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bstract

Timing is critical. The same event can mean different things at different times and some events are more likely to occur at one time than another.
e used a cued visual classification task to evaluate how changes in temporal context affect neural responses in inferior temporal cortex, an

xtrastriate visual area known to be involved in object processing. On each trial a first image cued a temporal delay before a second target image
ppeared. The animal’s task was to classify the second image by pressing one of two buttons previously associated with that target. All images
ere used as both cues and targets. Whether an image cued a delay time or signaled a button press depended entirely upon whether it was the first
r second picture in a trial. This paradigm allowed us to compare inferior temporal cortex neural activity to the same image subdivided by temporal
ontext and expectation. Neuronal spiking was more robust and visually evoked local field potentials (LFP’s) larger for target presentations
han for cue presentations. On invalidly cued trials, when targets appeared unexpectedly early, the magnitude of the evoked LFP was reduced

nd delayed and neuronal spiking was attenuated. Spike field coherence increased in the beta-gamma frequency range for expected targets. In
onclusion, different neural responses in higher order ventral visual cortex may occur for the same visual image based on manipulations of temporal
ttention.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

In the real world, we are flooded by sensory input and, at
ny given time, some sensory events are more critical than the
est. Operationally defined, attention filters less relevant inputs
n favor of more important inputs. Thus, we are quicker and more
ccurate in responding to attended, compared to unattended,
vents. Context and experience determine our expectations such
hat we may be biased to a particular location (spatial atten-
ion), a particular item (object-based attention), or to a time of

ccurrence (temporal attention).

For visual processing, the focus of the present study,
ehavioral and neurophysiological investigations of attentional
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rocesses have focused largely on spatial manipulations. The
lectrophysiological correlate of spatial attention at the cellular
evel is generally seen as an increase in the magnitude of the
piking response as well as its correlation to ongoing local field
ctivity. These effects can be found at the earliest cortical areas
evoted to visual processing. For example, Ito and Gilbert (1999)
howed that spatial attention modulated the firing response of
eurons in primary visual cortex to bars of light in their recep-
ive field when the animal was spatially cued and the target bars
ere accompanied by flankers. Effects in extrastriate cortex (V2

nd V4) have been more extensively demonstrated (McAdams
Maunsell, 1999, 2000; Reynolds, Pasternak, & Desimone,

000). As one example, Luck, Chelazzi, Hillyard, and Desimone
1997) measured neuronal spike responses to target locations
nd “ignored” locations that were both in the receptive field of

2 and V4 neurons. Simultaneous presentation of targets and
istractors in the receptive field decreased firing compared to
equential presentations. However, in the former condition there
as a greater attentional effect. The spiking response to a tar-

mailto:David_Sheinberg@brown.edu
dx.doi.org/10.1016/j.neuropsychologia.2007.11.025
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with isoflurane. The combined duration of daily test sessions was between 1 and
3 h.

Eye position was monitored with an infrared camera system (Eye Link II,
SRS Research, Mississauga, Ontario, Canada) sampling at 200 Hz. Stimulus
presentation was through a locally written OpenGL-based stimulation program

Fig. 1. Recording location. On a lateral view of the macaque brain (A), the
48 B. Anderson, D.L. Sheinberg / N

et stimulus was greater than a “pseudotarget” presented at the
gnored location even when targets and pseudotargets were in
cell’s receptive field. Other physiological effects of attention
ave been observed in V4 as well. Using a paradigm in which a
isual stimulus appeared in the receptive field of a V4 cell during
time when a monkey’s attention was either directed towards or
way from that location, Fries, Reynolds, Rorie, and Desimone
eported modulation of the correlation between neuron spiking
nd background local field potentials (the spike field coherence;
FC) suggesting that timing between neuronal events and not

ust magnitude of response, may be an important component to
ttentional processing.

While temporal aspects of attention have been studied since
he time of Wundt (Carlson, Hogendoorn, & Verstraten, 2006),
uch investigations have typically focused on the dynamics of
ttention, for example how rapidly a spatial focus of attention
an shift location. More recently, investigators have begun to
onsider how temporal information can speed or enhance pro-
essing of targets. Nobre and colleagues (reviewed in Nobre
2001)) have provided extensive behavioral evidence that attend-
ng to locations in time (in analogy with attending to spatial
ocations) does speed response times. Logically, this speeded
esponse could be solely a consequence of motor processes.

odulations of later components of the visual evoked potential
re consistent with this interpretation (Doherty, Rao, Mesulam,

Nobre, 2005). However, it has been recently shown that cue-
ng to instants in time enhances perceptual processing (Correa,
upianez, Madrid, & Tudela, 2006; Correa, Lupianez, & Tudela,
005). Further, in a recent study on the physiological correlates
f temporal attention Doherty et al. (2005) measured the evoked
otential responses while subjects performed a target detection
ask under conditions of spatial, temporal, or spatial + temporal
ttention. Temporal attention augmented the increase in the
agnitude of the P1 component of the visual evoked response

een with spatial attention. This effect was maximal in parietal-
ccipital regions and suggested top-down effects on perceptual
rocessing.

