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Visual Responses of Neurons in the Nucleus
of the Basal Optic Root to Stationary Stimuli

in Pigeons
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The nucleus of the basal optic root of the accessory optic
system in pigeons is involved in generating optokinetic
nystagmus, which stabilizes object images on the retina
by compensatory eye movements. Previous studies have
indicated that basal optic neurons are selective for the
direction and velocity of motion. The present study
shows that these optokinetic cells also respond to sta-
tionary stimuli and thereby could be categorized into
three groups. The first group of cells (69.1%) responds to
stationary gratings orthogonal to the preferred direction
but not to gratings parallel to the preferred direction.
They do not respond to stationary random-dot patterns
without any orientational cues. The second group of cells
(7.4%) almost equally discharges a series of bursts in
response to stationary gratings with any orientations and
to random-dot patterns as well. The third group of cells
(28.5%) is responsive to motion but not to stationary
gratings and random-dot patterns. The receptive field of
basal optic cells is composed of an excitatory field and
an inhibitory field, both of which overlap or occupy dif-
ferent regions in the visual field. The aforementioned
properties may be attributed to the excitatory receptive
field, whereas the inhibitory receptive field is functional
when visual stimuli are moving in the direction opposite
to the preferred direction of basal optic cells. The func-
tional significance of visual responses of optokinetic neu-
rons to stationary patterns is discussed.
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The nucleus of the basal optic root (nBOR) of the
accessory optic system in birds is thought to be homolo-
gous to the terminal nuclei of the accessory optic tract in
mammals (Fite, 1985; McKenna and Wallman, 1985).
These nuclei are involved in generating optokinetic nys-
tagmus, which stabilizes object images on the retina by
compensatory eye movements. In addition to its coordi-
nation and competition in generating optokinetic nystag-
mus with the pretectal nucleus lentiformis mesencephali
(Baldo and Britto, 1990; Nogueira and Britto, 1991; Gu et
al., 2001; Wang et al., 2001), nBOR also exerts modula-
tory actions on rotundal neurons in the tectofugal pathway
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(Wang et al., 2000a; Diekamp et al., 2001) and on visual
cells in the dorsolateral thalamus (Gu, Cao, and Wang,
unpublished data) in the thalamofugal pathway in pigeons.

Electrophysiological studies have shown that visual
neurons within the avian nBOR (Britto et al., 1981; Burns
and Wallman, 1981; Morgan and Frost, 1981; Gioanni et
al., 1984; Wylie and Frost, 1990; Wolf~-Oberhollenzer and
Kirschfeld, 1994; Zhang et al., 1999) and its mammalian
homologues (Soodak and Simpson, 1988; Mustari and
Fuchs, 1989) respond to motion of large-field stimuli in
particular (preferred) directions. They usually prefer mo-
tion in the ventrodorsal, dorsoventral, or nasotemporal
directions. The nBOR neurons also respond in an inhib-
itory manner to motion in the direction opposite to the
preferred direction (Morgan and Frost, 1981; Britto et al.,
1990; Frost and Sun, 1997; Zhang et al., 1999).

All these physiological studies on nBOR cells used
moving targets as visual stimuli to describe the directional
preference and velocity selectivity of optokinetic cells. A
recent study has shown that visual cells in the pigeon
nBOR respond vigorously to motion of a leading edge,
whose orientation is an essential factor affecting visual
responses of these cells (Wang et al., 2000b). We therefore
wondered whether optokinetic neurons respond to sta-
tionary objects and what the relationship between the
preferred direction and the orientation of visual stimuli
would be in the pigeon nBOR. The present study was
undertaken by using extracellular recording and quantita-
tive analysis techniques.

MATERIALS AND METHODS

Twenty-two adult pigeons (Columba livia) of either sex,
weighing 360—430 g, were used following the policy on the use
of animals in neuroscience research approved by the Society for

Contract grant sponsor: National Natural Science Foundation of China;
Contract grant sponsor: Chinese Academy of Sciences.

*Correspondence to: Shu-Rong Wang, Laboratory for Visual Information
Processing, Institute of Biophysics, Chinese Academy of Sciences, 15 Datun
Road, Beijing 100101, China.

