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Modulation of Transient and Sustained Response
Components of V4 Neurons by Temporal Crowding in
Flashed Stimulus Sequences
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The responses of extrastriate area V4 neurons to flashed visual stimuli were examined to determine whether the responses to stimulus
sequences occurring at normal saccade and fixation timing intervals were degraded relative to longer timing intervals. Stimuli were
flashed in receptive fields in the near periphery while monkeys maintained steady fixation. Short interstimulus intervals (ISIs) resulted
in an overall habituation style response reduction. The transient component of responses to preferred stimuli was suppressed, often
completely, when the ISI was reduced below 100 ms into the range of saccadic durations. The sustained response component weakened
but remained intact. At short ISIs the trailing activity from the preceding stimulus blended with onset activity from the next stimulus,
making it difficult to detect individual stimulus onset events within the spike train. Habituation or conditioning effects were correlated
with the stimulus tuning sensitivity of the neuron but only loosely associated with the actual level of V4 activation elicited by preceding
stimuli. The results suggest that sharply tuned neurons, because of their probabilistic inactivity, are particularly sensitive to temporal
change, whereas the sustained components of broadly tuned neurons could provide a continuity of information flow across visual
transients, such as saccades, that do not alter significantly the view by the neuron of the scene.
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Introduction
During normal visual behaviors the image portions of the visual
scene falling within a visual receptive field change three to five
times per second as saccadic eye movements change the line of
sight. Most single unit neurophysiological studies of striate and
extrastriate visual cortical areas have been devoted to examining
the receptive field properties of neurons with receptive fields lo-
cated in the near periphery, approximately from 2 to 15° in ec-
centricity. From a probabilistic standpoint these nonfoveal sites
are rarely the subject of the observer’s focused attention during
normal looking behaviors, yet it is information extracted from
those locations that often serves as the basis for appraising and
guiding additional examination of the scene (Motter and Belky,
1998). In the past, spatial crowding, both in terms of background
texture and competing objects, has gained recognition as an im-
portant component of neuronal coding in addition to the classic
receptive field properties of the neuron (Allman et al., 1985;
Knierim and van Essen, 1992; Zipser et al., 1996; Kapadia et al.,
2000; Landman et al., 2003). Temporal crowding conditions, the
timing and constitution of transient stimulus sequences within

the receptive field, have received less notice, particularly in single
unit studies.

A typical assumption is that, when stimuli appear in a recep-
tive field as the result of a saccade, they produce a response similar
to that produced when a stimulus is flashed on in the receptive
field during steady fixation. For stimuli isolated against a blank
background this seems to be the case in striate visual cortex
(Richmond et al., 1999; Gawne and Martin, 2002; Gawne and
Woods, 2003) and for foveated stimuli in inferior temporal cor-
tex (DiCarlo and Maunsell, 2000). Under conditions of stimulus
crowding or for a stimulus presented against a more natural scene
background, activity associated with saccades is often less than
that expected, based on receptive field testing during fixation
(Livingstone et al., 1996; Gallant et al., 1997; Sheinberg and Logo-
thetis, 2001). Although this result has been attributed to issues
related to spatial crowding and attention (Mazer and Gallant,
2003), perceptual studies in humans have shown that simple tem-
poral crowding disrupts what is considered normal perceptual
performance (Shapiro, 2001; Rensink, 2002). The role of atten-
tion in the detection of targets embedded within sequences of
objects has become a pivotal issue in theories of attention (Egeth
and Yantis, 1997; Simons, 2000).

With the ultimate goal of disentangling the spatial, temporal,
and attentional components of the neural activity associated with
receptive field transitions at the time of saccades, the experiments
reported here examine first the temporal issues of repeated stim-
ulation during maintained fixation. These studies examine the
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activity of area V4 neurons to flashed sequences of stimuli; sub-
sequent reports will examine controlled saccade sequences. This
work confirms and extends initial reports made in V1 (Gawne
and Woods, 2003) and draws attention to the differences in re-
sponse habituation between transient and sustained response
components.

Materials and Methods
The present study was undertaken to investigate the response sensitivity
of neurons in extrastriate area V4 during presentations of sequences of
stimuli. Neural responses were analyzed to define the temporal profiles of
population activity and their dependence on the preceding events. The
experiments that are reported establish the time frame and sensitivity to
repeatedly flashed stimuli delivered to peripheral receptive fields of area
V4 neurons during maintained central fixation. Data were obtained from
four rhesus monkeys that were trained and prepared for behavioral neu-
rophysiological recording experiments. Standard electrophysiological
techniques were used to obtain recordings from neurons in extrastriate
area V4 (Motter, 1994). The impulse activity of single cortical neurons
was recorded with glass-coated Elgiloy microelectrodes inserted trans-
durally into the cortex. Histological examination was used to confirm the
neurophysiological recording locations. The time of neural discharge was
recorded with 0.1 ms precision. Eye position was measured with a scleral
search coil system sampling eye position at 400 Hz. All experimental
protocols were approved by the Institutional Animal Care and Use Com-
mittees at the Veterans Affairs Medical Center and at State University of
New York Upstate Medical University.

Behavioral paradigms. Monkeys were trained to perform several prin-
cipal behavioral tasks relevant to these experiments and to other experi-
ments summarized previously. The task for these experiments was a
standard simple fixation paradigm that required the monkey to fixate
steadily on a small spot of light for several seconds while at the same time
behaviorally ignoring stimuli presented in the near periphery (1–15°
from fixation). At the end of the trial the fixation spot moved a small
distance, and the monkey was required to re-fixate it within a reaction
time window to receive a reward. The fixation task was used to locate and
to map the receptive field of each neuron and to determine the response
preferences of each neuron for stimulus shape, size, orientation, and
color. Using this information and the fixation paradigm, we then tested
specific sequences of stimuli to determine the response of each neuron to
repetitively flashed stimuli. The monkeys were required to keep eye po-
sition inside a 1° window centered on the fixation spot. All stimuli were
viewed binocularly. The fixation target was displaced from screen center
so the receptive field on the screen could be centered during the tests used
to characterize each neuron. These same monkeys also were trained on
several visual search and saccade paradigms for data collected in the same
sessions, but not reported here. The animals worked daily for �1200 –
1500 trials at �85% correct performance. In addition to these experi-
ments, data obtained in previous experiments (Motter and Holsapple,
2000; our unpublished data) were analyzed to provide data for saccade
and fixation durations occurring during typical active search through
arrays of stimulus objects.

Stimulus presentation. Stimuli were generated by using custom soft-
ware controlling a Number Nine Pepper SGT graphics card (800 � 600
pixel resolution) and were presented on a Sony GDM F520 monitor
located at a 57 cm viewing distance. Stimulus timing was synchronized
with the 55 Hz vertical refresh. Each series of stimuli was presented in a
pseudo-random sequence. The stimuli consisted of a set of shapes that
may be described as variations on block letters or circles, as illustrated in
the bottom left of Figure 1. Each stimulus could be varied in orientation,
length, bar width, and color. Stimuli were presented on a gray back-
ground of 8 cd/m 2. A standard set of color levels was used, based on the
use of individual RGB (red/green/blue) guns or combinations of two
guns. These colors were adjusted to an average value of 15 cd/m 2 by
comparisons of the frame-averaged values obtained from integrating the
output of an EG&G model 450 photometer (Gamma Scientific, San Di-
ego, CA) fit with a photometric filter. A black stimulus also was used at an
equal but opposite luminance contrast to the various color stimuli. In the

text that follows, black will be considered a color when reference is made
to a change in colors or a color pairing. Individual display frames were
measured to ensure that the luminance of each video raster frame of a
stimulus presentation was identical. No attempt was made to select isolu-
minant colors for individual animals or neurons.