Exploring the cellular basis for effects of temporal attention
n perceptual processing, Ghose and Maunsell (2002) demon-
trated that attentional modulation of V4 neuron activity was
ependent on task timing, and paralleled the temporal hazard
unction of visual target appearance. In that experiment, mon-
eys were trained to report the occurrence of a change in stimulus
rientation at a peripheral location. For more complex visual dis-
riminations, one might expect that other visual areas could be
ore affected by manipulation of temporal attention. For exam-

le, the large receptive fields of inferior temporal cortex (IT)
eurons combined with their object specificity make them well
uited to play a critical role in the detection of specific targets,
ven under conditions of little or no spatial ambiguity. Based on
heir firing profiles, IT neuron activity provides a strong signal
or active processing of particular visual targets. They respond
electively to complex images and their spiking is relatively

nvariant to modest alterations of image size, rotation, or retinal
osition (Booth & Rolls, 1998; Ito, Tamura, Fujita, & Tanaka,
995; Logothetis, Pauls, & Poggio, 1995; Schwartz, Desimone,
lbright, & Gross, 1983; Tovee, Rolls, & Azzopardi, 1994).
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To evaluate whether IT cortex reflects context dependent dif-
erences in temporal attention, we trained two monkeys on an
bject classification task where a single set of images were used
s both temporal cues and as targets. Each image in the set was
andomly assigned a temporal cue value and a button response
ssociation. Which meaning of the image was relevant was deter-
ined solely by timing within the task: temporal context. To

etermine that the temporal cues had been learned we occa-
ionally rendered them invalid and looked for response time
osts.

To improve the chance of detecting the effects of tempo-
al attention, we increased task demands by presenting targets
ith varying contrast. This manipulation was motivated by the
ypothesis of Reynolds and Chelazzi (2004) who proposed
hat spatial attention alters the contrast sensitivity of neurons
ith receptive fields overlapping attended spatial locations. As
potential mechanism for this effect, Reynolds and Chelazzi

2004) reported that changes in the variance of input excitatory
nd inhibitory activity could cause changes in contrast sensitiv-
ty. Altering the synchrony of arriving inputs is one plausible

echanism for affecting these dynamic changes in input vari-
nce. Therefore, we also measured the LFP activity and the
orrelation between spiking and LFP activity in IT.

. Materials and methods

.1. General

The subjects were two male macaque monkeys, M (10.0 kg) and O (8.8 kg)
oused and trained in accordance with the policies and procedures set forth
n the U.S. Public Health Service Policy on Humane Care and Use of Labo-
atory Animals and the National Institutes of Health Guide for the Care and
se of Laboratory Animals, as adopted by the Society for Neuroscience in

ts Policy on the Use of Animals in Neuroscience Research. All experiments
ere approved by the Institutional Animal Care and Use Committee of Brown
niversity.

Both monkeys had titanium head posts implanted for maintaining head
estraint. At a separate surgery both monkeys were fitted with titanium recording
hambers that provided access to the left anterior temporal lobe (Horsley-Clark
oordinates: +15 anterior, +20 lateral—see Fig. 1). All surgeries were per-
ormed using sterile techniques with the monkeys intubated and anesthetized
ertical black line shows the dorsal to ventral approach used to reach visually
esponsive inferior temporal cortex (gray) (B). An outline of a coronal section
adapted from (Paxinos, Huang, & Toga, 2000)) of the recording plane with the
ame gray region highlighted. The recording area targeted the inferior lip of the
uperior temporal sulcus and the deeper cortex on the lateral temporal lobe.
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unning on a dedicated graphics workstation with a screen resolution of
024 × 768 pixels and vertical refresh rate of 100 Hz. Behavioral control for the
xperiments was maintained by a network of interconnected PCs running the
NX real-time OS (QSSL, Ontario, Canada). Communication with the graphics

omputer was by dedicated Fast-Ethernet. All events relevant to the experiment,
ncluding lever presses, eye position, and stimulus information, were streamed to
isk and available for on-line monitoring. Images were clip art picture of simple
veryday objects (Hemera Technologies Corporation; Seattle, Washington).