E-mail: wangsr@sun5.ibp.ac.cn or srwang@hotmail.com

Received 22 June 2001; Revised 13 November 2001; Accepted 16 No-
vember 2001



Neuroscience. Each pigeon was anesthetized with urethane
(20%, 1 ml/100 g) and then placed in a stereotaxic apparatus.
The left caudal forebrain was surgically exposed and the dura
mater overlying nBOR excised. The right eye was kept open,
the left covered. The eye movements were intermittently mon-
itored by the experimenter, and no observable movements were
found. Isolation of units unresponsive to stationary patterns also
gave some indication of the eye stability. A screen of 130°
vertical X 140° horizontal was positioned 40 cm from the right
eye. The horizontal meridian of the visual field was rotated
clockwise by 38° to meet the pigeon’s normal conditions
(Erichsen et al., 1989). Gratings consisting of equal-width black-
and-white stripes (0.02—0.5 cycles per degree of visual angle) or
random-dot patterns (1-12 degree dot size, 0.44—64 dots/100
square degrees in density) as visual stimuli were generated by a
workstation (Silicon Graphics Indigo 2) and back-projected
with a three-color projector (Electrohome ECP4). This projec-
tor could automatically focus over the whole screen so that the
out-of-focus blur at any points on the screen was eliminated. It
showed a blank white or black field on the screen to test
ON-OFF responses. The luminance of blackness and whiteness
in visual stimuli was 0.1 and 6.6 candles per degree/m?>, respec-
tively, so the black—white contrast was 0.97. The gratings were
projected onto the screen stationary, with orientation parallel
(0°), orthogonal (90°), or 45° or 135° oblique to the preferred
direction of a given cell. In some cases, effects of the spatial
frequency of gratings on visual responses were examined, but
the spatial phase dependence was not studied here. The random-
dot patterns without orientational cues were also presented to
examine visual responses of the cell to stationary stimuli. Stimuli
of different types (stationary gratings, moving gratings, random-
dot patterns) were presented in blocks of interleaved trials, and
the order of stimuli (of various orientations, spatial frequencies,
and/or types) was randomized. The interval between consecu-
tive stimulations was at least 5 sec to ensure that the cell
completely recovered. The stimuli stayed on the screen for
5-300 sec, but the number of spikes was usually collected in the
first 1.5-2.5 sec after stimulus presentation, and an average firing
rate in three sweeps was calculated. Statistical analyses were
made between the control and the experimental values obtained
with various gratings and dot patterns.

Visual cells were stereotaxically recorded from nBOR
according to the pigeon brain atlas (Karten and Hodos, 1967)
with a micropipette (2-3 pwm tip diameter) filled with 2 M
sodium acetate and 2% pontamine-sky blue (Hellon et al.,
1971). Neuronal spikes were amplified, displayed on an oscil-
loscope, and fed into the workstation computer for online
analysis. The location and extent of the excitatory receptive field
(ERF) of a given cell were mapped with the workstation (Fu et
al.,, 1998a; Zhang et al.,, 1999). In some cases, the inhibitory
receptive field (IRF) was also mapped. A random-dot pattern
consisting of dots of 2° visual angle in size and 1.4 dots/100
square degrees in density was moved at 8°/sec over the receptive
field randomly in eight directions [spaced by 45° relative to nasal
(0°)] to determine the preferred direction of the cell. The
orientation of gratings was always specified relative to the pre-
ferred direction of the cell. When ERF and/or IRF were
examined, a display window technique was used to restrict
stimulation within these particular regions.
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At the end of some experiments, the recording sites of
visual neurons were marked with pontamine-sky blue applied
by negative current pulses of 10—20 A in intensity and 0.5 sec
in duration at 1 Hz for 10—15 min. With the animal under deep
anesthesia, the brain was removed from the skull, fixed in 4%
paraformaldehyde for 6—-12 hr and soaked in 30% sucrose solu-
tion in a refrigerator overnight. Frozen sections were cut at 100
pm thickness and counterstained with neutral red. Sections
were dehydrated and covered for subsequent microscopic ob-
servation.

RESULTS

Sixty-eight nBOR neurons were recorded, and their
orientation sensitivity to stationary stimuli was examined.
They included 67 directional cells preferring motion in a
particular (preferred) direction and 1 omnidirectional cell
responding almost equally to motion in all directions ex-
amined. Among these, 51 cells (75%) were spontaneously
firing at rates ranging from 3 to 51 spikes/sec, and 17
others (25%) were silent. According to their orientation
selectivity, these cells could be categorized into three
groups.

