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Shape Representations and
Visual Guidance of Saccadic Eye
Movements

Tirin Moore

One hallmark of primate vision is that the direction of gaze is constantly shift-
ing to position objects of interest appropriately on the fovea, where visual
acuity is greatest. This process must involve the close cooperation of oculo-
motor and visual recognition mechanisms because visual details must be trans-
lated into specific motor commands. This paper describes the correspondence
between the presaccadic activity of V4 neurons and the degree of visual
guidance of saccadic eye movements to objects of different form. The results
suggest that neurons that participate in coding visual stimuli are also involved
in guiding the eyes to prominent features of objects.

Because only a small fraction of the primate
retina has heightened acuity, the point of
fixation must constantly be moved about to
allow detailed visual processing of objects of
interest within the visual scene. Moreover,
this must be done so that each change in gaze
places the eye at convenient locations on the
target stimulus once the movement is com-
pleted. For example, when scanning this text,
the reader’s eyes must accurately jump from
word to word so that when each item is
fixated it can be processed rapidly and the
next eye movement can be planned. Studies
of eye movements during reading have
shown that the speed at which subjects scan
text is determined partly by where each eye
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movement places the fovea within words and
that for each word there appears to be an
optimal landing position for the eye (/). To
accomplish this requires that each individual
eye movement be guided by detailed visual
information obtained from locations periph-
eral to the current point of fixation. During all
types of visual scanning, saccadic eye move-
ments of both humans and monkeys follow
the detail of visual images to a striking degree
(2). This fact suggests that visual cortical
mechanisms responsible for coding stimulus
form are also actively involved in guiding eye
movements to salient features of objects.
Most studies of oculomotor mechanisms
have ignored the possible role of visually selec-
tive neurons in programming eye movement
commands. Among the two apparent process-
ing streams within the primate visual cortex (3),
only the dorsal projecting visual areas, areas in
the posterior parietal cortex, have been impli-
cated in oculomotor control. In contrast, ventral
visual cortical areas that contain neurons selec-
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tive for stimulus features, such as color and
orientation, have been primarily regarded as
passive perceptual mechanisms (4). The major
reason for this view is that dorsal stream visual
areas contain neurons that respond in conjunc-
tion with saccadic eye movements and that
electrical stimulation of some dorsal areas can
evoke eye movements (5). There is, however,
little evidence of the involvement of ventral
stream visual areas in the programming of eye
movements.

Extrastriate area V4 is the major source of
visual input to the inferior temporal cortex
(6), the terminus of the ventral stream; thus,
neurons within V4 are very sensitive to stim-
ulus form and color (7). Neurons within this
area are modulated by focal attention in the
absence of eye movements (§). However,
they are also activated in advance of visually
guided saccadic eye movements (9). The sac-
cade-related activation within this area may
merely reflect the fact that shifts in attention
typically precede shifts in gaze, but it also
may reflect a mechanism by which detailed
visual information useful in guiding the eyes
to salient features of objects is synchronized
with the saccade command. We examined
this possibility by studying the correspon-
dence between neural activation preceding
eye movements to targets of different form
and the metrics of saccadic eye movements.

We recorded the activity of 91 single neu-
rons in extrastriate area V4 of two monkeys
(Macaca mulatta) performing a visually
guided delayed saccade task. In this task, the
monkeys were trained to make saccadic eye
movements to stable visual stimuli presented
within the visual receptive field (RF) of a V4
neuron (/0). The response of a V4 neuron
during the saccade task is shown in Fig. 1A.
The responses of the neuron during the first
half of each trial are aligned to the onset of
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Fig. 1. Response of V4 neurons during the delayed saccade task. (A) Responses of a  p Receptive

single V4 neuron during delayed saccadic eye movements to an oriented bar stimulus Feld D _ sﬁmus _

presented within the cell’s RF. Each plot shows mean instantaneous firing rate super- A

imposed over spike rasters obtained from individual trials. The cell’s activity during the + \\ ) §\EE'/
-~ -

first half of each trial is aligned to the onset of the RF stimulus (left) and during the
second half it is aligned to the saccade (right). Cartoon above illustrates the two phases Eye [
of the trial. In the first half, the point of fixation (+) was on the fixation spot; in the RF stimulus —|

second half, the monkey made a saccade to the RF stimulus (arrow). The saccade- ‘ g
aligned plots were sorted from top to bottom in order of increasing saccade latency and
the cue to saccade (offset of the fixation spot) is indicated during each trial (*). (Top)
Activity when the bar stimulus was presented at the preferred orientation. (Bottom)

