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Stimulus Similarity-Contingent Neural Adaptation Can Be
Time and Cortical Area Dependent

Bram-Ernst Verhoef,* Greet Kayaert,* Edit Franko, Joris Vangeneugden, and Rufin Vogels
Laboratorium voor Neuro-en-Psychofysiologie, Katholieke Universiteit Leuven Medical School, BE-3000 Leuven, Belgium

Repetition of a stimulus results in decreased responses in many cortical areas. This so-called adaptation or repetition suppression has
been used in several human functional magnetic resonance imaging studies to deduce the stimulus selectivity of neuronal populations.
We tested in macaque monkeys whether the degree of neural adaptation depends on the similarity between the adapter and test stimulus.
To manipulate similarity, we varied stimulus size. We recorded the responses of single neurons to different-sized shapes in inferior
temporal (IT) and prefrontal cortical (PFC) areas while the animals were engaged in a size or shape discrimination task. The degree of response
adaptation in IT decreased with increasing size differences between the adapter and the test stimuli in both tasks, but the dependence of
adaptation on the degree of similarity between the adapter and test stimuli was limited mainly to the early phase of the neural response in IT. PEC
neurons showed only weak size-contingent repetition effects, despite strong size selectivity observed with the same stimuli. Thus, based
on the repetition effects in PFC, one would have erroneously concluded that PFC shows weak or no size selectivity in such tasks. These
findings are relevant for the interpretation of functional magnetic resonance adaptation data: they support the conjecture that the degree
of adaptation scales with the similarity between adapter and test stimuli. However, they also show that the temporal evolution of
adaptation during the course of the response, and differences in the way individual regions react to stimulus repetition, may complicate

the inference of neuronal tuning from functional magnetic resonance adaptation.
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Introduction

Previous studies have demonstrated that stimulus repetition re-
sults in decreased activity in visual cortical neurons (Grill-
Spector et al., 2006; Krekelberg et al., 2006; Kohn, 2007). Re-
cently, there has been an increase in the number of functional
magnetic resonance imaging (fMRI) studies that use such “adap-
tation” or “repetition suppression” to deduce the stimulus selec-
tivity of neuronal populations in humans [functional magnetic
resonance adaptation (fMR-A)] (Naccache and Dehaene, 2001;
Grill-Spector et al., 2006; Krekelberg et al., 2006). Inferring neu-
ral tuning using fMR-A assumes that the degree of adaptation
depends on stimulus similarity if the cells of the region under
study are selective for these stimuli (Jiang et al., 2006). Single-cell
studies in early visual areas have indeed shown that the strength
of such adaptation effects depends on the degree of similarity
between the test and adapter stimuli (Kohn, 2007). However,
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with regard to higher cortical areas, little is known about the
relationship of adaptation strength to test and adapter similarity.
This is because previous studies of adaptation in higher cortical
areas [e.g., inferior temporal (IT) cortex] have not systematically
varied parameters of the adapter and test stimuli along a stimulus
dimension (Miller et al., 1993) as has been done in investigations
of early areas. In the present study, we wanted to test the under-
lying assumption of the fMR-A paradigm: the conjecture that the
degree of adaptation scales with the similarity between adapter
and test stimuli in higher cortical areas. We manipulated the size
of successively presented shapes, allowing us to relate adaptation
effects to the similarity between the adapter and test stimulus and
to neural selectivity.

We recorded from neurons in both IT and prefrontal (PFC)
cortical areas. We studied IT because previous monkey and hu-
man fMRI studies have used repetition suppression to infer in-
variances of ventral-stream neurons (Sawamura et al., 2005;
Grill-Spector et al., 2006). Previous single-cell studies of PFC
reported a variety of repetition effects ranging from suppression
(Kubota et al., 1980; Rainer et al., 1999; Zaksas and Pasternak,
2006) to enhancement (Miller et al., 1996; Rainer et al., 1999) of
the responses to a repeated stimulus. Furthermore, a monkey
fMRI study showed adaptation effects in PFC similar to those in
IT (Sawamura et al., 2005). Therefore, we also recorded from
PFC, allowing a comparison of repetition effects, and of the rela-
tionship between physical stimulus similarity, neural selectivity,
and adaptation strengths, in IT and PFC.

We used a same-—different task in which animals judged
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whether two successively presented stimuli differed in shape or
size. This task is similar to that of several human fMR-A studies in
which it served to control for potential differences in attention
between successive stimulus presentations (Epstein et al., 2003;
Murray and Wojciulik, 2004; Kourtzi and Huberle, 2005; Krekel-
berg et al., 2005; Ganel et al., 2006; Murray et al., 2006; Gilaie-
Dotan and Malach, 2007). The values of the timing parameters of
this task were chosen so as to resemble those of the rapid, event-
related fMR-A studies as much as possible. Hence, our findings
contribute to the understanding of results obtained using the
fMR-A paradigm.

Materials and Methods

Subjects and recordings. Two rhesus monkeys (Macaca mulatta), YA and
YE, served as subjects. All surgical procedures and animal care were in
accordance with the guidelines of the Katholieke Universiteit Leuven
Medical School and the European Communities Council Directive 86/
609/EEC. The experiments were approved by the Ethical Committee for
Animal Experiments of the Katholieke Universiteit Leuven.