The first group included 47 cells (69.1%) that were
sensitive to orientation of gratings (Fig. 1A). They con-
tained 35 spontaneous cells and 12 silent cells. They pro-
duced ON-OFF (4 cells), OFF (25 cells), or no (18 cells)
responses to light on and off. The spontaneous cells had an
average spontaneous rate of 16.0 £ 11.3 spikes/sec
(mean = SD, n = 35) and responded to stationary gratings
orthogonal to the preferred direction with a firing rate of
46.7 = 23.2 spikes/sec, showing obvious visual responses.
On the other hand, these cells fired at a rate of 16.2 = 11.8
spikes/sec to stationary gratings parallel to the preferred
direction, clearly showing that the rate was not different
from the spontaneous rate. Gratings that were 45° or 135°
oblique to the preferred direction elicited intermediate
responses in 18 cells examined. These cells had a sponta-
neous rate of 14.2 = 8.3 spikes/sec and responded to 45°
gratings with a higher rate of 22.9 £ 12.8 spikes/sec (f =
5.756, n = 18, P < 0.01) and to 135° gratings with a
higher rate of 22.2 * 10.7 spikes/sec (f = 6.394, n = 18,
P < 0.01). In contrast, all 26 cells examined did not
respond to stationary random-dot patterns without any
orientational cues. They had a spontaneous rate of 13.3 *
7.6 spikes/sec and responded to random-dot patterns with
a firing rate of 14.5 = 8.9 spikes/sec, showing no signif-
icant change (t = 1.699, n = 26, P > 0.01). This orien-
tation selectivity was also true for 12 silent cells (sponta-
neous rate = 0). They discharged visual firings at 28.9 =
16.7, 8.0 £ 7.0, and 8.6 £ 7.6 spikes/sec, respectively, in
response to stationary gratings orthogonal, 45°, and 135°
to the preferred direction. They did not respond to grat-
ings parallel to the preferred direction or to random-dot
patterns at all. The spatial frequency of gratings is also a
factor affecting visual responsiveness of nBOR cells.
Among 16 cells examined, 1 cell was maximally sensitive
to a frequency of 0.5 cycles per degree, 6 cells to 0.16
cycles per degree, 7 cells to 0.08 cycles per degree, and 2
cells to 0.04 cycles per degree. The receptive fields of
nBOR cells preferring higher spatial frequencies (0.16—
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0.50 cycles per degree) were located in the central visual
field, whereas those of cells sensitive to lower frequencies
(0.04—0.08 cycles per degree) were located in the periph-
eral visual field. In the first group, all nBOR cells vigor-
ously responded to motion of gratings or random-dot
patterns. The relationship between firing rate produced by
motion of gratings and that produced by stationary grat-
ings in these cells is shown in Figure 2A and the cell
distribution in Figure 2B.

Fig. 1. Firing histograms of three
nBOR cells (A=C) in response to
stationary gratings (a—d), random-
dot patterns (¢), and motion of
gratings (f). Their spontaneous ac-
tivity as control is shown at the
top. Vertical, horizontal, and
oblique gratings represent those
that are orthogonal (a), parallel
(b), or 45° (¢) or 135° (d) oblique
to the preferred direction of these
cells, whose direction tuning pro-
files are drawn in polar coordi-
nates at the bottom. Gratings
(0.08 cycles per degree) and
random-dot patterns (dot of 6.3°
in size and 1.6 dots/100 square
degrees in density) are projected
onto the whole screen (130° X
140°) and left there to collect
spikes for 2-5 sec. The number of
spikes is accumulated for three
sweeps. The recording sites of
cells A—C are labeled with the
numerals 2, 4, and 3, respectively,
in Figure 4. N, D, T, and V rep-
resent nasal, dorsal, temporal, and
ventral in the visual field, which is
rotated clockwise by 38° to meet
the pigeon normal conditions.
Dotted circles signify 12.5 spikes/
sec in A, 25 spikes/sec in B, and
15 spikes/sec in C, and solid cir-
cles indicate spontaneous firing
levels. Arrow in f denotes motion
of gratings, with upward and
downward deflection of lower
traces representing the onset and
end of motion, respectively.
Scales: 10 spikes in A, 50 spikes in
B, and 20 spikes in C (time bin is
100 msec), and 1 sec.