.2. Electrophysiology

We recorded neural activity with two separate systems. One system was the
homas Recording (Giessen, Germany) multi-channel system with a five chan-
el head (Mountcastle, Reitboeck, Poggio, & Steinmetz, 1991). In some sessions
e used a standard single electrode approach. We used glass coated tungsten

lectrodes (Alpha Omega, Nazareth, Israel) advanced by a Kopf Hydraulic
icropositioner (Model 670, David Kopf Instruments, Tujunga, California),

nterfaced to a Grass HZP input module and Model 15 Amplifier system (Grass
echnologies, West Warwick, RI). The Alpha Omega electrodes were used

ith the Grass amplifier system which did not permit measuring impedance
nline. Impedances for these electrodes were typically 1.5 M� before use. The
homas electrodes, which were manufactured locally, were more variable in

heir impedances. We pulled our electrodes to a very fine tip and they would
ypically have impedances in the 2–4 M� range.

c
t
g
s
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ig. 2. Behavioral task overview. (A) The time course of a single trial. Trials began wit
nd a single visual image from a library of 100 appeared centered in a dynamic colored
emained. A delay of 1000 ms (early trials) or 2000 ms (late trials) followed after whic
he center of the colored frame. The animal had to press a button to acquire a juice rew
elay (1000 or 2000 ms) and a specific button press (right or left), each randomly assig
ehavioral training. (B) Trial types used in the experiments. For 1/5th of the trials the
nd was followed 4/5 of the time by a 2000 ms delay. However, for invalid trials the
ddition, the pacifier could also appear as a target (as shown in row 4).
sychologia 46 (2008) 947–957 949

Signals were amplified and filtered for the simultaneous recording of
oth action potentials (500 Hz to 8 KHz) and local field potentials (LFP:
–100 Hz,Thomas; or 0.3–300 Hz, Grass System). For LFP recording we used
notch filter to reduce 60 Hz interference. For spike analyses we sampled at

4 KHz and for LFP at 2500 Hz.
All data from a trial were saved for off-line analysis. Spike sorting employed

ocally written software. We visually inspected tracings to identify channels
ith well-isolated spikes and then set amplitude thresholds and limits to select
aveform samples. Subsequently k-means clustering was done on the wave-

orm samples to divide them into separate populations. Spike density functions
ere generated using an adaptive kernel method similar to that of Optican and
ichmond (1987).

.3. Behavioral task

A set of 100 objects was used as both cues and targets. Each picture had two
ifferent meanings depending on whether it was the first or second image in a
rial (“context”, see also Fig. 2). When a picture appeared as the first image in
trial, it carried information about the delay until the target would appear. This

ue value was generally valid. On 1/5th of a day’s trials the cue was invalid and
he target followed after the alternative delay (the invalid trials were randomly
enerated and therefore the exact proportion varied slightly from session to
ession). Fig. 2 provides an overview of the behavioral paradigm and trial
ypes.

h a centered fixation spot. After the monkey fixated the spot, it was extinguished,
frame (cue). After 500 ms this image was extinguished, but the dynamic frame

h a second image (target) selected from the same set of 100 images appeared in
ard. Each image in the set of 100 was associated with both a specific temporal
ned. The animal learned these associations over several months of preliminary
delay value of the cue was invalid. For example, the pacifier was a “late” cue

target would appear unexpectedly early (“invalid cue/early target”—row 3). In
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Table 1
Behavioral results

Contrast level Monkey M Monkey O

Valid early/late Invalid early/late Valid early/late Invalid early/late

Trial
number

Percent
correct

Mean RT (ms) Trial
number

Percent
correct

Mean RT
(ms)

Trial
number

Percent
correct

Mean RT
(ms)

Trial
number

Percent
correct

Mean RT
(ms)

0.015 1304/1104 98/97 619/562 233/455 98/99 746/511 394/402 99/99 640/502 118/127 100/99 646/486
0 56
0 37
1 37
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.020 1264/1180 99/99 434/444 230/426 97/>99

.100 1290/1227 >99/>99 335/352 209/431 100/>99

.000 1279/1210 99/99 325/342 264/430 100/100

Specifically, each trial began with a 0.3◦ visual angle square fixation spot
t the center of the computer screen. The monkey had to acquire this fixation
pot and maintain gaze for 450 ms. Following a 200 ms gap, a cue image was
resented for 500 ms at the center of the computer screen centered in a dynami-
ally modulating colored frame. The offset of each cue image was followed by
time gap of 1000 or 2000 ms during which only the dynamically modulating

rame was visible. Subsequently a target image appeared and was visible until
he monkey responded with a button press, for which a correct selection yielded
juice reward. Cues and targets were both scaled to 3◦ of visual angle. Each

mage was presented at the center of the screen and their position was completely
redictable. The exterior border of the colored frame was 4.5◦ in size and its
nterior opening was 3◦ in size. Each target could appear at one of four contrast
evels. The progression from full to low contrast was implemented by averaging
he colors of the image with the neutral gray background (from low contrast to
igh contrast the weightings for the image were: 0.015, 0.02, 0.1 and 1.0—full
ontrast).