For both IT and PFC recordings, a Narishige microdrive was mounted
firmly on the recording chamber. The implantation of the plastic record-
ing chambers was guided using preoperative anatomical MRI. For IT
recordings, a tungsten microelectrode (Frederic Haer; 1-2 M{) measured
in situ) was lowered through a guiding tube positioned in a grid (Christ
Instruments) that was attached to the microdrive. The guiding tube
served a twofold purpose: puncturing the dura and overlying tissue, and
also guiding the electrode toward the recording location, which was quite
distant with respect to the entrance point of the guide tube on the dura
(we used the vertical approach toward IT). The PFC recordings were
performed without a guiding tube so that the cortex directly underlying
the dura would not be damaged by the guiding tube and could be re-
corded from. For these transdural PFC recordings, we drilled 2-4 mm
craniotomies and recorded from the underlying cortex for as long as we
were able to penetrate the dura with glass-coated tungsten electrodes
(Ainsworth; impedance, ~1 M(Q). For both areas, the electrode signals
were amplified and filtered using the same standard single-cell recording
equipment. Single units were isolated on-line using the template-
matching software Signal Processing Systems (SPS). The timing of the
single units, the stimulus and behavioral events were stored with 1 ms
resolution on a personal computer for later off-line analysis.

Between recording sessions, anatomical MRIs, using a grid with cop-
per sulfate-filled capillary tubes inserted at selected recording positions,
defined the region that we had recorded from. The IT recordings were
from neurons in the lower bank of the superior temporal sulcus and the
lateral convexity (area TE). Most responsive neurons were from the
lower bank of the superior temporal sulcus. Based on the structural MRI
scans, the IT recording positions ranged from ~14 to 22 mm anterior to
the auditory meatus and from ~19 to 22 mm lateral from the midline.
The PFC recording locations were anterior to the arcuate sulcus (area
8Av) (Petrides and Pandya, 2002) and ventral to or in the posterior third
of the principal sulcus (area 9/46) (Petrides and Pandya, 2002).

The position of one eye was recorded using the ISCAN eye movement
monitoring system but not saved.

Stimuli. Stimuli were presented on a 21 inch display (viewing distance,
~55 cm). We used nine stimulus sets that each consisted of four different
shapes in four different sizes. The four sizes ranged from ~2 to 16° (in
one octave steps). All stimuli were black shapes presented on a gray
background. For a given size, the shapes of a given set had approximately
the same area and luminance. See Figure 1 for an example of one set. All
stimuli were centered on the middle of the screen and were familiar to the
animals during recording.

Experimental procedure and task. The monkeys were trained to per-
form two sequential same—different tasks (see Fig. 1). In both tasks, they
first fixated a fixation spot that was presented in the middle of the screen
for 700 ms. The first stimulus (S1) was presented for 306.6 ms, followed
by a delay of 506.6 ms. After this delay, the second stimulus (S2) was
presented for 306.6 ms. During the presentation of the stimuli, the fixa-
tion spot was extinguished but the animal had to continue fixating. The
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second stimulus was followed by the presentation of two target points at
10° eccentricity on either side of the fixation spot. The monkey had to
make a saccade to the right or left target point in “same” and “different”
trials, respectively. Only trials in which the saccades were directed toward
one of the two target points were counted as valid trials and were scored
as a correct or an error trial. The animal had to maintain its gaze in a
fixation window (size, ~2°) during the 700-ms-long prestimulus fixation
period, the stimulus presentations, and the delay period. Trials that did
not meet this fixation criterion (i.e., aborted trials) were not analyzed
further.

Whether a particular stimulus sequence was a same or different trial
depended on the task. In the size task, the four different shapes of a set
were presented at four different sizes. In the size task, S1 and S2 always
had the same shape but could differ in size. Trials in which the sizes of S1
and S2 were identical were defined as same trials in the size task, whereas
trials in which the sizes differed were defined as different trials. Thus, in
the size task, the monkey had to judge whether or not a stimulus differed
in size. In the shape task, the same stimuli were presented; however, on a
given trial in this task, S1 and S2 could have either the same or different
shapes and could have different sizes. Trials in which the shape was
identical, regardless of a possible size difference, were defined as same
trials in the shape task, whereas trials in which S1 and S2 differed in shape
were defined as different trials. Thus, in the shape task, the monkey had
to judge whether the two shapes were the same or different, independent
of the size. In each task, the stimuli were presented pseudorandomly,
obeying the following three constraints: (1) a particular stimulus should
be presented equally often as S1 and S2, (2) the average frequency of each
of the 16 stimuli was equal, and (3) the number of same and different
trials should be equal. These constraints made certain that, to perform
successfully, the monkey needed to compare S1 and S2.

The monkeys were extensively trained in these two tasks, using stimuli
other than those used during the recordings. During the recordings, they
performed the two tasks in alternating blocks of ~180 valid trials. Each
block was preceded by 30 “instruction trials,” in which the correct re-
sponse, and therefore the task, was cued by presenting only the correct
target point. These instruction trials were excluded from all analyses. The
order of the two task blocks was counterbalanced across neurons.

Responsive neurons were searched while the monkeys were perform-
ing the tasks with the 16 stimuli of a set. In some sessions, several sets were
tested successively to obtain a responsive neuron. The only selection
criterion we used during the recordings was that the neuron should
respond to at least one of the 16 stimuli of a set, as judged from inspection
of the on-line peristimulus time histograms (PSTHs).

Analysis of neural data. The unnormalized response to a stimulus was
defined as the number of spikes during an interval of 250 ms, starting 50
ms after stimulus onset. As a measure of the baseline activity, we used the
number of spikes in the 250 ms interval preceding S1 onset. If, for a given
cell, a second block of a task was recorded, then these two blocks were
combined in the analyses. To statistically test whether a neuron re-
sponded to one or more of the stimuli, we used ANOVA with “baseline”
versus “stimulus period” as a within-trial factor and “stimulus” as
between-trials factor. The statistical significance of the response to a
particular stimulus was tested using Wilcoxon’s matched-pairs tests
comparing baseline and stimulus responses. Type I errors for statistical
testing were set at 5%.