Activity when the nonpreferred orientation was presented. In both conditions, the 2 S -
monkey was required to make saccades to the bar stimulus at the end of the trial. 3 4 : H
When the preferred stimulus was presented, the neuron responded not only at the time z | ) . o
of onset but also immediately before the monkey made a saccade to the stimulus. & 0 e a0 RTINS
When the bar stimulus was presented at the nonpreferred orientation, the neuron Time from Stimulus  Time from Saccade
responded at neither time. (B) Selectivity profiles of 83 V4 neurons during trials in B Onset (ms) Onset (ms)
which monkeys made delayed saccades to oriented stimuli within a cell's RF (solid) or
to a target outside the RF (dashed) (70). Each response function is the mean difference g
in the normalized activity between trials in which the preferred and nonpreferred & = o1
orientation was within the RF (77). Both selectivity functions are first aligned to the %’ 5
onset of the stimulus (left) and then to the initiation of the saccade (right). Note that g § saccade to RF
when the saccade is made to the RF stimulus, the orientation selectivity reemerged & $ 7 stimulus
immediately before the eye movement began. When the saccade was directed to a & 5 N
target outside the RF, the selectivity declined toward zero. 35 " sacgjg?df éanget

38 o0

ee

= 500 -500 0

Time from Stimulus Time from Saccade
Onset (ms) Onset (ms)

the visual stimulus and in the second half g B
they are aligned to the onset of the saccadic ‘
eye movement. When the visual stimulus was = s ofaorlig:;t;?omn den 0 Monkey K
presented to the cell’s RF at the optimal : : Bt
orientation, the cell responded well at stimu- 2 8 o3
lus onset but then quickly adapted. The cell a
began to respond again just before a saccadic o “ g a2
eye movement was made to the RF stimulus. § o1
When the least effective orientation was pre- By
sented, the cell responded neither at the time 200 saccades 0 il o i

angle of endpoint
from axis of orientation (deg.)

of onset nor before the eye movement. This
response is typical of neurons in area V4
during this task in that many of them respond

in advance of saccadic eye movements to the 0 o s
RF and they do so in a way that depends  ‘rEew—————g §

heavily on which stimulus is the target. The gn e

temporal dynamics of orientation selectivity 90 90 5 02

from 83 selective neurons recorded in two g

monkeys performing the delayed saccade 2 ik

task are plotted in Fig. 1B (/). The two TRl R O S

functions show the response difference be-
tween preferred and nonpreferred stimulus
trials when the monkey made saccadic eye
movements to the RF stimulus or to a target
outside the RF. As in Fig. 1A, trials are first
aligned to the stimulus onset and then to the
onset of the saccadic eye movement. The
population response distinguished between
preferred and nonpreferred orientations with-
in the first 100 ms of stimulus presentation.
This selectivity decayed by more than 50%
within 500 ms even though the visual stimu-
lus was still within the RF. Yet when a
saccadic eye movement was directed to the
RF stimulus, the selectivity increased again
and peaked within 50 ms of the onset of the
movement. The saccade-aligned selectivity
recovered to about 75% of the initial stimu-
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Fig. 2. Spatial distribution of endpoints of saccades made to visual targets varying in orientation.
(A) Saccades made to oriented bar stimuli during the visually guided delayed saccade task.
Individual saccade vectors obtained from a single block of trials (13 trials per orientation) are
shown. (B) Distribution of saccade endpoints. Polar histograms (left) show angular distributions of
saccade endpoints relative to the axis of bar orientation (normalized to vertical; 0); 10 angular bins,
36° per bin. Histograms on the right show the same distributions collapsed across the orthogonal
axis of orientation, revealing the greater tendency of saccades to land near the axis of bar
orientation (peak at 0). Dotted lines indicate proportions expected within each bin if the
distributions are uniform. Observed distributions were significantly different from uniform (mon-
key K, x2 = 139, P < 0.0001, n = 2200 saccades; monkey D, x? = 131, P < 0.0001, n = 1624
saccades). Oriented bars varied in size from about 0.1° to 0.3° X 1.0° to 3.0° and were positioned
between 2.5° and 10° from the point of fixation.

lus-aligned selectivity. When an eye move- The presaccadic activity in V4 therefore

ment was directed instead to a target outside
the RF, the response selectivity fell toward
Zero.