The purpose of the dynamically modulating colored frame was to clearly
elineate the locations of the cue and the target thus reducing spatial ambiguity
nd differences in spatial attention. Because our monkeys also participate in
aradigms where exploratory eye movements are important variables of interest,
e did not over train on the restriction of exploratory eye movements. For this

xperiment, we did not abort trials where the animals’ eye position left the central
rame, but instead eliminated from analysis those trials in which the monkeys
ere not looking within the location of the colored frame at the time of the cue

nd target onsets.
The selectivity of IT cells presented a hurdle for our protocol. Because IT

ells can be highly selective and we wished to analyze visually induced spiking
ctivity, we created a large image set so that we could be sure to have images
vailable that would drive any particular isolated cell. On the other hand, the need
or the same image to be shown on multiple trials in multiple conditions made
sing a small image set desirable; otherwise we could never complete a dataset
ithin the time constraints of a daily session. We balanced these conflicting

equirements by training on a large image set and then, on test days, increasing
he proportion of trials with particular images to match the response properties
f the isolated cells. This selection of the images for each day was done by
isually inspecting online raster plots from a preliminary passive viewing task.
or analyses involving spikes (including the spike field coherence measure) we
estricted ourselves to trials containing one of the images defined at the start of
hat day’s recording as being one of the “test” images. For the power and LFP
nalyses we used all available trials meeting the eye movement requirements.

.4. Analyses

To compare the behavioral results across conditions we used an ANOVA
Trujillo-Ortiz, Hernandez-Walls, & Trujillo-Perez, 2006). Otherwise the statis-
ical tests were randomization tests or non-parametric.

Electrophysiological comparisons used the same image for each cate-
ory, i.e. cue versus target, or valid versus invalid. There were not equal

umbers of trials in all groups because an imbalance in numbers was nec-
ssary for the validity effect. Additionally, the monkeys were less likely to
e looking inside the colored frame for invalidly cued early trials (i.e. the
ue said the target image would appear 2 s later when it actually appeared
s later). So, while there was the same number of invalid early and late tri-

o
e
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9/419 359/435 99/99 546/485 88/111 100/100 560/472
5/351 419/376 100/>99 480/418 89/137 100/100 517/402
6/326 372/416 100/100 470/402 103/147 100/100 486/400

ls administered there were fewer invalid early trials included in the statistical
nalyses.

For analysis of the power in the LFP signal we computed the absolute value
f the Fourier transform and averaged over trials. To compare power between
onditions we calculated the ratio at each frequency band. To compute the prob-
bility of the result we used the binomial distribution with the null hypothesis
hat results greater or less than one were equally probable.

The spike field coherence (SFC) was computed by taking the ratio of the
ower of the spike triggered average to the average of the power spectra for each
f the LFP samples comprising the spike triggered average. We used spikes
nd LFP recorded from the same electrode (Anderson, Harrison, & Sheinberg,
006). We analyzed spikes from the image evoked transient (75–200 ms after
mage onset), with an LFP duration of 250 ms centered on the time of each spike.
or graphical comparisons we plot confidence intervals for the SFC difference
ue to cue validity separately for each of the delay values. The confidence
ntervals were calculated from 1000 bootstrap samples of the SFC.

. Results

The data reported are restricted to those sessions used for
lectrophysiological analyses. These recording sessions had at
east one well-isolated neuron that responded to one or more
mages in the set and followed several months of preliminary
ehavioral training. There were 26 sessions for monkey M
12,424 trials) and 15 for monkey O (3406 trials) for a com-
ined total of 50 neurons. The number of neurons is greater than
he number of sessions because we occasionally acquired more
han one neuron in a given recording session. LFP analyses are
estricted to the channels with recorded spiking activity. We can
herefore assert that the LFP comes from an area of IT known to
ontain at least one cell directly affected by at least one image
n the set.

.1. Behavioral

Both monkeys learned the response associations of the stim-
li and their temporal cue values. For both monkeys their button
ress performance was greater than 98% across all contrast
alues. Table 1 shows the number of trials meeting the eye move-
ent requirements, the percent correct, and the mean response

ime for both monkeys subdivided by contrast, validity and trial
ypes.

Since we employed only two delays an invalid cue could

nly “surprise” the monkey when the target appeared at the
arly, 1000 ms, delay. Despite the asymmetry of this design,
t avoided the need to include additional longer delays (the trials
ere already several seconds long) or trials for which no tar-
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Fig. 3. Response times by delay, target contrast, and cue validity. The black bars
in the center of the boxes mark the median response times. Boxes show the 25
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Fig. 4. Neural effects of meaning. (A) The raster plots for one neuron along with
the spike density functions are presented divided into cue presentations and target
presentations. The target trials are those when the image was validly cued and
full contrast. Note the decreased number of spikes to cue presentations. (B) The
spike density functions for the full population of recorded cells are shown and
demonstrate the consistent increases for target trials across the population. (C)
Shows the visually evoked LFP for the population. Note an increase in magnitude
of the signal for the target presentations. (D) This quantifies the probability of
the difference between the two LFP traces shown in panel C. We subtracted the
average LFP for target presentations from that for cue presentations (heavy blue
trace). We then randomized the labels: target or cue, and repeated the average and
differencing 1000 times. The thinner lines mark the 99% confidence intervals
computed from this randomization procedure. The time window when there
nd 75% range and the 10 and 90% ranges are delimited by the whiskers. For
ach contrast value the invalid early trials (lighter shaded boxes, upper panel)
re, on average, slower. Lower contrast images are responded to more slowly.

et appears. This latter approach introduces its own difficulty
ecause it requires rewarding the monkey for not responding
r increasing the number of available button press responses.
hile these manipulations can be justified, we made a design

ecision to avoid further complicating an already difficult pro-
ocol even though it gave us only one time period for evaluating
ue validity effects.