The average size tuning of the population of neurons was computed by
selecting, for each neuron, the shapes for which there was a significant
mean S1 response (250 ms analysis window), and then sorting the com-
binations of shape and neuron as a function of the best size. Thus, we
obtained four groups, each having a different preferred size. After nor-
malizing the responses for each neuron by its maximal response over
groups, the S1 responses were averaged for each preferred-size group,
thus obtaining the average size tunings for the four different groups.

To obtain a quantitative measure of the degree to which the response
of each neuron was modulated by size or shape, we computed size and
shape modulation indices, respectively. These indices were computed for
the responses to S1 only, taking into account all unaborted trials and
regardless of the S2 stimulus. The size modulation index was computed
for sizes of the same shape, taking only those shapes for which there was
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asignificant S1 response. The shape modulation index was computed for
shapes having the same size, taking only those sizes for which there was a
significant S1 response. As a modulation index, we used the w” statistic
(Kirk, 1968), which measures the proportion of response variance ex-
plained by size (shape) for a given shape (size). To obtain a reliable
estimate of the response variance, computation of the w” was restricted to
those sizes (shapes) for which at least four trials per stimulus were avail-
able. A larger w? indicates a greater size or shape modulation.

To quantify the strength of the adaptation effect, the mean response of
aneuron to a particular stimulus presented as S2 was subtracted from the
mean response to that same stimulus presented as S1. The response to the
S2 presentation was computed as a function of the difference between S1
and S2 in a trial (i.e., S1-S2 sequence) (e.g., S1, size 1; S2, size 2). In this
way, we obtain the repetition index, which is defined as follows:

Repetition index (7, j) = Stim(7)_S1 — Stim(7)_S2(j),

where Stim(7)_S1 is the mean response to stimulus i (1 = i = 16) pre-
sented as S1, and similarly Stim(i)_S2(j) is the mean responses to stim-
ulus i presented as S2 for a particular S1-S2 sequence j. The possible
S1-S2 sequences depended on the task. That is, S1 and S2 could only
differ in size for the size task, whereas for the shape task the size and the
shape of S1 and S2 could differ within a trial (see above). Hence, this
index assesses for each S1-S2 sequence to what degree the response to a
particular stimulus presented as S2 is affected by the preceding stimulus
in a trial. The index will be zero if the response to a particular stimulus
presented as S2 is equal to the response when that same stimulus was pre-
sented as S1. A positive value indicates that the response to a stimulus
presented as S2 was smaller than when that same stimulus was presented
as S1 (i.e., adaptation). Note that the responses that were used to com-
pute the repetition indices could have come from different trials. For
example, to compute Stim(i)_S1, we used all responses of a neuron to
stimulus i presented as the first stimulus (S1) in a trial, even when the
second stimulus (S2) in a trial differed (e.g., in size or shape) from stim-
ulus i. Similarly, to compute Stim(i)_S2(j), we used all responses of a
neuron to stimulus i presented as the second stimulus in a particular
S1-S2 sequence j, where S1 could differ from stimulus i depending on the
particular S1-S2 sequence j. Repetition indices were computed for each
neuron and task separately. The repetition index was computed for each
stimulus for which there was a significant response, either as S1 or as S2,
as tested by the Wilcoxon matched pairs test. As a result, 64% of the
stimuli were selected to compute the repetition indices for the size and
shape tasks for IT, whereas 62 and 60% of the stimuli were selected to
compute the repetition indices for the size and shape tasks, respectively,
in PEC.

The repetition indices were computed for the neural responses in three
time windows: 250 ms starting 50 ms after stimulus onset, 125 ms starting
50 ms after stimulus onset, and 125 ms starting 175 ms after stimulus
onset. The long 250 ms window examines the response during the stim-
ulus presentation. The spiking activity during the initial 50 ms of the
stimulus presentation was not examined, because this was not stimulus
related (i.e., was shorter than the response latency of the neurons). The
two 125 ms windows split the longer 250 ms window into two equal,
nonoverlapping intervals, which allowed us to examine whether the rep-
etition effects differed between the early and late parts of the response.

For the main analyses, the repetition indices were computed as a func-
tion of the relative size difference (in octaves) between S2 and the pre-
ceding S1 in a trial. For this reason, all repetition indices related to S1-S2
sequences with equal relative size differences between S1 and S2 were
averaged and this was done for each of the possible size differences. In the
main analysis, we assessed the effect of the size difference between S1 and
S2 on the suppression when S1 and S2 had the same shape. In the latter
analysis, we used S2 responses from only “same-shape” trials when de-
termining the repetition effects as a function of the relative size difference
between S1 and S2. Thus, all unaborted trials were used for the size task,
whereas for the shape task approximately one-half of the trials were used
to compute S2 responses [i.e., those in which S1 and S2 had the same
shape (but could differ in size)]. The median number of trials per neuron
used to compute the repetition indices for each relative size difference
condition is shown in Table 1 for the size and shape tasks separately.
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Table 1. Median number of same-shape trials per neuron to compute repetition
indices, for each relative size difference between S1and S2 (zero to three octaves;
columns)

Octaves
Area Task Zero One Two Three
IT Size task 69 35 22 12
PFC Size task 65 34 23 10
IT Shape task 18 29 12 12
PFC Shape task 17 29 12 N

Repetition indices were computed for unnormalized as well as nor-
malized responses. For the latter, the responses of each neuron were
normalized by the maximal mean response of the 16 stimulus conditions.
The latter 16 responses were computed by averaging the responses to a
particular stimulus when it appeared as S1 and as S2. This normalization
ensured that each neuron, even those that responded weakly to any of the
16 stimuli, contributed equally to the population response. The normal-
ization was performed for each task separately. The repetition indices
were computed from these normalized responses using the formula
given above.