Procedures. Single neurons initially were selected for study if they re-
sponded to flashed stimuli of �2.0° long with a bar width of 0.25°, used to
activate the neural record during electrode advancement. A variety of
computer runs was used to define the receptive field location and pref-
erences for size, color, shape, and orientation of stimuli. It is our experi-
ence that V4 neurons have many relatively broad tuning properties and,
as a result, can be driven weakly by a wide range of stimuli. It is also our
experience that, once the dominant columnar properties are discovered,
most initially weakly activated neurons can be driven robustly by finding
a particular combination of stimulus properties delivered to the center of
the receptive field. A significant effort was made to find a combination of
parameters that elicited robust responses, and studies were abandoned if
this could not be accomplished within 20 min of initial isolation of the
neuron. This time limit was chosen because a full set of tests took �1 h of
recording, and that requirement had to balance against the probability of
holding electrophysiological isolation on the neuron and the monkey’s
continuous working during that period. Studies also were abandoned if
the preferred stimuli were either much larger or much smaller than the
principal stimulus set we chose to use or if receptive field centers were
outside the 2–7° eccentricity range required by the other concurrent
studies. From these efforts a preferred or “PR” stimulus was defined. A
secondary or “SE” stimulus differing in color (including black) also was
chosen for some studies. The intention of the secondary choice was to
pick an SE stimulus that produced an unambiguous but distinctly sub-
optimal response. Two experimental series of repetitively flashed stimu-
lus sequences were used. One was an identical stimulus series in which
the PR stimulus was flashed repetitively six to eight times, using a stim-
ulus duration of 200 ms and four different interstimulus intervals (ISIs)
of 327, 217, 110, or 55 ms. A second, mixed stimulus series also was used
in which the PR and SE stimuli were intermixed in an eight stimulus
sequence, using a stimulus duration of 200 ms and an ISI of 55 ms. Figure
1 illustrates the sequence used for the mixed stimulus series for an ISI of
110 ms.

Data analysis. The spike rate activity was measured in defined periods
of time around stimulus onset. Stimulus onset time was defined with
respect to the midpoint of the first raster scan frame containing the
stimulus. On the basis of the response profiles that were observed, most
individual and population comparisons were based on the neural activity
in the interval from 50 ms after stimulus onset to 150 ms after stimulus
onset. Other ranges are indicated with respect to specific analyses. The
average population activity was achieved first by normalizing the activity

Figure 1. Stimuli and paradigm. Left, Variations in size, color, and orientation of these
letter-like shapes were used to characterize a preferred stimulus, map the receptive field of each
neuron, and characterize the neural response to sequences of stimuli. Right, The task was to
maintain fixation on a small target (cross) while stimuli were flashed sequentially in the recep-
tive field (dashed circle). Stimuli were on for 200 ms (STM) and off for an ISI of 55, 110, 217, or
327 ms. ISIs were constant within a trial. The stimuli either were identical (data not shown) or
alternated between two colors (open and closed symbols) as in the sequence that has been
depicted.
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of each neuron to a standard and then by averaging across cells. All
histogram representations are binned at 10 ms intervals. Several normal-
ization methods were explored, all yielding equivalent results. The
method that has been reported scales the activity of each neuron so that
the response to the PR stimulus at the beginning of any sequence averages
to 1.0 in the interval from 50 ms after stimulus onset to 150 ms after
stimulus onset. This method made for a simple reference point in the
comparisons of individual or population groupings. For population
analyses the averages of activity for each condition were used in a re-
peated measures ANOVA, using neurons as subjects. Pairwise multiple
comparisons (Holm–Sidak method) were made between conditions.
Multiple linear regressions also were used to identify trends within pop-
ulation activity.

Results
Fixation and saccade durations during search
Measures of fixation durations and saccade durations during an
active search task were obtained from previous experiments in
this laboratory [Motter and Holsapple (2000) and similar unpub-
lished data]. In those experiments the monkeys were trained to
search through randomly organized arrays of stimuli (Ts and Ls)
to find and fixate a target stimulus that was cued at the beginning
of each trial. As previously reported, the average fixation duration
during this search behavior is �180 ms. A histogram of the dis-
tribution of saccade durations during active search within the
boundaries of a display monitor is shown in Figure 2. The data are
from one monkey during the performance of 11,600 trials of a
search task and summarize 66,000 saccades. The mean duration
is slightly �30 ms and rarely longer than 55 ms. The relation
between saccade duration and saccade amplitude also is graphed
in Figure 2 for the same data set. It can be seen that saccades of
�32 ms in duration and 5° in amplitude were common in our
search tasks, which used 6 –96 items scattered across a 34.0 �
25.5° display area. These parameters define the time scale of
events occurring within a receptive field during active search;
stimuli may appear in a receptive field for �200 ms and then are

replaced over an interval of �50 ms by a new stimulus. Whether
the saccade period is effectively a blank period or a mask period or
a “stimulus” period generated by the rapid movement of the field
of view or some combination of these events is not as critical to
this summary as is the recognition that the distribution of saccade
durations is fairly narrow, ranging from �25 to �50 ms for the
set of saccade amplitudes that characterize saccades of up to 15°
in amplitude during visual search. It is within this framework of
timing that the following neurophysiological studies were made.

Response to flashed sequences of stimuli
The visual field representation of the lower contralateral quad-
rant within area V4 was located on the crown of the prelunate
gyrus in the extrastriate cortex in each hemisphere. Within area
V4, 310 neurons were characterized fully in the standard fixation
paradigm, and responses to repetitive sequences of identical
stimuli were obtained in 108 neurons, with responses to mixed
stimuli in 130 neurons. Neurons were recorded from both super-
ficial and deep lamina, but no correlations between cellular lam-
ina and the observations reported below were observed.

Identical stimulus sequences
Many simple search displays contain a handful of stimuli scat-
tered across an otherwise blank scene. During a sequence of fix-
ations a peripheral receptive field at the level of V4 or earlier in the
cortical visual system would encounter stimuli on some fixations
and on others would encompass only a blank area of the scene.
The repetitive flashing of stimuli in the receptive field of a neuron
is known to lead to a habituation of the response of the neuron
under various conditions. In these experiments we sought to es-
tablish what happens when stimuli simply, repetitively, are
flashed on and off in the receptive field on a time scale similar to
the fixation–saccade–fixation intervals of visual search. The re-
sponses to flashed sequences of an identical preferred stimulus
were obtained by using a stimulus duration of 200 ms and four
different ISIs of 327, 217, 110, or 55 ms. The ISI times were
chosen to mimic conditions that spanned the transition from
saccadic sequences in which one stimulus after another was
present in the receptive field, separated in time only by a transient
interval (ISI, 55 ms) that mimics the saccade duration, to a sac-
cade condition that mimicked having a blank area fill the recep-
tive field on every other fixation (ISI, 327 ms). Each sequence of
stimuli used a single duration � ISI combination delivered dur-
ing the fixation period of one behavioral trial, using the standard
fixation task. The different ISI conditions were interleaved ran-
domly on a trial-by-trial basis.