To demonstrate a validity effect we computed for each mon-
ey a validity by delay interaction using a three way repeated
easures ANOVA with the grouping factor as the date and the

epeated measures as contrast level (4 levels), cue validity (valid
r invalid), and trial type (early or late). Both monkeys were
lower to respond to low contrast images (M: F3,75 = 170.32,
< 0.0001; O: F3,24 = 39.2, p < 0.0001) and faster to respond

o the late trials (M: F1,25 = 16.93, p = 0.0004; O: F1,8 = 40.7,
= 0.0002). Both monkeys showed the expected delay valid-

ty by trial type interaction (M: F1,25 = 74.5, p < 0.0001; O:
1,8 = 6.12, p = 0.04). Fig. 3 shows this effect graphically with

he monkeys grouped. In summary, the monkeys knew the mean-
ng of the collection of images when they appeared as cues
inferred from the validity effect) and targets (inferred from
utton press accuracy).

.2. Differences in temporal context

Single cells spiked more to an image when it was a target
han when it was a cue. These results are summarized in Fig. 4.
he upper panel shows an example neuron and panel B shows
he overall spike density function for all the neurons. Thirty-six
f the 50 neurons had, on average, more spikes during valid, full
ontrast target presentations than they did for cue presentations
time period 80–200 ms after image onset; p < 0.0005 binomial).

were consistent differences in the magnitude of the LFP for cue and target
presentations is marked by vertical lines. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of the
article.)
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he LFP results (panel C Fig. 4) corroborate and extend the
pike data. To provide a statistical test for when the visually
voked LFP differed between the two conditions we subtracted
ne from the other to generate a difference plot and repeated
his 1000 times after shuffling the condition labels. The bottom
anel in Fig. 4 reveals a statistically significant difference
etween the two conditions beginning about 100 ms following
timulus onset.

.3. Differences in temporal expectation

We observed that IT activity is affected by temporal expecta-
ion. Fig. 5 provides an overview of the spike responses. There
as a decrease in the number of spikes for effective images

ppearing at unexpected times. A detailed statistical analysis of
he population response for both spikes and LFP subdivided by
ontrast and temporal expectation is shown in Fig. 6. The sig-
ificance of the difference in neural activity is computed in a
liding window and demonstrates the approximate time when
ifferences emerge. Since our target images could only appear
t one of two times, the target had to appear late if it did not
ppear early. Therefore, regardless of the cue value there was
o uncertainty about when the target would appear unless it
ppeared in the early time slot (see Fig. 2 for the different trial

ypes).

To compare these plots (Fig. 6) statistically, we used the bino-
ial cumulative distribution comparing the mean numbers of

pikes for valid and invalid trials in 50 ms windows slid along in

ig. 5. Effects of temporal attention on spike rate–qualitative. This figure pro-
ides an overview of the effect of temporal attention on spike rates. Spike density
unctions are shown collapsed across data sets and monkeys for all early and
ate, validly and invalidly cued, trials where the target appeared at full contrast.
alidly cued trials are shown by solid lines and invalidly cued trials by broken

ines. Since there were only two time points at which images could appear, only
he early, invalidly cued, trials should be unexpected. This is confirmed by the
imilarity of all the spike density functions except for early, invalidly cued trials
hich show a reduced initial transient response and a greater number of later

pikes. Because some neuronal populations show delay activity, we extend the
isplay to 450 ms before image onset (target onset occurred at time 0). There was
o increase in spiking during the delay period, nor were there any differences
cross conditions.
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ms steps for each time delay. The first window was centered at
50 ms before target image onset and the last one was centered

t 450 ms post target image onset. For comparison purposes we
id a similar analysis for the LFP where we used the binomial
umulative distribution function to compare the mean voltage
very 2 ms beginning at −50 ms before target onset to 450 ms
fter target image onset.

To improve the visualization of these p-value traces (red lines
n Fig. 6) we used a three value moving average filter and plot
he p-values on a logarithmic progression (right axes of all plots
n Fig. 6). There is a clear difference between the early and late
rials consistent with our assertion that targets are only unex-
ected for the early target presentations. The early trials show
ignificant differences between the validly and invalidly cued
rials for both spiking (top two rows Fig. 6) and LFP activity
bottom two rows Fig. 6) beginning about 100 ms after target
nset. In addition, the direction of the effect reverses for spikes
ater in the analysis window. That is, while there are more spikes
or validly cued early trials in the time shortly after image onset,
he opposite is observed later.