Modeling blood oxygen level-dependent response. We convolved the un-
smoothed IT and PFC population PSTHs of the size task with the hemo-
dynamic response function as defined by Boynton et al. (1996) to predict
the blood oxygen level-dependent (BOLD) response obtained in a fast
event-related fMR-A paradigm. To ensure that the differences in the
BOLD response were related only to the differences in the S2 response
and were not contaminated by small response fluctuations between the
four size difference conditions that preceded S2 onset, the responses
before S2 onset were equalized in the four conditions. This was done
using the time-varying mean of the spike rate in the time interval includ-
ing the 300 ms preceding S1, the S1 presentation, and the subsequent
delay; this mean was computed across the four conditions. When the
original S1 and delay responses were used, the difference in the predicted
BOLD between zero and one to three octaves was even more pronounced
for IT, whereas differences between the one, two, and three octave con-
ditions were somewhat smaller. The hemodynamic response function
was modeled as a gamma function [formula 3 in the study by Boynton et
al. (1996)] with parameters n = 3, 7= 1.4, and delay of 2.4 s. Other values
of 7 and delay produced highly similar size difference effects. The values
for each of the size difference conditions were normalized with respect to
the same-size condition (zero octave) data (minimum, 0; maximum, 1).
For the PFC prediction, we used the responses up to S2 offset to avoid any
contamination of the predicted BOLD response by the third periresponse
peak in the PSTH. Using the full PSTH produced a stronger difference
between the zero and one to three octave conditions (as expected from
the difference in neural responses of these conditions at this periresponse
period) but no systematic, graded increase in BOLD response with size
difference. We excluded the third response peak because it may depend
on the behavioral paradigm and operant or on eye movement control
during this late periresponse phase. The responses before S2 onset were
equalized in the four conditions in the same way as the IT responses.
When the original S1 and delay responses were used, results were similar,
and in this case also, the predicted BOLD show no graded increase with
size difference.

Results

We recorded the responses to different-sized shapes in 176 single
IT and 126 PFC neurons in two macaques while the animals were
performing same—different tasks. Each neuron was tested with a
set of 16 stimuli that consisted of four different shapes at four
different sizes (range, three octaves). During the recordings, the
monkeys performed one of two tasks: In the size task, the stimuli
of a given trial had the same shape and could differ only in size,
whereas in the shape task, the successive stimuli could differ in
both size and shape. In the latter task, the animals were required
to make a size-invariant shape judgment (i.e., same or different
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shape), whereas in the former task, they
simply made a size judgment (i.e., same or
different size). The required behavioral re-
sponse to a size difference of the same
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Neuronal data

We determined the size selectivity of the neurons using their
responses to the S1 presentations when the animals were per-
forming the same—different tasks. Across our population of neu-
rons, single IT and PFC neurons were well tuned for size (Fig.
2A,D). As expected, the IT and PFC responses decreased gradu-
ally as the stimulus size diverged from the preferred size. The
effect of size on the neural response was on average greater in PFC
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Size selectivity in ITand PFC. A-C, IT neurons. D—F, PFCneurons. The normalized size-tuning curves are plotted using
the full 250 ms analysis window (4, D), and the first 125 ms (B, E) and second 125 ms (C, F) analysis windows (size task only). Firing
rates to S1 of each neuron were normalized with respect to the maximum firing rate of the 16 stimulus conditions (based on the
S1response). The latter were computed using the full 250 ms window (otherwise potential differences in response level between
the first and second analysis windows would be obscured). The mean neuronal responses for the different sizes of each shape with
asignificant response were sorted according to the preferred size and then averaged. Error bars indicate SEM. Different line styles
are used to indicate tuning curves with different preferred sizes. The number on top of the preferred size of each tuning curve
specifies the number of cases that were used to compute that tuning curve.

Table 2. Size and shape modulation in IT and PFC

Area Task Median w?; size n Median w?; shape n

IT Size task 0.10 401 0.25 459
PFC Size task 0.17 259 0.18 257
IT Shape task 0.12 368 0.24 411
PFC Shape task 0.20 216 0.20 220

than in IT (p < 0.001, Wilcoxon’s rank sum test), as can be seen
by considering the median w” size modulation indices computed
on the S1 responses (Table 2). Within each area, the degree to
which the response was modulated by size was similar for the two
tasks (Table 2) ( p > 0.05, Wilcoxon’s rank sum test).
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Given that both areas showed clear size selectivity, we can
address the question of whether these areas will show size-
contingent adaptation. This issue was examined by analyzing the
degree of adaptation as a function of the size differences between
S1 and S2. First, we will describe the results for IT followed by
those for PFC.

Size-contingent repetition effects in IT
As expected (Baylis and Rolls, 1987; Miller et al., 1991, 1993; Vogels
etal., 1995; Ringo, 1996; Jiang et al., 2006; Sawamura et al., 2006), IT
responses were reduced when the same-size stimulus was repeated.
In a first analysis to demonstrate the effect of a size difference be-
tween S1 and S2, we used only trials from the size task. In the latter
task, S1 and S2 always consisted of the same shape and thus more
trials per size difference were presented than in the shape task, in
which in only one-half of the trials the successive stimuli had the
same shape. Figure 3A plots the average population responses to S1
and S2 as a function of the S1-S2 size difference within a trial of the
size task. It is clear that the strength of the adaptation effect dimin-
ished gradually with increasing size differences between S1 and S2.
To quantify the strength of the adaptation effect, the response
of a neuron to a particular stimulus presented as S2 was sub-
tracted from that to the same stimulus presented as S1 (repetition
index) (see Materials and Methods). Positive and negative repe-
tition indices indicate decreased and enhanced responses to S2
with respect to S1, respectively. The repetition indices were com-
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puted as a function of the size difference between S2 and the
preceding S1 of that trial. This analysis was restricted to those
stimuli and neurons for which there were statistically significant
responses when the stimulus was presented as S1 or as S2 (see
Materials and Methods). In these initial analyses, the responses
were computed using an analysis window of 250 ms that started
50 ms after stimulus onset. The mean repetition indices decreased
as a function of the S1-S2 size difference (Fig. 4A). ANOVA
showed that the effect of this size difference on the repetition
indices was highly significant (p < 0.001). Furthermore, the
gradual decrease of the strength of adaptation with increasing size
differences was statistically significant in each animal ( p < 0.001)
(supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material). We also computed repetition indices using
normalized responses, and the results obtained in this manner
were similar to those reported above for the unnormalized re-
sponses: the repetition indices decreased significantly (ANOVA,
p < 0.0005) with increasing size differences in the size task when
the full 250 ms analysis window was considered (supplemental
Fig. S2, available at www.jneurosci.org as supplemental
material).