The responses for each condition for each neuron were aver-
aged separately across trials. Then the response rate for each neu-
ron was normalized to the maximum rate encountered in the
interval from 50 to 150 ms after the first stimulus onset in any of
the conditions for that neuron. After this normalization the pop-
ulation histograms were obtained by averaging across neurons. It
was expected that V4 neurons would show habituation to re-
peated stimuli, as had been found in previous studies of neurons
in striate cortex (Gawne and Martin, 2002). This is in fact what
occurs for all four ISI conditions, as shown in Figure 3. The
degree of habituation changes as a function of the ISI. Three
trends in particular are notable for V4 neurons. (1) There is a
decrease in the amplitude of the response for successive stimuli at
each ISI. The decrease appears to settle to a plateau in each case.
(2) There is a change in the baseline response between stimuli, in
part no doubt to the observation that V4 neurons with sustained
responses have approximately the same latency to cessation of

Figure 2. Distribution of saccade durations and saccade amplitudes during search. Stepped
histogram depicts saccade durations during simple visual search. Filled circles depict saccade
amplitude for the same sample of 66,000 saccades. Saccade durations average �32 ms, corre-
sponding to an average saccade of �5° in amplitude.
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response at stimulus offset as they have to activation at response
onset. For short ISIs this leads to an overlap between cessation to
the previous stimulus and activation to the next stimulus in a
stimulus train. (3) There is an apparent preferential loss of the
initial transient peak of activity. That peak is clearly visible in the
response to the first stimulus of each sequence. These three trends
are examined in turn.

The quantitative differences within each ISI condition are de-
picted better in cycle histograms synchronized to the onset of
each stimulus, as shown in Figure 4, which depicts the V4 re-
sponses to the first through fifth stimulus for each ISI condition.
In Figure 4 the time base for each graph is constant and longer
than one cycle to show events before and after each cycle; there-
fore, for the shorter ISI conditions the next stimulus cycle can be
seen on the right. The response to the first stimulus in a sequence
reaches a greater sustained amplitude than any of the remaining
stimuli. The difference is substantial. Although the initial phasic
component continues to degrade as the ISI becomes shorter, the
difference in the sustained components (�40% decrease) ap-
pears to plateau at the level of the second response. Average firing
rates were calculated for the interval from 50 to 150 ms after
stimulus onset. A repeated measures ANOVA with neurons as
subjects and with ISI and stimulus cycle as factors was conducted.
Both factors (ISI, F � 18.2 and p � 0.001; cycle, F � 181.5 and

p � 0.001) and their interaction (F � 12.3 and p � 0.001)
were significant. Pairwise multiple comparisons (Holm–Sidak
method) were obtained and indicated that all ISI conditions were
different from each other ( p � 0.05) and that the first and second
stimulus cycles were different from each other as well as from the
third, fourth, and fifth stimulus cycles, which in turn were not
different from each other.

In the 110 and 55 ms ISI conditions the population activity
does not return completely to baseline values by the time the next
stimulus and ensuing response occur. Elevated baseline activity
in combination with decreased response amplitude markedly re-
duces the contrast of the response profiles and makes detection of
the individual responses to each subsequent stimulus in the stim-
ulus train less reliable. In the 110 and 55 ms ISI conditions not
only is there a decrease in the amplitude on the initial response,
but also there is a decrease in the slope of the onset of the response
that is apparent in the population histograms. V4 neurons, like
those in other visual areas, often have distinct blends of a rapid
initial transient discharge activity and a longer sustained dis-
charge activity in response to the sudden appearance of a stimu-
lus in the receptive field. The changes in the slope of the onset
response (Fig. 4) represent a preferential loss of the initial tran-
sient component of the response at short ISIs.

The loss of the initial transient and the accompanying shift in
response latency are illustrated in Figure 5 for three neurons
chosen for illustration because they clearly depict the impact of
changing ISI timing. The spike rasters depict the responses for the
first five cycles per ISI condition for the three neurons. Only the
first three trials for each condition are depicted. The vertical sync
lines represent the onset time of each stimulus. In Figure 5 the top
group of rasters for each neuron represents the response to the
327 ms ISI sequence, the middle group the response to the 110 ms
ISI, and the bottom group the response to the 55 ms ISI condi-
tion. Within each group the responses to the first through fifth
stimulus of the sequence are arranged one beneath the other.
Numbers one to five indicate the order on the left. The 217 ms ISI
sequence closely resembles the 327 ms ISI sequence and is not
shown. The response to the first stimulus in the 327 ms ISI con-
dition is the strongest, with subsequent stimuli producing nearly
equivalent responses. For the 110 ms ISI and 55 ms ISI conditions
the responses to the second and subsequent stimuli are dimin-
ished. The responses in the 110 ms ISI condition are greater than
those in the 55 ms ISI condition. In the 110 ms ISI condition the
shift of the effective latency from the initial to later stimuli in the
sequence is apparent for neurons KAG and KAQ. For neuron
KAG, on the left side, the latency shift accompanies a diminish-
ment of the initial transient response that blends into the sus-
tained component. For neurons such as KAQ (middle column)
that have predominantly a phasic response, the dropout of the
initial transient results in essentially a complete loss of the re-
sponse. For some neurons such as KBI (right column) that dis-
play mostly a sustained discharge, the shorter ISIs merge re-
sponses into a prolonged steady response. Furthermore, the
dramatic loss of the initial transient component results in a
change in response latency for many neurons beginning with the
second and subsequent stimuli in a train of stimuli. The loss of the
initial discharge in some, but not all, neurons leads directly to the
change in the slope of the onset response in the averaged popu-
lation histograms, as seen for the 55 ms ISI condition in Figure 4.