The data in Fig. 6 also show that increasing stimulus contrast
ot only had the expected effect of increasing overall response
agnitude and reducing onset latency, but also decreased the

ime at which observed effects of expectation became signifi-
ant. In the top row of Fig. 6, for example, which shows effects
f expectation on spiking activity, the initial valid–invalid differ-
nces reach the p < 0.01 level of significance for the high contrast
ondition at approximately 80 ms (top right panel) whereas dif-
erences in the low contrast condition are not evident until
pproximately 150 ms following stimulus onset (top left panel).
imilar effects of contrast on latency of valid–invalid differ-
nces can also be observed in the LFP responses for the early
rials (Fig. 6, third row).

Because of the relatively small number of trials in some
atasets it was not always possible to conduct proper statistical
ests on individual neurons. However, when a dataset contained
t least five valid and invalid trials shown at full contrast (n = 38
or early trials, n = 35 for late trials) the difference in spike num-
er between 80 and 200 ms compared by a sum of ranks test was
ignificant at the p < 0.05 level for the early trials of 10 neurons
nd for the late trials of only 2 neurons.

One potential advantage of the LFP signal over spikes for
nalyzing neural activity is that we can evaluate changes in neu-
al processing at times when no significant spiking activity is
bserved. For example, if the monkey uses the cue to prepare
or a visual stimulus then there should be changes in the time
eriod when he expects a visual stimulus compared to when
e does not, even if no stimulus is present at that time and
espite the fact that spike rates for IT cells often do not sustain
hemselves during delay periods (Miller, Erickson, & Desimone,
996).

We assessed LFP power in the time window from 525 ms
fter cue offset to 1025 ms after cue offset comparing trials with

ues having a 1000 ms delay or a 2000 ms delay value. For this
nalysis we altered the eye movement requirements to require
aze to be at the center of the screen at the time immediately
rior to when an early target image could have appeared.
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Fig. 6. Effects of temporal attention—detailed. This figure shows the spike density functions for neurons and evoked potentials for all contrasts (columns) and delays
(rows) subdivided by cue validity. To examine the temporal evolution of these differences and to demonstrate their statistical significance we calculated a p-value
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than 0.1◦ of visual angle. As an additional control, all analyses
were repeated for the monkey with most data by analyzing only
or sliding data windows from −50 to 450 ms after image onset. The scale for t
he increment of each tick mark reflects a doubling/halving from 0.5. The uppe
umbers for validly cued early trials. The bottom two rows show analogous find

When cues had a delay value of 1000 ms there was a ∼4/5
hance that a target would appear 1000 ms after cue offset.
f a cue’s value was 2000 ms then there was only a ∼1/5
hance of the target image appearing 1000 ms after cue off-
et. Fig. 7 shows the distribution of the power ratios. There
as a broad band of significant increases in the power in the
eta frequency range from 18 to 24 Hz for trials when a target
as highly probable (4/5) versus when it was improbable (1/5)

p < 0.001).
A consistent neurophysiological effect of attentional allo-

ation in V4 has been a correlation between spiking activity
nd LFP (Bichot, Rossi, & Desimone, 2005; Fries et al.,
001). We compared SFC estimates across a large range of
requency bands for both the validly and invalidly cued target
esponses. Fig. 8 plots the 99% confidence intervals for dif-

erences in the SFC for validly and invalidly cued trials. For
he early trials (1000 ms delay), we found a smooth increase
n coherence near the gamma frequency range for valid trials.
or both sets of trials (early and late) there was a significant

t
3
p
t

alues is on the right side of each graph and is a base 2 logarithmic scale where
rows of plots show that there are consistent statistical increases in early spike

for the visually evoked LFP.

ncrease in low frequency coherence (approx. 4 Hz) for the valid
rials.

.4. Eye movement effects

Prior to cue onset the monkey fixated a centered spot. Prior
o target onset the monkey was looking within a modulating
olored frame. Therefore, there are some expected differences
n the position of the eyes at the time of stimuli onset for the two
ime periods. The median distance from fixation to the center
f the screen was slightly larger for the target period than the
ue period (23 of 26 sessions) but the overall average was less
he trials where gaze was completely within the interior of the
◦ aperture of the colored frame for both the first 200 ms of cue
resentation and the first 200 ms of target presentation. None of
he basic results were altered.
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Fig. 7. LFP Power Increases in the beta frequency range for expected targets. The LFP power at each frequency band between dc and 80 Hz was computed for the
time period 525–1025 ms after cue image offset and figure shows the ratio of power for the 1000 ms cue trials relative to the power for the 2000 ms cue value trials.
The binomial distribution was used to calculate the probability of the fraction of neurons showing values greater than 1.0. The box and whisker plot shows the median
difference value as a black line, the boxes demarcate the 25–75% range and the whiskers mark the 10–90% range. Frequency bands with a significance of p < 0.001
(binomial) are colored black. There is a broad band from 18 to 24 Hz (beta frequency range) where there is consistently greater power for trials where the expected
target is imminent.