An unexpected finding was that the size dependency of the
adaptation was more graded in the first half of the IT response
than in its second half (Fig. 34). To quantify this observation, we
computed the repetition indices separately for the first and sec-
ond 125 ms of the 250 ms analysis window (Fig. 4 B). The inter-
action between size difference and analysis window proved to be
significant (ANOVA; p < 0.01). In contrast to the first 125 ms
window, there was no significant effect of size difference on the
repetition indices when we considered only the one, two, and
three octave size differences for the second 125 ms window
(ANOVA: second half, p > 0.05; first half, p < 0.0005). Thus, the
effect of size difference on the IT adaptation is less graded in the
second than in the first half of the S2 response. Similar results
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were obtained for normalized responses: The interaction be-
tween size difference and analysis window for the normalized
responses was significant (ANOVA, p < 0.05), and ANOVAs
performed on the repetition indices of the one to three size dif-
ference conditions of the size task produced a significant main
effect of size difference for the first 125 ms analysis window ( p <
0.0005) but not for the second 125 ms window ( p > 0.05) (see
supplemental information and supplemental Fig. S2, available at
www.jneurosci.org as supplemental material).

The data shown in Figure 4 are repetition indices averaged
across stimuli and neurons. When the responses of each individ-
ual neuron were averaged across stimuli instead, similar effects
could be demonstrated (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). For this analysis, we fit-
ted an orthogonal regression line to the mean response of each
neuron to a stimulus when presented as S1 and S2. The analysis
was repeated for each relative size difference between S1 and S2
within a trial and for each of the three time windows. The mean
S1 and S2 responses of each neuron were computed using the
same responses as the ones that were used to compute the repe-
tition indices, but now these responses were averaged across
stimuli within a neuron. When considering the full analysis win-
dow, we observed a significant suppression of the S2 responses
for the zero and one octave size differences ( p < 0.05; z test for a
difference in the slope compared with the first bisector). Using
the first 125 ms window, we found significant suppression of the
S2 responses for the zero, one, and two octave size differences. In
contrast, a significant suppression only for the zero size difference
was noted when the second 125 ms window was used. The degree
of adaptation, as measured by the slope of the regression line for
the S1 and S2 responses, decreased monotonically with increas-
ing size difference for the first, but not second, 125 ms window
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material).

A trivial explanation for the size difference having a more
weakly graded effect in the second, late analysis window is that I'T
neurons could simply possess a correspondingly weaker size tun-
ing in that part of their response. However, as shown in Figure 2,
B and C, the graded size tuning was equally present in both the
first and second 125 ms analysis windows. Thus, the weak graded
effect of size difference on the adaptation in the second window is
not some trivial result of a simple difference in size tuning within
these two analysis windows.

The mean responses to the S1 stimuli, computed using the
same S1 stimuli as those for the repetition indices, did not differ
significantly among the four size difference groups for either the
full 250 ms, the early 125 ms, or the late 125 ms windows
(ANOVA, p > 0.05). Thus, the observed effect of size difference
on the repetition indices does not result from any differences in
the strengths of the S1 responses between the four size difference
groups, but is instead a genuine adaptation effect.

One could hypothesize that the less graded neural response in
the second than in the first part of the neural response to S2 is
related to the disparate behavioral responses in the same and
different trials of the size task. If such were the case, then one
would expect an effect of task on the repetition indices because
the “different-size—same-shape” trials required opposite behav-
ioral responses in the two tasks. This possibility was examined in
a series of two-way ANOVAs, with S1-S2 size difference and task
as factors, on the normalized and unnormalized repetition indi-
ces for the 250 ms and the two 125 ms analysis windows sepa-
rately. Note that, for a proper comparison, the indices in both
tasks were computed using only same-shape trials. The p values of
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Table 3. Task effects in IT

Analysis window Effect Unnormalized Normalized
250 ms Task 0.015 0.004
Size difference 0.000 0.000
Interaction 0.226 0.291
First 125 ms Task 0.073 0.018
Size difference 0.000 0.000
Interaction 0.280 0.408
Second 125 ms Task 0.030 0.041
Size difference 0.000 0.000
Interaction 0.168 0.105

Significant p values (p << 0.05, two-way ANOVA) are shown in bold.

all effects are listed in Table 3, with significant effects indicated in
bold. We observed no significant interactions of S1-S2 size dif-
ference and task. There were some significant main effects of task
on the repetition indices. Note that these main effects of task
cannot be related to potential behavioral response-related effects,
because the latter require an interaction of the factors task and
size difference (the behavioral response depends on the size dif-
ference in the size task but not in the shape task).