The overall loss of response amplitude observed between the
first and subsequent responses to stimuli (Fig. 4) and the prefer-
ential loss of the initial transient response that declines with each
subsequent stimulus suggested that the train of stimuli differen-

Figure 3. Population response histograms for repeated identical stimuli. Histograms depict
the changes in neural response during a sequence of flashed stimuli for four ISI conditions.
Within each sequence there is a reduction in the response that is a function of the ISI condition.
The early transient response component, in particular, is affected. Stimulus duration is fixed at
200 ms. ISIs decrease from top to bottom as noted. The alternating timeline below each histo-
gram indicates stimulus (up) and ISI (down).
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tially modulated these two response components. This possibility
was investigated by using an index to rank the neurons between
transient and sustained tendencies. Neurons that were predomi-
nantly sustained were separated from those that were predomi-
nantly transient by rank ordering the 108 neurons by the mean
activity (after the normalization described in Materials and
Methods) present in the latter part of the response period from

150 to 250 ms after onset of the 200 ms
duration stimulus. The response to the ini-
tial stimulus of a sequence was used to
construct this index. The ranking, shown
in Figure 6, depicts a population of neu-
rons that smoothly grade according to the
activity in that interval. The 108 neurons
simply were divided evenly into two
groups (54 and 54) based on this ranking,
and cycle histograms were made for each
stimulus cycle, combining in one plot the
four different ISI conditions for each cycle.
The results are shown for the separate
transient and sustained groups in Figure 7.
Naturally, the response to the first stimu-
lus (cycle 1) of each sequence is the same
for all ISI conditions. The time base of each
graph in Figure 7 is extended beyond one
cycle so that the response to subsequent
stimuli can be seen following at the differ-
ent intervals defined by each ISI condition.
Two observations can be made from in-
spection of the first cycle in Figure 7, A and
C. First, for both the transient and sus-
tained groups the response to the second
stimulus is reduced. Second, for the tran-
sient group, but not the sustained group,
the amplitude of the second response is
dependent on the ISI condition. This latter
observation is confirmed by synchroniz-
ing the histograms to the onset of the sec-
ond stimulus (Fig. 7B,D). In Figure 7B the
decrease in response amplitude as a func-
tion of ISI in the interval 50 –100 ms after
stimulus onset (arrow) reflects the loss of the
initial transient response. That loss also re-
sults in a shift in peak latency. On the right of
Figure 7B are the responses to the third stim-
ulus in the sequence. Again the responses de-
pict an ISI condition dependency for the
transient group of neurons.

In contrast, the amplitude of the re-
sponse for the sustained group of neurons
is not ISI condition-dependent for either
the second or the third response, as seen in
Figure 7D. Note that for the sustained
group the amplitude of a response is not
affected by the level of activity remaining
from the previous response. For example,
although the responses for the 327 ms ISI
and the 55 ms ISI conditions originate
from quite different baselines, their re-
sponse amplitudes are the same. Thus
baseline conditions of activation at the
time of the response do not affect the am-
plitude of the ensuing sustained response.

The changing baseline of the sustained group, however, makes
detection of individual stimulus onsets within the spike train
sequence very difficult. At short ISIs there is only a small dip in
averaged population activity, and at the level of single neurons
there is little if any evidence of stimulus onset, as illustrated for
neuron KBI in Figure 5. The baselines for the transient group are
nearly the same for each ISI; thus a comparable observation and

Figure 4. Cycle histograms for a population of 108 neurons. The normalized population response is depicted in cycle histo-
grams for the four different ISI conditions of stimulation. For each ISI condition the first cycle is the solid line marked by an arrow;
the second cycle is a dashed line marked by an arrow. The second and succeeding cycles overlap extensively, indicating that for the
population as a whole a major change occurs after a single repetition. The time base is held constant in each histogram; therefore,
the response to the next cycle appears on the right as the ISI decreases in the successive display panels.

Figure 5. Spike raster plots for three V4 neurons. The neurons are arranged in three columns. The top group of rasters in each
column represents the responses to the first five stimulus cycles in the 327 ms ISI condition. Sequential stimulus onsets within a
trial are aligned one beneath the other at the long vertical marks for each condition. The stimulus cycle is denoted by the numbers
one to five along the left side. The short vertical tics represent the neural discharges. Only the first three trials for each condition are
displayed. The middle and bottom groups represent the responses to the 110 and 55 ms ISI conditions, respectively. On the left,
neuron KAG has both transient and sustained response components, KAQ has a predominantly transient response, and on the right
neuron KBI has a predominantly sustained response. Suppression of the transient component to successive stimuli is clear for KAG
and KAQ. Neural activity preceding the long vertical marks is activity-related mostly to the preceding stimulus and response
combination.
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interpretation are not justified there. The average response in the
50 –150 ms interval after stimulus onset depicted in Figure 7 for
the first five stimulus cycles was measured and is depicted on the
left side of Figure 8. There the response amplitudes are shown for
the transient and sustained groups as a function of both stimulus
cycle and ISI condition. For both groups the response amplitude
decreases substantially between the first and second stimulus and
moderately thereafter for each stimulus cycle. The response am-
plitude dependency for the ISI is clear for the transient group and
absent in the sustained group.

Activity in the interval preceding a response reduces the
signal-to-noise ratio of the onset response of subsequent stimuli.
For stimulus events well separated in time the activity has re-
turned to background levels; however, for stimuli separated by
intervals as short as saccade durations there can be considerable
masking of the subsequent response. To demonstrate the conse-
quence of this masking, we created an index to rate the contrast
between a control period covering the interval from 50 ms before
to 50 ms after the stimulus onset, with the response period of
50 –150 ms after stimulus onset. These intervals were chosen to
cover a time period that characterizes the average population
response, as seen in Figure 4. A standard contrast index, (re-
sponse – control)/(response � control), was applied to both
transient and sustained groups, and the results are presented on
the right side of Figure 8. This calculation provides a temporal
contrast index that can be used to make a judgment regarding the
onset of new stimulus. According to the results, the signal of the
onset of the second and succeeding stimuli in a train of identical
stimuli separated in time by the normal durations of saccades is
diminished severely in V4 neurons. The transient response com-
ponent fades (Fig. 8A) with decreasing ISIs and cycle repetitions.
The remaining response activity, aided by a low background rate,
maintains a small but viable contrast index value (Fig. 8B). The
sustained component (Fig. 8C), on the other hand, maintains a
clear signal of the presence of a receptive field stimulus, gradually
decreasing with cycle repetitions but unchanged by decreasing
ISIs. However, for neurons with sustained response components

the response onset is obscured gradually as ISIs encroach on the
response decay latency. As shown in Figure 8D, the response
contrast index falls dramatically as the ISI approaches that of
standard saccade durations. This indicates that neurons with pre-
dominantly sustained responses cannot be used to detect re-
peated stimulus onsets at ISIs in the saccade duration range. The
activity of sustained components bridges across ISIs in the sac-
cade duration range.

It is important to recall that the division into transient and
sustained groups is arbitrary. The presence of these response
components is graded smoothly across the population of V4 neu-
rons, with many individual neurons having both components.
Overall, these results demonstrate that, for trains of identical
stimuli, ISIs that are in the range of saccade durations result in
significantly diminished initial peak responses and increased
peak latencies (�25 ms) (Fig. 7B). If measured with respect to the
immediately preceding baseline activity, the responses are re-
duced additionally. In fact, at ISIs that mimic the saccade dura-
tions typical of visual search behavior, the activities of many V4
neurons fail to reflect the discrete sequential presentation of stim-
uli and adopt a rather continuous pattern of firing. Note the
observation is that there is no clear onset response to the stimuli
and not that there is a lack of activity. In fact, the activity in the
sustained component of the response remains reasonably intact.
This is indeed somewhat paradoxical in that phasic or transient
response systems normally are associated with mechanisms that
do respond to higher rates of stimulation; here the opposite
seems to be the case.