The second group consisted of 5 cells (7.4%) that
were bursting in response to stationary stimuli (Fig. 1B).
They produced OFF (3 cells) or no (2 cells) responses to
changes in light. All of them were spontaneously active,
with an average rate of 16.3 * 3.5 spikes/sec. Gratings
orthogonal to the preferred direction of these cells pro-
duced regular bursts, each of which lasted for 0.22 = 0.02
sec (n = 4 X 5) and were intermittent for 1.37 £ 0.06 sec
(n = 3 X 5). Firing rate in a burst reached 88.0 £ 21.5
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Fig. 2. A: Relationship between visual responses of 63 nBOR cells to
motion of gratings and those to stationary gratings. Firing rate in 47 cells
(solid circles) produced by stationary gratings orthogonal to the pre-
ferred direction is positively correlated with that produced by gratings
moved at the optimal velocity in the preferred direction. The dotted
line corresponds to the linear regression with a slope of 0.24. Sixteen
cells (open circles) responded to motion but not to stationary patterns.
B: Histograms showing the distribution of 63 cells plotted against the
responses to the optimal stationary gratings (minus the spontaneous
rate), clearly showing that the distribution is bimodal, corresponding to
the two groups of cells.

spikes/sec (n = 4 X 5), and that in an interburst was
17.6 = 3.0 spikes/sec (n = 3 X 5). The interburst rate was
not significantly different from the control value (f =
1.342, n = 3 X 5, P> 0.01). This bursting activity could
last for up to 300 sec during stationary stimulation. Two of
these cells were also examined for eftects of gratings par-
allel or 45° or 135° oblique to the preferred direction on
visual responsiveness. Their spontaneous rates were 20.9
and 20.0 spikes/sec, respectively. These orientational grat-
ings always elicited regular bursts, each of which lasted for
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0.20—0.22 sec in one cell and 0.20—0.24 sec in the other,
and interburst intervals were almost identical (1.2—1.4 sec).
For all orientations (0°, 45°, and 135°), firing rate in bursts
was 101-105 spikes/sec in one cell and 100-106 spikes/
sec in the other, and interburst rate was 22.0-22.3 and
20.0-20.8 spikes/sec, respectively. Firing parameters ob-
tained with random-dot patterns were quite similar to
those with orientational gratings. Motion of gratings or-
thogonal to the preferred direction elicited much stronger
responses, though still in a bursting pattern; however, the
burst duration was significantly prolonged (1.08—1.21 sec
in one cell and 1.11-1.20 sec in the other) and the inter-
burst duration shortened (0.15—0.28 sec and 0.11-0.30
sec, respectively; Fig. 1B). The receptive fields of all
bursting cells examined in the present study were located
in the temporal region of the visual field.

The third group contained 16 cells (23.5%) that were
unresponsive to stationary stimuli (Fig. 1C). Five of them
produced OFF responses, and 11 others did not respond to
changes in light. This group included 11 spontaneous cells
and 5 silent cells. Their average spontaneous rate was
19.6 £ 12.2 spikes/sec. Firing rate in response to gratings
orthogonal to and parallel to the preferred direction of
these cells was 20.2 = 11.5 and 20.6 = 12.2 spikes/sec,
respectively. Statistical analysis showed that they did not
respond to these gratings (90°: r = 0.879; 0°: t = 0.928;
n =11, P > 0.01). Six of them were examined for visual
responses to 45° and 135° oblique gratings. Their sponta-
neous rate was 17.4 * 9.0 spikes/sec, and firing rate in
response to 45° and 135° gratings was 17.5 * 11.2 and
17.2 £ 8.8 spikes/sec, respectively. These data clearly
showed that the cells’ firing rate was kept at the sponta-
neous level. Stationary gratings with identical orientation
but difterent frequencies (0.02—0.5 cycles per degree) or
phases (0°, 180°) did not elicit changes in visual responses.
Stationary random-dot patterns did not produce visual
responses either. However, motion of visual stimuli could
evoke sustained responses from these cells (Fig. 1C). The
relationship between firing rate produced by motion of
gratings and that produced by stationary gratings in these
cells is shown in Figure 2A and the cell distribution in
Figure 2B. The omnidirectional cell recorded in the
present study belonged to this group. It appeared that these
visual responses were not correlated to the directional
selectivity of nBOR cells. For example, 27 dorsoventral-
preferring cells included 19 orientational cells, 2 bursting,
cells and 6 motion-responsive cells, and 23 nasotemporal-
preferring cells included 14 orientational, 3 bursting, and 6
motion-responsive cells.