Additional analyses of the data from the shape task showed
that the mean response to S2 decreased systematically as a func-
tion of the S1-S2 size difference within the first 125 ms analysis
window (mean repetition indices shown in Fig. 4 B; mean re-
sponses per neuron shown in supplemental Fig. S4, available at
www.jneurosci.org as supplemental material). However, for the
second 125 ms window, such size dependence was less clear and
erratic: the two octave size difference produced enhancement of
the responses to S2, whereas no significant difference in S2 re-
sponse was present for the one and three octave size differences.
Thus, as for the size task, the systematic decrease of repetition
suppression with increasing size differences was present only
within the first part of the response (see also supplemental Fig. S7,
available at www.jneurosci.org as supplemental material, which
shows the population PSTHs for the shape task).

In the above analyses, the responses in all valid (error and
correct) trials were averaged. Supplemental Figure S8 (available
at www.jneurosci.org as supplemental material) shows the mean
repetition indices computed using the responses in only the cor-
rect same-shape trials. The effects obtained using correct trials
only were virtually identical with those observed using all same-
shape trials. Again, no significant interactions between the effects
of size difference and task were observed when correct trials only
were used. Note that the monkeys executed opposite responses
for the one to three octave differences in these same-shape trials:
same responses in the shape task and different responses in the
size task. These analyses demonstrate that the adaptation effects,
particularly in the later part of the response in IT, are not related
to the impending same versus different behavioral responses.

Very similar results were obtained when the responses to the
preferred size for each neuron were excluded (supplemental Fig.
S9, available at www.jneurosci.org as supplemental material).
Hence the suppression effects were not specific to the preferred
size.

Size-contingent repetition effects in PFC

Subsequent recordings in the PFC of the same animals showed
response patterns that differed from those seen in IT. In agree-
ment with previous recordings in PFC using similar tasks, the
PEC population showed anticipatory-related climbing activity
before S1 and S2 onset, and stronger delay activity than IT (Fuster
and Alexander, 1971; Miller et al., 1996; Rainer et al., 1999) (Fig.
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significant effects of size difference were
present for the repetition indices com-
puted from the second half of the re-
sponses. In none of these analyses did we
observe a significant interaction between
task and size difference. Also, the interac-
tion of the factors analysis window (first vs
second half) and size difference was not
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Figure 5.

Size difference (octave)

Size-contingent adaptation in PFC for putative stimulus-driven responses. The analyses and conventions were the

significant. These analyses indicate weak
effects of size difference on the putative
stimulus-driven  responses of PFC
neurons.

2 3

same as those of Figure 4, but the S1and S2 responses were corrected for baseline and delay activity, respectively (for details, see

Results).

3B). Also, several PFC neurons responded during the behavioral
response phase, which can be seen as the third peak in the popu-
lation PSTHs of Figure 3B.

We used the same analyses as that for IT to assess repetition
effects in PFC and their relationship to size differences between
S1 and S2. When computing S1 and S2 responses as for IT, we
found that, on average, PFC neurons showed an enhanced re-
sponse to the S2 presentation when the stimulus was repeated
(Figs. 3B, 4C). This enhancement was not affected by the size
difference between S1 and S2 when the full 250 ms analysis win-
dow (Fig. 4C) was considered (ANOVA, p > 0.05). However,
there was a significantly (ANOVA, p < 0.05) increased enhance-
ment in the first half of the response with greater size differences
(Fig. 4 D). This effect was present only for the size task, although
the interaction between size difference and task was not signifi-
cant. Furthermore, we did not find this effect when normalized
responses (see supplemental information, available at www.
jneurosci.org as supplemental material) were used, and, contrary
to what was observed in IT, the interaction between size differ-
ence and time window was not significant (ANOVA, p > 0.05).
Thus, overall, the systematic dependence of the S2 responses on
the S1-S2 size difference was much smaller in PFC compared
with IT, using the same analyses. As for IT, very similar results
were obtained when we excluded the responses to the preferred
size for each neuron (supplemental Fig. S9, available at www.
jneurosci.org as supplemental material), and thus the suppres-
sion effects were not specific to the preferred size.

As noted above and shown in Figure 3, PFC neurons showed
strong delay activity. It could be argued that the stimulus-driven
response overlies this delay activity. Following that logic, we iso-
lated this putative stimulus-driven response to S2 by subtracting
the activity in a 250 ms interval of the delay period immediately
preceding S2 from the activity to S2. To compute the stimulus-
driven S1 response, we subtracted the baseline activity in a 250 ms
period before S1 onset from the activity to S1. Not surprisingly,
given the strong delay activity, the average putative stimulus-
driven S2 responses were smaller than those to S1: the mean
repetition indices computed from the stimulus-driven responses
using the 250 ms analysis windows were positive (Fig. 5), indicat-
ing repetition suppression. Although the repetition indices de-
creased with increasing size differences for both tasks, this effect
was not significant in either task (ANOVAs, p > 0.05). Combin-
ing the data of the two tasks produced a significant effect of size
difference (ANOVA, p = 0.04) on the repetition indices. When
the repetition indices were computed using the (baseline- and
delay activity-corrected) first half (125 ms) of the responses, the
effect of size difference was significant for the size task (ANOVA,
p < 0.01) but not for the shape task (ANOVA, p > 0.05). No

Shape-contingent repetition effects in
IT and PFC

Both IT and PFC demonstrated shape selectivity. The degree of
modulation of the neural response by shape, as assessed by the w®
measure for S1 responses (Table 2), was significantly larger in IT
than in PFC ( p < 0.005, Wilcoxon’s rank sum test) but did not
differ significantly between tasks (Table 2) ( p > 0.05, Wilcoxon’s
rank sum test). Because we did not manipulate shape similarity in
the current study, we will only briefly describe the shape-
contingent repetition effects. As can be seen in Figure 6, responses
to S2 in different-shape trials were enhanced with respect to S1
and S2 in same-shape trials. For these analyses, responses of only
the same-size trials were used. The enhancement of S2 responses
in different-shape trials was present in IT and PFC. This enhance-
ment was statistically significant (¢ test; mean different from zero,
p < 0.05). Additional analyses using the 250 ms analysis window
showed a significant difference between the repetition indices
computed for the same- and different-shape trials in IT
(ANOVA, p < 0.001) but not in PFC (ANOVA, p > 0.05). There
was no effect of size difference on the repetition indices for the
different-shape trials in either region (ANOVA, p > 0.05) (sup-
plemental Figs. S1, S8, available at www.jneurosci.org as supple-
mental material).