There are several ways to interpret this observation; one hy-
pothesis based on these results is that V4 neurons are relatively
insensitive to the brief interruptions generated by saccades that
effectively do not change what is in the receptive field. These
conditions might occur regularly while the subject views an ob-
ject, making only minor changes in the point of fixation. This
hypothesis assumes that there are differences when the stimulus
in the receptive field changes and that the appearance of a stim-
ulus in a receptive field as the result of a saccade is comparable to
the flash onset of a stimulus. This later assumption has some
support (Gawne and Martin, 2002) and is consistent with our
own preliminary investigation at the level of V4.

Mixed stimulus sequences
The conditions of habituation extend across intervening stimuli.
If the response depends only on the intervening interval and the
strength of response to the preceding stimulus, then a waxing and
waning of the response to the sequence of repeated identical stim-
uli should be observed. Instead, the response progressively fades
to lower response levels (Fig. 8A,C), indicating that the respon-
siveness is not tied directly to the level of the immediately preced-
ing activation but rather to a cumulative factor, hence habitua-
tion. Nor is habituation tied directly to the base level of activity at
the time of stimulus onset (Fig. 7D). However, during a mixed
stimulus sequence the response to the preferred stimulus could
be conditioned not only by whether there was a stimulus in the
preceding interval but also by what that stimulus was. A response
caused by a secondary, nonpreferred stimulus may not be equiv-
alent to a habituation-reduced response produced by a preferred
stimulus.

Using flashed stimuli during a maintained fixation task, we
examined whether the responses to repeated objects were sensi-
tive to the history of the stimulus properties of objects appearing
in the receptive field. The examination of this issue was made by
changing the color of the object (or by pairing dark and light

Figure 6. Transient and sustained ranking. Neurons were divided into transient and sus-
tained response subgroups by normalizing the response of each neuron to the interval 50 –150
ms and then ranking the neurons by the sustained activation in the interval 150 –250 ms after
stimulus onset. Neurons with high rank order had high late sustained activity as compared with
the earlier transient response activity. The 108 neurons were ranked and divided into two equal
groups: a transient group indicated by small filled circles and a sustained group indicated by
open circles. The rank positions of the neurons depicted in Figure 5 (KAQ, KAG, KBI) are marked
by triangles.
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stimuli) in the receptive field from one
presentation to the next, again on a time
scale similar to the fixation–saccade–fix-
ation intervals. The SE stimulus was cho-
sen to provide a clear but smaller response
than the PR stimulus (see Materials and
Methods). The relative strength of the re-
sponse to the SE stimulus varied across
neurons. The responses to the PR and SE
stimuli were obtained for 130 neurons, us-
ing a stimulus duration of 200 ms and an
ISI of 55 ms. A sequence consisted of eight
stimuli. Two variations were used that
provided tests of responsiveness at transi-
tions between stimuli after one stimulus
and after four consecutive stimuli. The
Train A sequence (S-P-P-P-P-S-S-S)
started with the SE stimulus; the Train B
sequence (P-S-S-S-S-P-P-P) started with
the PR stimulus (Fig. 1).

The analysis of the mixed sequence
data considered the response to the PR
stimulus as a function of the potential con-
ditioning effects of the SE stimulus. In ad-
dition, the set of 130 cells for the mixed
sequence study also was divided evenly
into transient and sustained subgroups,
using the same technique as for the identi-
cal stimulus series. This activity of each
neuron was normalized to the response of
the PR stimulus in the 50 –150 ms interval
after stimulus onset when it was presented
without a preceding stimulus. After nor-
malization the neurons were ranked ac-
cording to the response in the interval
150 –250 ms after stimulus onset for the
same stimulus. Using the ranking, we then
divided the neurons evenly (65 and 65)
into transient and sustained groups.

The first issue to examine is whether
there is a predictive relationship between
sequential responses. Figure 10A depicts
the response to the PR stimulus when it
follows the SE stimulus that begins the
Train A sequence. The different symbols in
Figure 10A correspond to the transient
and sustained (TS) categorizations of the
neurons. Note that the response rates are
normalized as above so that the PR stimu-
lus when presented at the beginning of a
Train B evokes a response of 1.0. The scat-
tergram shows a broad trend in which the
PR response is suppressed below 1.0 when
SE responses are near a value of 1.0 and
rebound to values at or even enhanced
above 1.0 as SE responses approach a value
of 0.0. The SE stimulus as the initial stim-
ulus in the train elicits a response that is
�1.0; that is the definition used to select
secondary stimuli. A multiple linear re-
gression on the PR response reveals that
both the SE response ( p � 0.001) and TS
category ( p � 0.002) contribute signifi-

Figure 7. Cycle histograms for transient and sustained groups. Population responses to all four ISI conditions are shown
superimposed with onsets synchronized for the first (left side) and second (right side) stimulus cycle of each stimulus series. The
extended time base illustrates the subsequent response that follows at the different ISIs. Differences in the transient (top) and
sustained (bottom) group ranking are clear in terms of the duration of the initial responses shown in A, C. The amplitude of the
transient response component decreases as the ISI decreases. The population transient peak latency increases as ISI decreases,
noted at arrow in B, primarily because the transient response drops out for a proportion of individual neurons. D, Sustained group
neurons do not show a progressive change related to the ISI; the amplitude of succeeding sustained responses is not dependent on
the previous level of activation. ISI 55 ms, solid line; ISI 110 ms, dotted line; ISI 217 ms, dashed line; ISI 327 ms, dashed and dotted
line.

Figure 8. Response rate and onset contrast for transient and sustained groups. Population response rate in the 50 –150 ms
interval after stimulus onset is plotted for each ISI condition for transient (A) and sustained (C) groups. Then a major rate change
on the first repetition is followed by gradual decline. A differential ISI impact on transient, but not sustained, neurons is evident.
Detection of the onset of individual stimulus responses is examined in B, D in terms of a contrast index (Re – Co)/(Re � Co) that
compares the response (Re) with the immediately preceding control (Co) activity from the –50 to �50 ms interval surrounding
stimulus onset. ISIs on the order of saccade durations result in a dramatically reduced onset contrast for sustained neurons (D),
which indicates a continuous signal bridging across the ISI gap. Symbol legend in C defines the ISI conditions for the entire figure.
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cantly to predicting the PR response. The
relationship is given by the following
equation: PR � 1.18 – 0.61 � SE � 0.23 �
TS, with standard errors for each parame-
ter of 0.1 in units of normalized spike rate.
The spike rate of the sustained category
data was shifted above the transient cate-
gory data by 0.23. The unexpected result is
that the PR response actually can be en-
hanced above its baseline when it is pre-
ceded by a weak SE response. However, the
overall correlation (r � 0.48) accounts for
only 23% of the variance.