synchronizes a representation of the target
stimulus with each saccadic eye movement.
The fact that the presaccadic activation in V4
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is visually selective at first prompted us to
consider only its possible role in perception
during eye movements (/2), but upon exam-
ining the metrics of saccades, the need to also
consider the relationship of this activity to the
saccade command became apparent. Al-
though our saccade task did not require the
monkeys to accurately foveate the RF stimu-
li, both monkeys tended to do so by default.
Moreover, they did so in a way that indicated
they had taken into account the orientation of
the stimulus before they initiated eye move-
ments (Fig. 2A). For both monkeys, eye
. movements to oriented bar stimuli typically
landed along the orientation axis of the bar
stimulus. To quantify this behavior, we con-
structed angular histograms to examine the
distribution of large samples of saccade end-
points with respect to the bar’s orientation
axis (Fig. 2B) (13). If one assumes that the
monkeys’ eye movements were not influ-
enced by the orientation of the target stimu-
lus, the endpoints should be equally distrib-
uted across all angles, forming a circular
histogram. However, for both monkeys the
proportion of endpoints was nonhomoge-
neous across angles, revealing a greater ten-
dency of the fovea to land along the axis of
orientation. Although all orientations had en-
tirely overlapping centers of gravity, the end-
points of saccadic eye movements varied pri-
marily along the bar’s orientation axis.

Fig. 3. Distributions of saccade
. endpoints relative to the axis of
preferred orientation for trials
during which the presaccadic ac-
tivity was either high or low. For
each of the 83 orientation selec-
tive neurons, trials were sorted
according to the amount of neu-
ral activity (high or low) present
immediately before initiation of
a saccadic eye movement to a
stimulus presented at the pre-
ferred orientation (73). The
mean presaccadic activity of the
two trial groups is shown by
the bar plot in the upper left
of each set of histograms. Histo-
grams show the result of sorting
the saccades according to the
amount of presaccadic activity
of individual neurns. Saccades
landed closer to the orientation 60

"high" ” 40
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This observation suggested that the presac-
cadic activity might be one mechanism by
which saccades were guided by orientation in-
formation. We therefore examined the corre-
spondence between presaccadic activation and
the degree to which eye movements followed
the orientation of the saccade target. If indeed
the saccade-related activity contributes to the
saccade command, one should expect a corre-
lation between the level of presaccadic activa-
tion and the placement of the fovea with respect
to the orientation axis. One might expect trials
with the largest présaccadic activity to be ac-
companied by eye movements that land more
accurately along the target’s orientation axis.
Likewise, trials with low presaccadic activity
should be accompanied by eye movements that
land randomly with respect to the target’s ori-
entation axis. In particular, this should be true
when eye movements are made to each cell’s
preferred orientation.

For each neuron, we separated trials into
two groups according the level of presaccadic
activation when the cell’s preferred orienta-
tion was the target of the saccade. We then
compared distributions of saccade endpoints
from trials with high or low presaccadic ac-
tivation (/4). The distributions of endpoints
between high and low presaccadic activity
differed in the degree to which the eye move-
ments placed the fovea along the axis of
orientation (Fig. 3). The trials in which
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o o :
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©
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presaccadic activity was high tended to pre-
cede eye movements that fell close the bar’s
orientation axis. In contrast, trials with poor
presaccadic activity yielded more homoge-
neous distributions. This result indicates a
correspondence between the degree of visual
guidance and the level of presaccadic activa-
tion in V4.

Because the perception of fine visual de-
tails depends on those details actually falling
on the fovea, placement of the fovea during
normal visual scanning is crucial. Visually
selective representations of visual targets pe-
ripheral to the point of fixation should there-
fore actively guide each successive saccade
command. The presaccadic activation within
areas such as V4 is perhaps the mechanism
by which detailed visual information modi-
fies oculomotor commands. The present ob-
servations suggest that neurons in V4 not
only participate in the passive representation
of visual stimuli but that they also contribute
to the active guidance of saccadic eye move-
ments. The fact that neurons in area V4
project directly to the parietal cortex, the
frontal eye fields, and the superior colliculus
(15) is consistent with this view, because
each of the latter is more directly involved in
oculomotor programming.