Simulating BOLD response

The changes in the stimulus dependency of adaptation effects
over the course of the response that we have observed in IT can
affect the sluggish BOLD response and can thus affect inferences
concerning selectivity that are based on adaptation in rapid,
event-related fMR-A (Kourtzi and Kanwisher, 2000) [assuming
that the BOLD response indeed correlates with the neural re-
sponse (Logothetis, 2003)]. Following Mukamel et al. (2005),
Sawamura et al. (2006), and Privman et al. (2007), we estimated
the BOLD response by convolving the population response in the
size task (Fig. 3) with a standard canonical hemodynamic re-
sponse function (Boynton et al., 1996). The estimated BOLD
response in IT differentiated the zero and one octave condition
well, butless so for the one, two, and three octave conditions (Fig.
7A). Thus, the estimated BOLD size adaptation effect is more
strongly nonlinear than the size tuning of the neural responses
(Fig. 2A).

The estimated BOLD responses for PFC in the size task
showed smaller, less systematic size difference-dependent repeti-
tion effects (Fig. 7B) compared with the size tuning of the same
neuronal population (Fig. 2D). Thus, from these estimated
BOLD responses, one would infer little or no systematic size tun-
ing in PFC, which is certainly not the case (Fig. 2D).



10638 - J. Neurosci., October 15,2008 - 28(42):10631-10640

Same Pl
20| -=--- Different .,
Tt

=1
spikes/s

-200 0 200 400 600 800 1000 1200 1400

B
PFC: $
* 2w 0 20 400 60 800 1000 1200 1400
time (ms)
Figure 6.  Population PSTHs of the responses in IT (A) and PFC (B) in the shape task for

same-shape and different-shape trials. The S1 and S2 stimuli had identical sizes. Responses
were first averaged per condition and per neuron, and these means were then averaged across
neurons. The same conventions as in Figure 3 apply.

A
1k 0 octave
1 octave
2 octave
» 0B - 3 octave
2
o
&
2 06}
m T
= [
£ 04r {
2
02f
1] 4 L L 4 — 3
0 2 4 € B8 10 12 14 1B 18 20
time(s)
B
1F
o 0BF
g
&
& 06}
PFC: 3
]
g 04t
E
0.2p
1] s 1 n 4 n a0 3 e— -
0 2 4 [ 8 0 12 14 16 18 20
time(s)
Figure 7.  Estimated normalized BOLD responses for the IT (4) and PFC (B) population re-

sponsesin the size task, sorted according to the size difference (in octaves; see legend) between
S1andS2.

Verhoef et al. e Size-Contingent Adaptation in IT and PFC

Discussion

We have shown that the degree of adaptation in I'T, and to a much
lesser extent in PFC, depends systematically on stimulus size dif-
ferences and thus on the similarity between the adapter and test
stimuli. The size difference effect became less graded in the later
part of the IT response. In contrast, despite the obvious size tun-
ing in prefrontal neurons, these cells did not demonstrate a clear
relationship between stimulus similarity and the size of the rep-
etition effect when the latter was computed on the gross response.
Together, these findings are highly relevant for the frequently
used fMR-A paradigm. This paradigm is based on the assumed
link between feature tuning and tuning in adaptation when stim-
uli along the relevant feature dimension are presented in succes-
sion. We show that this relationship can exist in higher cortical
areas, such as IT, where fMR-A is often used.

Size selectivity
In contrast to the size-dependent adaptation effects in the present
study, Lueschow et al. (1999) reported size-invariant adaptation
in the IT cortex of monkeys performing a delayed matching-to-
sample task. Several differences between the two studies may ex-
plain these discrepant results. First, Lueschow et al. recorded in
ventral I'T/perirhinal cortex, whereas the neurons of the present
study were from dorsal IT/superior temporal sulcus. Second, we
used a wider range of sizes than did Lueschow et al. (1999) (one
octave). It is possible that their neurons would have shown sig-
nificant size-dependent adaptation for larger relative size differ-
ences. Third, unlike the study by Lueschow et al., our animals
were trained in the size task, and thus the size-dependent adap-
tation effect may be induced by this training. However,
Sawamura et al. (2005) found size-dependent adaptation of the
fMRI activation in monkey IT when the animals did not have to
discriminate size. The results of the latter monkey fMRI study
suggest that, even when animals are not trained to discriminate
size, adaptation of shape responses in IT can be size dependent.
We found that PFC neurons were well tuned for size. It cannot
be excluded that part of the size selectivity in PFC results from
training in the size discrimination task. Indeed, training to dis-
criminate visual images can enhance the selectivity of PFC neu-
rons for those images (Rainer and Miller, 2000).

Time course of stimulus selective repetition effects

Our data demonstrate that the size-dependent adaptation re-
sponse becomes more “categorical” (same vs different size) in the
later part of the IT response. Because of this time-dependent
effect in combination with the relative long duration of the IT
response (compared with stimulus duration), the predicted
BOLD response will be more sensitive to a change in size per se
than to the magnitude of the size change. One fMRI study using
timing parameters similar to those of the present study reported
that face viewpoint-sensitive adaptation in the human visual cor-
tex was independent of the amount of rotation (Fang et al., 2007),
which fits our BOLD prediction.