The time course of these relationships
was examined by constructing histograms
of the stimulus sequence. First, the tran-
sient and sustained categories were subdi-
vided additionally according to the re-
sponse to the SE stimulus. The median SE
response in each category was used to di-
vide each category evenly (32 and 33) into
strong and weak SE response subgroups.
The average population histogram for
each of these four subgroups was calcu-
lated and is shown in Figure 9. The top
graphs in Figure 9 show the transient neu-
ron groups, with the data for the strong SE
response subgroup shown as a thick line
and the data for the weak subgroup as a
narrow line. The bottom graphs show the
same for the sustained neuron groups. The
first two responses to the Train A sequence
are shown on the left, and the full stimulus
and response sequence is shown for Train
B on the right. The histograms in Figure
9A illustrate the average response relation-
ships shown by the transient neuron group
(Fig. 10A, filled circles). The strength of
the PR responses can be compared with
the PR response when it is evoked by the
first stimulus in the sequence, as shown in
Figure 9B. A strong SE response (Fig. 9A)
results in decreased response to the PR stimulus that follows,
whereas a weak SE response is followed by a PR response that is
practically the same as that evoked without a previous stimulus.
For the sustained neuron group in Figure 9C the results are sim-
ilar except that overall the PR response is greater, as is indicated
by the regression evaluation of Figure 10A.

The conditioning and test response relationship generated for
the SE and PR stimuli were examined additionally after a series of
four repeated stimuli, as illustrated in Figure 9, B and D. During
the repetitions of the SE stimulus the sustained neuron groups
adopt a nearly constant level of activity, with the individual stim-
ulus onsets barely noticeable, whereas the transient groups fade
enough between stimulus presentations that the onset of each
stimulus in the sequence is apparent. The division into strong and
weak SE response subgroups results in a distinct difference be-
tween the transient subgroups in Figure 9B, whereas for the sus-
tained group neurons, Figure 9D, the difference between sub-
groups is not noticeable. The weak transient subgroup drops to
low levels not only because it is defined by a weak response but
also because the transient component is particularly vulnerable to
repeated stimuli (Fig. 8). The weak sustained subgroup, on the

other hand, benefits from the fact that the sustained component
is not as susceptible to repeated stimuli. The paradigm provides a
conditioning and test comparison for the SE and PR stimuli oc-
curring as the fifth and sixth stimuli, respectively, in the trains.
The response to the PR stimulus that follows the SE stimulus
resembles the same basic pattern seen between the SE and PR
stimuli presented at the beginning of Train A. The responses to
the SE stimuli are, however, on the average considerably smaller,
suggesting that the test response to the PR stimulus is not coupled
tightly to the conditioning response produced by the SE stimulus.
This was examined by comparing the two sets of responses
directly.

If the amplitude of the response to the conditioning stimulus
determines the response to the test stimulus, then we would ex-
pect to see a consistent pattern of condition and test relation-
ships. In Figure 10B the responses to the PR stimulus in the sixth
position of Train B are graphed as a function of the responses to
the SE stimulus in the fifth position of Train B. The scattergrams
(Fig. 10A,B) are clearly different yet represent conditioning and
test relationships for the same set of stimuli and neurons at dif-
ferent positions in the stimulus train. This result indicates that

Figure 9. Population response histograms to mixed stimulus sequence presentations. Trains A and B differ in the sequence of
preferred and secondary stimuli. The full sequence for Train B is shown in the alternating timeline at the bottom of each histogram,
with the stimulus periods marked by P for preferred and S for secondary stimuli. Histograms A, B show the results for the transient
group of neurons, and C, D show the results for the sustained group of neurons. Each group has been subdivided additionally into
strong (thick line) and weak (thin line) subgroups based on the response to the SE stimulus. The responses to PR stimuli after
strong SE stimuli follow a pattern of reduced activation similar to sequential identical stimuli, but with an overall weaker effect
(see Fig. 3). Responses to PR stimuli are enhanced after weak SE stimuli, even when the responses to weak and strong SE stimuli
are equivalent. Stimulus duration, 200 ms; ISI, 55 ms.

9690 • J. Neurosci., September 20, 2006 • 26(38):9683–9694 Motter • Temporal Crowding in V4



the evoked response to the conditioning (SE) stimulus does not
closely determine the test (PR) response. The individual PR re-
sponses under the two conditions are similar, but not well corre-
lated with the SE response. Figure 10C illustrates that issue by
plotting the response to the PR stimulus at the second and sixth
positions in their respective trains. Responses to the PR stimulus
at these two different conditioning intervals are nearly the same,
clumping near or slightly below the identity line, and are corre-
lated significantly (r � 0.76; p � 0.001). The displacement of the
PR responses away from the normalized value of 1.0 marks the
substantial conditioning effect of the SE stimulus. Thus the re-
sponse of V4 neurons to a PR stimulus that follows an SE stimulus
is nearly the same regardless of the amplitude of the actual re-
sponse to the preceding SE stimulus.

One hypothesis that needs to be considered and then dis-
carded is that this result (Fig. 10C) occurs because the PR re-
sponses are independent of the preceding stimulus condition and
simply yield approximately the same response each time. The
population histograms of Figure 9 demonstrate that this is not the
case; the responses to PR stimuli are modulated by what precedes
them, including the initial baseline case in which there is no im-
mediately preceding stimulus. A second hypothesis to consider
and reject is that the response of individual V4 neurons to a
stimulus is inconsistent across repetitions. Figure 10C demon-

strates that the responses are consistent even when examples are
drawn from different parts of different stimulus trains. Consec-
utive identical stimuli within the same train offer additional sup-
port. Figure 10D plots the responses to the PR stimulus in the
seventh and eighth positions of Train B and shows a significant
correlation (r � 0.83; p � 0.001) among the responses of indi-
vidual neurons to a repeated stimulus. For consecutive repeti-
tions of the PR stimulus within the train sequence the correla-
tions ranged from 0.70 to 0.95, and for consecutive repetitions of
the SE stimulus the correlations ranged from 0.64 to 0.94, with a
rise in correlation paralleling the level of habituation. Figure 10D
illustrates that for many neurons the habituated level of activity is
well below their initial response, which is for the PR stimulus a
value of 1.0. This result is consistent with the results described
earlier for the identical stimulus series (Fig. 8). Finally, Figure 10,
B and D, offers an additional comparison of the importance of the
stimulus properties rather than the evoked response in modulat-
ing a subsequent stimulus. The abscissas represent different stim-
uli (SE and PR) with a broad overlap in the amplitude of the
evoked response (0.1– 0.7). The ordinates represent the response
to a subsequent PR stimulus. The response of the neurons to the
PR stimulus under these two conditions is quite different despite
the similarity of the evoked activity by the previous stimulus.