Nine nBOR cells were examined for the functional
actions of ERF and IRF in producing visual responses to
stationary gratings. They had an average spontaneous rate
of 20.6 * 15.1 spikes/sec and responded to gratings in
ERF that were orthogonal to the preferred direction with
a firing rate of 39.3 = 22.8 spikes/sec. It was obvious that
the gratings in ERF significantly increased visual respon-
siveness (f = 3.581, n = 9, P < 0.01). Gratings that were
parallel to the preferred direction did not evoke visual
responses. Motion of gratings produced vigorous responses
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Fig. 3. Firing histograms showing differential roles of the excitatory
receptive field (ERF) and inhibitory receptive field (IRF) of an nBOR
cell in its responses to gratings, which are presented in the display
window restricted by ERF or IRF. Within ERF (70° X 80°), stationary
gratings orthogonal to (a) but not those parallel to (b) the preferred
direction of the cell produce visual responses. Within IRF (70 X 80
deg), stationary gratings at any orientations (d,e) could not evoke visual

(Fig. 3a—c). On the other hand, these cells responded to
stationary gratings within IRF that were orthogonal or
parallel to the preferred direction with firing rates of
20.5 £ 15.8 and 20.7 £ 18.4 spikes/sec, respectively. It
was clearly seen that both orientations could not change
the firing activity of nBOR cells. However, motion of
gratings within IRF in the direction opposite to the pre-
ferred direction could elicit significant inhibitory responses
(Fig. 3d—f).

The recording sites of 30 cells, including 21 orien-
tational, 4 bursting, and 5 motion-sensitive cells, were all
marked within nBOR (Fig. 4), histologically verifying that
our recording technique is very reliable. It appeared that
visual properties of nBOR cells in response to stationary
stimuli and motion might be not correlated with their
locations within the nucleus. However, this conclusion
might be a bias resulting from the small sample of nBOR
cells used in the present study.

DISCUSSION

It has traditionally been thought that visual neurons
in the avian nBOR are selective for the direction and
velocity of motion of large-field stimuli and also respond
in an inhibitory manner to motion in the direction oppo-
site to the preferred direction. The present study shows for
the first time that most nBOR neurons in pigeons respond
to stationary stimuli, although their responses to motion
are stronger than those to stationary stimuli. These visual
responses to stationary stimuli could not be due to move-
ments of the eyes, because eye movements were not
observed to occur during the experiments. Otherwise, for
example, the third group of nBOR cells should respond to
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responses. Motion (rightward arrow) in ERF (c) in the preferred
direction elicits responses, but motion (leftward arrow) in IRF in the
direction opposite to the preferred direction induces inhibition (f).
Upward and downward deflections of lower traces represent the onset
and end of motion in ¢ and f. The recording site of the cell is labeled
with the numeral 1 in Figure 4. Scales: 10 spikes (time bin is 100 msec)
and 1 sec.

stationary gratings or random-dot patterns owing to mo-
tion of stimuli on the retina. The possibility could be
excluded that visual responses of nBOR cells to stationary
stimuli stem from ON responses probably caused by pre-
senting visual patterns. In fact, most nBOR cells without
ON-OFF responses to changes in light and most cells with
OFF responses do produce visual responses to stationary
stimuli.