But is the presaccadic activation in V4 a
motor response? The fact that the presaccadic
activation in V4 depends primarily on the
visual target (12), together with the fact that
modulation of responses in V4 can be ob-
tained in attentional tasks even when eye
movements are withheld (&), appears to rule
out a direct role for this area in triggering
saccadic eye movements. Instead, the present
observations suggest a distinction between
mechanisms that initiate saccadic eye move-
ments and mechanisms that actively guide
them. Such a distinction is also supported by
studies of the effects of microstimulation of
extrastriate area MT. These studies show that
microstimulation does not typically elicit sac-
cadic eye movements but that it can nonethe-
less alter saccade vectors when eye move-
ments are made to visual targets (/6). Further
experiments might examine the effects of
microstimulation of other visually selective
areas, such as V4, on the pattern of visually
guided eye movements. Such experiments
would potentially address the close link be-
tween visual coding and motor planning and,
as the present results, expose the limitations
of a strictly visual or motor interpretation.
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Constitutive Activation of
Toll-Mediated Antifungal
Defense in Serpin-Deficient
Drosophila
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The antifungal defense of Drosophila is controlled by the spaetzle/Toll/cactus
gene cassette. Here, a loss-of-function mutation in the gene encoding a blood
serine protease inhibitor, Spn43Ac, was shown to lead to constitutive expres-
sion of the antifungal peptide drosomycin, and this effect was mediated by the
spaetzle and Toll gene products. Spaetzle was cleaved by proteolytic enzymes
to its active ligand form shortly after immune challenge, and cleaved Spaetzle
was constitutively present in Spn43Ac-deficient flies. Hence, Spn43Ac nega-
tively regulates the Toll signaling pathway, and Toll does not function as a
pattern recognition receptor in the Drosophila host defense.

Genetic analysis has established that the Toll
signaling cascade controls the antifungal host
defense of flies (/). In particular, Toll medi-
ates the expression of the antifungal peptide
drosomycin in the fat body cells by way of
Rel-Cactus complexes, which are structurally
and functionally equivalent to the vertebrate
NF-kB-IkB complexes (1, 2). Toll (T1) was
initially identified as a gene that controls
dorsoventral patterning in the Drosophila
embryo (3). The 77 gene encodes a transmem-
brane receptor with extracellular leucine-rich
repeats and an intracellular domain exhibiting
marked similarities with the cytoplasmic do-
main of the interleukin-1 receptor (4, 5). A
proteolytically cleaved form of the spaetzie
(spz) gene product is thought to be the extra-
cellular ligand of Toll both in embryonic
development and in the immune response (7,
5). In the embryo, a proteolytic cascade, involv-

TUPR 9022 CNRS, Institut de Biologie Moléculaire et
Cellulaire, 15 Rue René Descartes, Strasbourg 67084,
France. 2Department of Genetics, University of Cam-
bridge, Cambridge CB2 3EH, UK.

*These authors contributed equally to this study.
‘tPresent address: European Molecular Biology Laborato-
ry, Meyerhofstrasse 1, Heidelberg 67117, Germany.
{Present address: Wellcome/CRC Institute, Tennis
Court Road, Cambridge CB2 1QR, UK.

§To whom correspondence should be addressed. E-
mail: reichhart@ibmc.u-strasbg.fr

17 SEPTEMBER 1999

ing the Gastrulation defective, Snake, and Eas-
ter proteases, cleaves Spaetzle, a cysteine-knot
growth factor, cytokine-like polypeptide (3).
The genes encoding these three proteases are
dispensable for induction of a Toll-mediated
immune response (/). A human homolog of
Toll was recently cloned and shown to activate
signal transduction by way of NF-kB, leading
to the production of pro-inflammatory cyto-
kines (6). Studies performed with human cell
lines suggest that a lipopolysaccharide (LPS)-
binding and signaling receptor complex is as-
sembled at the cell membrane where human
Toll, in association with the MD-2 protein (7),
interacts with LPS bound to the peripheral
membrane protein CD14 (8—10). The LPS sig-
nal is probably transduced across the membrane
by Toll, as mutations in this gene in mice lead
to an LPS-unresponsive state (/7).

Here, we have addressed the activation of
the Toll receptor during the immune response
of Drosophila. For this, we have used flies
carrying  ethylmethane sulfonate—induced
mutations in the necrotic (nec) locus (12).
The locus, which maps at position 43A, gen-
erates three transcripts encoding putative
serine protease inhibitors of the serpin family
(13). The nec mutants exhibit brown spots
along the body and the leg joints, correspond-
ing to necrotic areas in the epidermis. This
mutant phenotype is rescued by a single
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