Relation to stimulus tuning properties
The simplest remaining hypothesis is that the responses in the
mixed stimulus sequences are governed by the effectiveness of the
conditioning stimuli as measured in isolation rather than the
actual level of response during a prolonged stimulus sequence.
Given the observation that identical (or nearly identical) stimuli
generate the greatest conditioning suppression, the effectiveness
of the PR stimulus may be a decreasing function of the baseline
effectiveness of the SE conditioning stimulus. This distinction
stresses the inherent static properties of the neuron, the baseline
or tuning expression of its connections, over its current dynamic
state. To pursue this issue, we asked whether the response to the
SE stimulus was correlated to the stimulus tuning properties of
the V4 neurons. That is, did the response to the SE stimulus index
the tuning sensitivity of the neuron? The set of eight stimuli used
to characterize the color sensitivity of the neurons represents a
crude slice through color dimensional space and provides a rough
assessment of tuning. Neurons were divided into three tuning
categories, based on their responses to this set of eight stimuli.
The “tuned” category represents neurons with sharply tuned re-
sponses to one or two items of the eight item stimulus set, the
“broad” category represents broad sensitivity to the items in the
set, and “exclusion” category represents neurons with broad re-
sponsiveness but distinct nonresponsiveness to one or two stim-
uli. The categorization was done in a blinded manner with regard
to the selection of the PR and SE stimuli. As described in Materi-
als and Methods, of the eight stimuli the one giving the best
response was chosen as the PR stimulus, and the SE stimulus
selection was intended to pick a stimulus that produced an obvi-
ous but distinctly suboptimal response. The choice of the SE
stimulus was not based explicitly on a color-tuning consider-
ation, however; for sharply tuned neurons a fairly poor response
was the only available choice, and for broadly tuned neurons the
only choice was a nearly equivalent stimulus. Figure 11A shows
the relationship between the tuning category of a neuron and the
response to the SE stimulus when it was presented as the first
stimulus in Train B. Neurons in tuned and broad categories had
obviously different response rates to the SE stimulus that was
selected. Neurons in the exclusion category were similar to the

Figure 10. Scattergrams comparing responses during mixed stimulus sequences. Axis labels
are coded by the stimulus type, PR or SE, and by a number that represents the position of the
stimulus in the sequence train. The data for each neuron (n � 130) are coded as either transient
(open inverted triangles) or sustained (filled circles) according to a ranked division of the set of
neurons. The sustained neuron group (n � 65) had a slightly higher average test response than
did the transient group (n � 65). The response of all neurons was normalized to the PR 1
stimulus response. A, A negative correlation exists between the responses to SE and PR stimuli
delivered in that order at the beginning of Train A. B, The same SE and PR stimulus sequence
occurring later in Train B results in a very different weak positive correlation, suggesting that the
level of SE-evoked activity does not determine the conditioning effect. C, Direct comparison of
the PR responses in A, B shows a strong positive correlation, indicating that the same condi-
tioning effect of the SE stimulus (PR response different from 1.0) is present despite differences
in the strength of the response to the SE stimulus. D, Strong correlations exist between the
responses to the sequential presentation of the PR stimuli in the seventh and eighth positions of
Train B. Comparison of B, D illustrates a quite different response to the PR stimulus, depending
on whether it is preceded by an SE or PR conditioning stimulus, even if the conditioning stimuli
elicit very similar responses. The diagonal lines show identity condition.
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broad category. This result simply demonstrates that the choice
of the SE stimuli in fact did parallel the basic tuning distinction.
Figure 11B replots the data of Figure 10A but with the symbols
for each neuron now representing the tuning category for that
neuron. Triangles represent neurons in the tuned category, and
circles represent neurons in the broad category. As expected from
Figure 11A, triangles generally have low SE responses, and circles
generally have high SE responses. The few triangles to the right
side and circles to the left side indicate that the selection of SE
stimuli did not reflect perfectly the tuning category. More impor-
tantly, the few triangles to the right side demonstrate that, when
an SE stimulus for a tuned neuron in fact does generate a good
response, then response to the test PR stimulus is reduced. In
summary, the tuned neurons in Figure 11B are responding well
to the PR test stimulus because they are not tuned to the SE
conditioning stimulus. When they are tuned to the SE stimulus
(Fig. 11B, right side), then they respond poorly to the next PR
stimulus.

From these results we draw the conclusion that selective tun-
ing to stimulus properties underlies a particular pattern of sensi-
tivity to the temporal sequence of stimuli. The response of a
neuron to a rapid sequence of stimuli is governed by the sensitiv-
ity of the neuron to each stimulus. This is hardly a surprising
statement except that in this case it is the tuning sensitivity of the
neuron, not the actual state of activation of the neuron, that
determines whether a particular response occurs. Consequently,
although different stimuli may evoke equivalent responses dur-
ing a sequence of stimuli, the conditioning effect of the stimuli is
determined primarily by the tuning sensitivity of the neuron, not
the amplitude of the evoked response. If in the extreme case the
neuron is truly insensitive to the SE stimulus, then the condition-
ing stimulus is equivalent to a blank ISI period during which the
neuron recovers from habituation. Neurons are therefore more
sensitive to transitions from nonpreferred stimuli to preferred
stimuli than to transitions between preferred stimuli (Fig. 9).

Given these conditions, the activation of neurons with differ-
ent tuning characteristics can be summarized. Neurons with
broad tuning sensitivity treat a wide range of stimuli as being
nearly equivalent. Their response to a series of stimuli is similar to
that observed in the identical stimulus series; at ISIs mimicking
saccade durations, their transient components are suppressed,
but their sustained components continue to signal the stimulus

presence with little interruption during short ISI periods. On the
other hand, sharply tuned neurons are activated relatively rarely
(outside of laboratory stimulus sequences) and are therefore usu-
ally in a baseline state of responsiveness. One anticipated conse-
quence for V4 neurons is that the stimulus transitions produced
by eye movements (mimicking short ISIs) should produce rela-
tively few response transients during search through relatively
homogeneous scenes, because the receptive field stimulus will
not change substantially. Sharply tuned neurons remain sensitive
but have a low probability of encountering an effective stimulus
in the receptive field, whereas broadly tuned neurons become
habituated, paradoxically as the result of the high probability of
encountering a receptive field stimulus that normally would ex-
cite the neuron.

Discussion
These results challenge the idea that the flow of visual informa-
tion through the visual system simply is refreshed with each eye
movement. When stimulus durations approximate fixation du-
rations (�200 ms) and when ISIs approximate saccade durations
(�55 ms or less), then sequences of repeated stimuli result in
habituation-like response decreases. The result is a dramatic re-
duction in the response to each sequential stimulus onset. The
initial transient response often is extinguished, leading to an ap-
parent delayed response onset of the remaining sustained re-
sponse component that itself often is weakened. Some neurons
simply stop firing; in other cases a sustained discharge is main-
tained but with typically irregular synchronization to the stimu-
lus onsets. These severe truncations in the response of neurons
are alleviated at ISIs (217 and 327 ms) that mimic a short fixation
with no stimulus in the receptive field. Certainly, the low variabil-
ity of discharge and higher gain relationships associated with the
transient components observed under some conditions (Muller
et al., 2001) become quite irregular under sequenced flash and
presumably saccade conditions. Saccade paradigms confirm that
the short ISIs of flashed stimuli mimic aspects of sequences of
stimuli appearing in the receptive field as a result of a saccade
(Gawne and Martin, 2002). Thus our typical visual experience
clearly is shaped by temporal crowding within the stream of vi-
sual information.

