurons.

Otolith and semi-circular canal signals to the FEF pursuit
area may, at least in part, be transmitted by direct projections
from the thalamus. Such projections have been suggested by
anatomical and electrophysiological studies in rats and mon-
keys (Shiroyama et al. 1999; Ebata et al. 2004; also, de
Waele et al. 2001 in humans). Latencies of vestibular
responses of FEF pursuit neurons induced by whole body
ramp rotation (»20 ms, Akao et al. 2007) are consistent with
such direct projections (also, Fukushima et al. 2008 for head
only rotation). Further studies are needed to examine laten-
cies of otolith responses of FEF pursuit neurons induced by
whole body ramp translation. Also, to understand the role of
otolith inputs to the caudal FEF, future studies are needed to
test the eVects of target distance on discharge modulation of
FEF pursuit neurons during whole body translation. The
diVerence in the way otolith and semi-circular canal inputs
are conveyed to FEF pursuit neurons as discussed above may
be related to the diVerence in requirement of translational and
rotational VOR (see Angelaki 2004 for a review).
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