Fig. 8. Spike field coherence. Panels A and B show the SFC for 1000 ms trials (left) and 2000 ms trials (right). Invalid trials are shown as dashed lines. Below
each SFC plot we show the median (black bar) and 99% confidence intervals (gray boxes) for the difference at each frequency band between the valid and invalid
conditions normalized by the SFC for the validly cued trials. The confidence intervals were computed from a bootstrap resampling with 1000 repetitions. Both target
delays show changes at the low frequencies, but only the 1000 ms comparison (Panel C) shows a broad increase in the beta to gamma frequency range (32–40 Hz).
Increases in low frequency SFC are seen for both trial types and may reflect an error signal.
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Fig. 9. Eye position distributions. (A) For each dataset the location of the eyes
from the center of the screen at the time of image onset was calculated and the
mean of the invalid trials was subtracted from the mean of the valid trials. For
both trial types the difference was less than 0.5◦ of visual angle. For early trials
the eyes tended to be slightly farther from the center of the screen on invalid
trials compared to valid trials (the opposite was observed for late trials), but the
distance was much smaller than the size of IT visual neurons’ receptive fields.
(B) We created two groups of near and far trials by performing a median split of
all valid trials and then compared the mean number of spikes per trial in these
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wo groups. The inset shows that the median difference was zero, and therefore
light differences of the eyes with respect to the center of the screen do not
xplain the differences in spiking and LFP reported above.

One of our principal results is that early trials show differ-
nces in spiking, LFP, and SFC depending on cue validity. While
ll analyzed trials had the monkeys fixating within 3◦ of screen
enter at the time of target image onset there remain slight differ-
nces in eye position between the valid and invalid early trials.
ig. 9 (upper panel) shows the mean difference between the gaze
ccentricity for valid and invalid trials subdivided by early and
ate types. As shown by the distribution of late trial eccentricity
ifferences, the invalidly cued trials are accompanied by eyes
ositions that are slightly closer to the screen center (positive

ate–early trials values). We observed the opposite effect for the
arly trials (mean difference 0.24◦ of visual angle). To assess the
ossible effect of this magnitude of difference in eye position
ith respect to the center of the stimulus on neural responses

r
b
m
s

sychologia 46 (2008) 947–957 955

or those cells used in our analyses, we examined the effect
n spike rates of varying fixation by this small amount (Fig. 9,
ower panel). We split the fixation for validly cued target pre-
entations at the median and plot the difference in visual angle
etween these two subgroups. The difference in eye position is
omewhat greater than that observed between invalid and validly
ued early trials. However, the inset shows that there is no effect
n spike rate. The distribution of the difference in the mean
umber of spikes per trial is centered at zero with a median of
ero. This lack of an effect for small shifts of gaze is consistent
ith the fact that IT neurons are known to have large receptive
elds. In the presence of distractor images, functional receptive
eld sizes for IT cells are on the order of 4–6◦ (Mruczek &
heinberg, 2007a). On a plain background receptive field sizes
ay approach 40◦ (Rolls, Aggelopoulos, & Zheng, 2003). With
more complicated background, functional receptive field sizes
re about 10◦ (Mruczek & Sheinberg, 2007b; Rolls et al., 2003).
urther, in our study images were presented at the center of a
omputer screen. We did not optimize the location of the images
n the receptive field of the cells from which we recorded. There-
ore slight shifts in position between validly and invalidly cued
rials would be as likely to move the image closer to a neuron’s
eceptive field center as away from it.

. Discussion

Visually selective IT neurons change their firing to pre-
erred visual stimuli as a function of non-visual manipulations
Chelazzi, Duncan, Miller, & Desimone, 1998; Jagadeesh,
helazzi, Mishkin, & Desimone, 2001; Sheinberg & Logothetis,
997, 2001). Our interest was to determine how temporal context
nd temporal attention influenced IT neuronal activity. We found
vidence that both temporal context and temporal expectancy
ffect neural activity in IT.

In our study, when a particular picture served as a cue to
temporal delay, it evoked smaller LFP responses and fewer

pikes than when it was the guide to a button press, even though
t was shown at the same size, contrast, display position, and
he fixation of the eyes were similar. Therefore, the differences

ust reflect a difference in extra-visual properties of the stimu-
us, probably attention. The cue image always appeared at full
ontrast and its recognition did not require a speeded response,
herefore the animals might have been less attentive to cue
resentations than target presentations. A related explanation
s motivation. In all cases the cue was a second or two more
emoved from reward than were the target presentations. Liu
nd Richmond (2000) found that monkeys were less accurate
n trials when they could anticipate a longer time to reward and
hat this correlated to changes in the firing of perirhinal neurons.

third consideration is “meaning.” The images meant different
hings depending on the context: cues meant wait one or 2 s,
hile targets meant push left or right. If we consider it plausible

hat IT firing can be altered by interaction with other brain areas

elevant for attention, it should be plausible that interaction with
rain areas involved in the interpretation of an image’s meaning
ight also affect IT activity. However, what we wish to empha-

ize is that both cue and target presentations were important
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or our task to be successfully and speedily completed and that
ur animals’ behavior demonstrated that they learned the cue
nd target associations for the images. Therefore, we can con-
lude that IT neurons alter their responses to individual images
epending on the context in which an image is viewed.