Effect of task on stimulus selectivity

We performed extensive data analyses comparing the responses
and degree of size and shape selectivity between the two tasks
(data not shown), but failed to find consistent task effects on
these parameters in IT and PFC. The lack of task-related effects
on the IT stimulus selectivity agrees with recent reports by Suzuki
et al. (2006) and Lehky and Tanaka (2007), but contrasts with
that by Koida and Komatsu (2007). However, in the latter study,
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the two tasks differed in several respects such as categorization
versus fine discrimination and fixed stimulus—response mapping
versus matching to sample, whereas in our study the subjects
were required to perform the identical “same-—different” task
while changing the relevant stimulus dimension between tasks.
Thus, the smaller dissimilarity between tasks in the present study
might explain our lack of any task effect.

It is possible that the animals solved the two tasks by changing
the decision boundary in a high-dimensional space defined by the
different shapes and sizes. Following this reasoning, the decision
boundary in the size task would have been shifted toward smaller
size differences. Note that such a mechanism does not assume
changes in selectivity between the tasks: the task determines the
position of the decision boundary without affecting the sensitiv-
ity for the stimulus dimensions. Hence this proposed mechanism
can explain why we did not observe consistent changes in size or
shape selectivity between the tasks in I'T and PFC.

Effect of task on repetition effects

We observed no systematic effects of the task on the adaptation
effects for the same-shape trials in IT neurons. This agrees with
several rapid, event-related fMR-A human studies that reported
approximately similar adaptation effects in different tasks (Mur-
ray and Wojciulik, 2004; Krekelberg et al., 2005; Xu et al., 2007),
at least when the subject is attending the stimulus (Murray and
Wojciulik, 2004). For example, the latter human fMRI study
found similar view-dependent BOLD adaptation in LOC when
subjects performed view-invariant object recognition and when
they judged the view of an object (Murray and Wojciulik, 2004).
More recently, Xu et al. (2007) compared BOLD adaptation
when subjects were performing two sorts of same— different tasks,
one in which they had to recognize a scene regardless of changes
in view, and one in which they had to discriminate changes in the
images or the view of the same scene. In agreement with our
results, no effect of task on BOLD adaptation was observed in the
ventral visual cortex.

There was a hint of a task-related effect in PFC, consisting of a
trend for a greater size-dependent enhancement of the S2 re-
sponses in the size task than in the shape task within the first part
of the response. This weak task-related effect might be the result
of our search strategy: because we were interested in stimulus-
related activity, we searched for neurons showing stimulus-
related responses. Hence we may have missed PFC neurons that
code for the task but did not respond to the stimuli (e.g., units
showing stronger stimulus-unrelated activity in one task com-
pared with the other) (Asaad et al., 2000; Wallis et al., 2001; Wallis
and Miller, 2003; Mansouri et al., 2006).

Comparison of IT and PFC repetition effects

Anatomical studies indicate that IT projects to the PFC region
that we recorded from (Ungerleider et al., 1989; Webster et al.,
1994). Interestingly, the effects of size and shape of S1 on the S2
population response originated earlier in PFC than in IT (Fig. 3),
suggesting that at least the early size-dependent effects in PFC do
not originate in IT. Dorsolateral PFC, within and close to the
principal sulcus, has connections with intraparietal sulcal areas
(Petrides and Pandya, 1984). Therefore it is possible that the
rapidly responding PFC neurons receive direct or indirect input
from intraparietal neurons, which can have short stimulus-
selective response latencies. One caveat here is that the PFC re-
cordings were performed after the IT recordings and that the
faster response in PFC compared with IT might be a practice
effect.
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Despite the similar size tunings of neurons in IT and PFC, we
found markedly different stimulus repetition effects in the gross
neuronal responses of these two areas. Repetition effects were
both different in sign (repetition suppression and enhancement
for IT and PFC, respectively) and in its relationship with stimulus
similarity. The weaker size-contingent adaptation effects in PFC
compared with IT could lead to the erroneous inference that PFC
shows a smaller size selectivity than IT, which was not the case.
One possible cause of such marked interregional differences in
repetition effects is that task (i.e., execution of a same—different
task) and stimulus repetition interact differently in IT and PFC.
Thus, the enhancement of S2 responses in PFC may depend on
the execution of the same—different tasks. Such a task-related
effect might explain the discrepancy between the present finding,
of weak size-contingent adaptation in PFC single neurons, and
size-contingent adaptation of the fMRI signal in PFC in a previ-
ous monkey fMRI study (Sawamura et al., 2005) in which the
animals were not engaged in discriminating the stimuli. Because
we used one interstimulus interval and stimulus duration in the
present study, we cannot exclude that the weak adaptation effects
in PFC are partially attributable to the presentation parameters.

The results of the analyses whereby we took into account the
activity preceding the stimulus presentations suggest that task
and repetition effects indeed interact in PFC. These putative
stimulus-driven PFC responses showed repetition suppression
and, albeit weak, size-dependent repetition effects. Note that this
analysis assumes that delay and stimulus-driven components of
the response during stimulus presentation are additive, which is
uncertain. More importantly, fMRI activations do not subtract
delay activity for the delay durations used in the rapid-event de-
signs, and would thus correspond to the gross neural activity.
BOLD would therefore be expected to show size-related repeti-
tion effects in PFC differing from those in IT, despite similar size
tunings for the responses.

In a previous study, we showed that the response selectivity of
IT neurons can be less than the stimulus selectivity of the adap-
tation effect (Sawamura et al., 2006), indicating that fMR-A re-
sults should be interpreted with caution. The present study dem-
onstrates that stimulus-selective adaptation effects can be region
and time dependent, implying that interregional comparisons of
fMR-A-based inferences of stimulus selectivity should be made
cautiously.
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