The main finding of the present study is that there
are three groups of cells in the pigeon nBOR, which
respond to stationary gratings and random-dot patterns in
different ways. About 70% of cells are sensitive to the
orientation of stripes in stationary gratings. Gratings or-
thogonal to the preferred direction for these cells produce
strong responses, whereas stationary gratings parallel to the
preferred direction and random-dot patterns without any
orientational cues do not elicit visual responses at all. It is
conceivable that obliquely oriented gratings could elicit
medium-magnitude responses. This orientational sensitiv-
ity to stationary stimuli is similar to the sensitivity of
optokinetic neurons to moving edges with orientation
cues (Fu et al., 1998b; Wang et al., 2000b). The results
indicate that nBOR cells could extract information on the
orientation of a stimulus relative to its preferred direction
of motion. A similar relationship between the preferred
direction of motion and the optimal orientation of stimuli
has also been reported for the visual cortex in mammals
(Movshon et al., 1985; Scannell et al., 1996), showing that
cortical cells could signal the direction of movement or-
thogonal to the preferred orientation. About 10% of cells
discharge regular bursts in response to stationary gratings
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Fig. 4. Topographic distribution of 30 recording sites marked with dye
(A) and anatomical location of the nBOR (B) in cross-sections of the
pigeon’s brain. Solid, stippled, and open circles represent orientational,
bursting, and motion-sensitive cells, respectively. Sections in A are
arranged rostrocaudalward from top to bottom. AP values symbolize
the anterior—posterior levels in the pigeon brain atlas (Karten and
Hodos, 1967). Numerals 1-4 label cells whose electrophysiological data
are shown in other figures. D, L, V, and M represent dorsal, lateral,
ventral, and medial sides. nBORd, nBOR dorsalis; SOp, stratum
opticum; SP, nucleus subpretectalis; Imec, nucleus isthmi pars magno-
cellularis; AL, ansa lenticularis; QF, tractus quintofrontalis; NIII, nervus
oculomotoris; TeO, tectum opticum. Scale bars = 1 mm.
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and random-dot patterns irrespective of the orientation of
stimuli. It is interesting to note that some nBOR cells fire
regular bursts in response to depolarizing current injec-
tions in brain slice preparations (Tang and Wang, unpub-
lished data). This implies that this bursting activity may be
endogenous to nBOR cells. Similar bursting activity has
been found in the visual cortex (Gray and McCormick,
1996; Mancilla et al., 1998), in the pigeon tectum (Hardy
et al., 1987; Luksch et al., 2001), and in the lateral genic-
ulate nucleus (Weyand et al., 2001). These authors have
suggested that bursting firing may be related to behavioral
state (Weyand et al., 2001), and the switch between burst-
ing and tonic modes can be controlled by modulatory
afferents (Sherman, 2001), for example, from the pretectal
nucleus lentiformis mesencephali (Nogueira and Britto,
1991; Wang et al., 2001) and from the visual forebrain
(Britto et al., 1990). Because of the fact that detectability
of signals is higher during bursting mode than during tonic
mode, bursting firing may act as a “wake-up call” to report
something changed in the environment (Sherman, 2001).
This higher detectability would be essential for the func-
tion of the optokinetic system. Alternatively, these burst-
ing cells may mediate synchronous firing in assemblies of
neurons (Gray and McCormick, 1996), so that these as-
semblies of cells may work together in generating opto-
kinetic nystagmus. The remaining 20% of cells examined
in the present study respond to motion but not to stationary
stimuli at any orientation. Although nBOR cells show dis-
tinct properties in response to stationary stimuli, all nBOR
cells vigorously respond to motion of visual patterns. Under
these circumstances, nBOR cells respond to motion in tonic
firing mode, which could provide more faithtul reconstruc-
tion of the visual world (Sherman, 2001).

The receptive field of visual neurons is a dynamic
functional structure with spatiotemporal characteristics, de-
pending on the general state of the brain (Worgotter et al.,
1998), local circuitry (Wang et al., 2000c), or visual environ-
ment. However, all the methods that the experimenters have
used to date for mapping the receptive field of visual cells
would confound time and space. This fault would probably
not influence the results of the present study, because the size
and separation or overlap of ERF and IRF are not essential
factors influencing the visual responses of nBOR cells to
stationary stimuli. The present study shows that ERF in most
nBOR cells can detect not only visual patterns in motion but
also stationary stimuli, whereas IRF can detect only motion
in the direction opposite to the preferred direction. It appears
that no spatial interaction exists between ERF and IRF in
response to stationary gratings. However, the linear and non-
linear mechanisms underlying spatial summation of cortical
cells in cats (Emerson et al., 1987; Reid et al., 1987; Ferster
and Jagadeesh, 1991) may also act in the formation of recep-
tive field properties of nBOR cells (Ibbotson et al., 1999).

Taken together with previous studies (Britto et al.,
1981; Burns and Wallman, 1981; Morgan and Frost, 1981;
Gioanni et al., 1984; Wylie and Frost, 1990; Wolf-
Oberhollenzer and Kirschfeld, 1994; Zhang et al., 1999),
our study suggests that the almost all nBOR cells are
selective for the direction and velocity of moving targets in
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generating optokinetic nystagmus. Meanwhile, most
nBOR cells can detect stationary stimuli that are present
before visual targets start to move or after the targets stop
moving. This property might render nBOR cells ready to
fire immediately at the moment when the targets start to
move or resume moving. A small group of bursting cells
can signal the appearance of targets in the visual field
irrespective of their orientation and patterns, and a large
group of cells report the appearance of targets with orien-
tational cues. The fact that the firing rate of most nBOR
cells in response to stationary patterns is diminished as a
function of time may imply that these changes give some
cues for stabilization of retinal images.
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