The second effect observed in our study was a change in IT
europhysiological measures as a function of temporal expecta-
ion. While a shortening of response time to forewarned stimuli
s a common observation, only recently has evidence suggested
hat some of this benefit is due to perceptual processing and
hat it is not entirely due to motor response preparation (Correa
t al., 2005, 2006). Our protocol shows an intentional similar-
ty to the protocols used to study “attention in time” by Nobre
nd colleagues (Coull, Frith, Buchel, & Nobre, 2000; Doherty
t al., 2005; Miniussi, Wilding, Coull, & Nobre, 1999; Nobre,
001). Doherty et al. (2005) demonstrated a synergistic effect
f temporal and spatial attention on electrophysiological mea-
ures in a task where spatial and temporal expectations could be
ndependently manipulated. We found that visual stimuli occur-
ing at expected times evoked more early spikes and showed
greater coherence to the underlying LFP activity. Our differ-

nces in spike counts between validly and invalidly cued target
resentations for 1000 ms trials provide a single cell signature of
his effect and could provide a substrate for the EEG differences
bserved in humans.

In addition to differences in absolute numbers of spikes, we
lso observed changes in how these spikes correlated to under-
ying background LFP activity and the LFP power. Slow wave
ctivity has long been recognized to reflect changes in spatial
ttention (Heinze & Mangun, 1995). When examining activity
n the frequency domain, the most common changes with spatial
ttention have been a decrease in alpha activity and an increase in
eta activity (Vazquez Marrufo, Vaquero, Cardoso, & Gomez,
001; Wrobel, 2000). Tallon-Baudry, Mandon, Freiwald, and
reiter reported increased beta frequency band coherence in
onkey IT as a correlate of correct task performance in a delayed
atch to sample task. Consistent with these findings, we found

hat the LFP showed greater power in the beta frequency range
ith greater temporal attention.
Changes in the SFC from spatial attentional modulation have

een extensively studied in V4 (Bichot et al., 2005; Fries et
l., 2001). Increases in SFC in the gamma frequency band have
een consistently found when subjects attend to a relevant object
eature, such as shape or color, or to a particular retinotopic
ocation. We noted changes at slightly lower frequencies than
hose previously reported, but there is still substantial overlap.

Reynolds and Chelazzi (2004) hypothesize that attentional
ffects in the visual system are similar to changes in contrast
ensitivity. We observed that lowering image contrast resulted
n changes in the shape, magnitude, and onset time of neuronal
piking in visually selective IT cells and also changed the tim-
ng and magnitude of the visually evoked LFP recorded from the
ame area. Some of these contrast dependent changes are similar

o those seen between valid and invalidly cued trials, and are rem-
niscent of the traces shown in Reynolds and Chelazzi (2004).
ecently, Lee, Williford, and Maunsell (2007) examined the
ffects of attention and contrast on V4 neurons. They assessed

C
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euronal firing latency and magnitude to odd-symmetric Gabor
atches. Lee et al. (2007) found strong effects of contrast on both
euronal response magnitude and latency, but they found spatial
ttention effects only for response magnitude. This suggests that
he neuronal effects of attention and contrast may be different.
n effect of stimulus contrast on response magnitude and timing

s seen in our data as well (see Fig. 6) and the magnitude of the
hanges seen with lower stimulus contrast are much greater than
hose seen for our manipulation of temporal attention.

A consistent finding from our SFC analysis was that the
trongest difference between invalidly and validly cued trials
as an increase in coherence between spikes and the LFP at

requencies in the 4 Hz range. This was the same for both the
arly and late trials. What is common to both conditions is that
or invalid trials the image appears at the “wrong” time, even if
t does not appear unexpectedly. The evoked potential recorded
uring time estimation tasks has been shown to alter its shape
nd magnitude to incorrectly estimated intervals (Holroyd &
rigolson, 2007; Miltner, Braun, & Coles, 1997). We suspect

hat the difference in the SFC between valid and invalid trials
f both early and late types may also reflect some sort of error
ignal in IT.

In summary, we found the magnitude of the spiking response
f IT neurons was less to a visual image when it communicated
delay time than when it signaled which button to press for

eward. Similarly, the magnitude of the visually evoked LFP
as different across the two conditions. Expected visual stimuli

esulted in more spikes and a greater coherence to the underlying
FP activity. Expectation also increased the power of the LFP

n the beta frequency band. These findings suggest that IT neu-
onal responses to visual stimuli are modifiable by context and
xpectation and could participate in the perceptual differences
bserved behaviorally with attentional modulation in time.
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