Temporal sensitivity and stimulus tuning curves
The breadth of tuning curves historically has been the prove-
nance of stimulus sensitivity and coding associated with the
properties of an object. The observations made here with mixed
stimulus sequences suggest another major function or conse-
quence of tuning properties, namely the temporal sensitivity of
neurons to stimulus changes within the receptive field. During a
sequence of mixed stimuli the habituation effects are modulated
by the sensitivity of the neuron to the different stimuli. When the
sequence was examined in terms of conditioning and test pairs of
stimuli, neither individual nor population analyses could identify
a clear relationship between the active response to the condition-
ing stimulus and the modulated test response. Neither the ampli-
tude of neural activity evoked by a conditioning stimulus nor the
level of activity in the immediate interstimulus decay interval
reliably predicts the response to a preferred test stimulus. Instead,
there is a negative correlation between the response to the pre-
ferred test stimulus and the tuning sensitivity of the neuron to the
conditioning stimulus. The response to the preferred test stimu-
lus is based on the potential sensitivity of the neuron to the con-
ditioning stimulus and not on the actual response to the condi-
tioning stimulus. The simplest explanation for this result is that

Figure 11. Correspondence between color tuning and the SE response amplitude. A, Neu-
rons were divided into three categories based on their sensitivity to a set of eight color stimuli.
Responses to SE stimuli are shown as box plots indicating medians and the 5th, 25th, 75th, and
95th percentiles. The box plots establish a general correspondence between tuning sensitivity
and SE stimulus effectiveness. B, Replot of Figure 10 A with symbols changed to indicate tuning
category of the neurons. From the relationships that are depicted, an inference can be drawn
that sharply tuned neurons are more likely to be activated strongly than are broadly tuned
neurons during a heterogeneous sequence of stimuli. Categories are tuned (triangles), broad
(circles), and exclusion (stars). The diagonal line shows identity condition.
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the conditioning and test stimuli share some common pathway in
proportion to their similarity in tuning. The conditioning stim-
ulus then could trigger a habituation in the test stimulus pathway
that is proportional to the tuning overlap between the two stimuli
rather than a function of the V4 response to the conditioning
stimulus. Regardless of this explanation, the observed relation-
ship has major consequences. Neurons with coarse tuning pro-
files will be less sensitive to moment-to-moment, fixation-to-
fixation changes of stimuli within their receptive field, because
responses to successive equivalent stimuli are subject to habitua-
tion. The habituated responses tend to lose their onset transients
and meld into a sustained level of firing across sequences of
equivalent stimuli. On the other hand, neurons with sharp tuning
profiles will remain relatively sensitive to stimulus changes in
their receptive fields. It seems unlikely that these issues are re-
stricted to any particular stimulus dimension but rather expose a
consequence of tuning within the temporal domain.

The responses of middle temporal area (MT) neurons to con-
dition and test pairs of moving stimuli (Priebe and Lisberger,
2002; Priebe et al., 2002) show some remarkable similarities to
the results described here. Over approximately the same ISIs
there is a gradual loss of the transient component of the MT
response to motion (Priebe et al., 2002). Furthermore, the great-
est degree of rapid adaptation (habituation) observed in MT neu-
rons occurred when the direction of conditioning motion
matched that of the test stimulus motion (Priebe and Lisberger,
2002). The conclusions of the MT studies were that the response
adaptations were attributable to mechanisms within MT and that
MT results were neither relayed from earlier visual areas nor
simply related to the activity of individual MT neurons. These
results dovetail nicely with the time scale and stimulus tuning
described here for V4 neurons. The conclusions reached for MT
neurons, that the sustained components carried the motion sig-
nal, suggest a similar conclusion that MT neurons would be rel-
atively insensitive to eye movements that did not change effec-
tively the stimulus in the receptive field. This conclusion is
consistent with the observation in MT that conditioning and test
stimuli could be placed at different locations within the receptive
field without a major change in the results (Priebe et al., 2002).
The similarity in the profiles of activity for MT and V4 neurons
across transient stimulus intervals suggests a relatively unex-
plored physiological relationship between eye movements and
stimulus histories in visual cortical processing.

Visual transients and transient responses
In the studies reported here, stimulus onset asynchronies in the
flash sequences were always �255 ms. Therefore, the time frame
of these presentations is outside the typical framework for mask-
ing studies (Breitmeyer, 1984). These parameters are also outside
the standard ranges associated with spatiotemporal interactions
involving motion perception. However, the results of these stud-
ies seem to be relevant to change blindness and rapid serial visual
presentation (RSVP) paradigms.

Change blindness is a phenomenon in which the observer is
unable to detect changes in his or her field of view across some
momentary interruption of the visual scene, such as a blank in-
terval, or across a blink or saccadic eye movement (Rensink,
2002). Within change blindness paradigms the detection of
change is often relatively easy to make in the absence of the inter-
rupting event, but it requires attention to be paid to the changing
item to detect the change across the interrupting event. The neu-
ral studies here report that a blanking event of 100 ms is sufficient
to reset many V4 neurons to a greater level of sensitivity, whereas

shorter interruptions tend toward relatively stable or habituated
levels of response. Change detection in stable uninterrupted con-
ditions is aided by the tendency for attention to be drawn to onset
events (Yantis and Jonides, 1984; Egeth and Yantis, 1997). This
advantage is defeated if an interrupting mask lasts sufficiently
long to reset the visual system such that many onset-like events
occur at the end of the interrupting event. Discovery of the object
that actually changes is confounded by the introduction of many
onset events, thereby reducing the possibility that attention is
drawn to the changed location. The neural responses seen in V4
provide evidence that a sufficiently long blank interval is as effec-
tive as an active addition of many stimuli (mud splash) or even a
shift of the entire scene (as during a saccade) in generating a large
number of onset events that reduce the probability of noticing
any particular change detection event. If attention is directed to
the changing item location, whether by cueing or by chance, the
change event is noted easily. Given that the changed object will
appear after a blank interval, the response it evokes actually may
be stronger than it would have been in the absence of the blanking
interval.

What defines the visual transient? Most arguments regarding
the capture of attention and detection of object appearance are
based on the timeline of the physical stimuli. Our results demon-
strate that the temporal profile of activity is altered considerably
at or before the level of V4. Both transient and sustained aspects
of neural coding as well as the tuning properties of neurons play
important roles in this transformation. The specific loss of the
information-rich transient components (Gershon et al., 1998;
Mechler et al., 1998; Muller et al., 2001) might underlie some of
the decreased ability to identify particular stimuli or stimulus
pairs in RSVP paradigms. In addition, the wide variations in re-
sponse onset latencies caused by the partial or complete loss of
the transient component of V4 responses might underlie some
identification loss or confusion, particularly if temporal synchro-
nization across different hierarchical areas plays a significant role
in stimulus identification (Thorpe et al., 2001). Morphing these
relatively simple response alterations to explain the varieties of
blindness phenomena that have been described in the literature is
difficult. In addition, simple changes in attentional bias signifi-
cantly alter the sensitivity of V4 neurons to objects. For example,
a top-down selection for red stimuli dramatically alters the sen-
sitivity of V4 neurons to red and non-red objects (Motter, 1994).
Thus the neural representation of objects in a RSVP stream can be
altered significantly by both attentive and temporal crowding
factors. Certainly, these factors need to be considered in inter-
preting the results of paradigms that use sequences of stimuli.
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