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Visual perception is mediated by unique contributions of the numerous brain regions that constitute the visual system. We performed
simultaneous recordings of local field potentials (LFPs) and single unit activity (SUA) in areas V4 and lateral prefrontal cortex to
characterize their contribution to visual processing. Here, we trained monkeys to identify natural images at different degradation levels
in a visual recognition task. We parametrically varied color and structural information of natural images while the animals were per-
forming the task. We show that the visual-evoked potential (VEP) of the LFP in V4 is highly sensitive to color, whereas the VEP in
prefrontal cortex predominantly depends on image structure. When examining the relationship between VEP and SUA, we found that
stimulus sensitivity for SUA was well predicted by the VEP in PF cortex but not in V4. Our results first reveal a functional specialization
in both areas at the level of the LFP and further suggest that the degree to which mesoscopic signals, such as the VEP, are representative
of the underlying SUA neural processing may be brain region specific within the context of visual recognition.

Introduction

In humans, the study of evoked electric potentials with elec-
troencephalography has led to a wealth of knowledge about
the processing of sensory stimulus events (Hillyard, 1993). In
nonhuman primates, however, most of what is known about
neural correlates of visual perception comes from recording spik-
ing activity in single neurons (Hubel and Wiesel, 1968; Zeki,
1973; Desimone et al., 1984; Maunsell and Newsome, 1987). To
understand the relationship between these brain signals, an in-
creasing number of studies have started to compare sensory char-
acteristics of spiking activity and invasive electric local field
potentials (LFPs) obtained from extracellular multielectrode re-
cordings in nonhuman primates.

The comparison of visual sensitivity of both types of signals
yielded mixed results. Several studies demonstrated a close corre-
spondence in sensory properties between spiking activity and
evoked responses of mesoscopic brain signals, i.e., neural activity at
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larger spatial scales (Victor et al., 1994; Liu and Newsome, 2006;
Katzner et al., 2009). This has been taken as evidence for the hypoth-
esis that stimulus-evoked components of LFPs reflect the local aver-
age of the underlying spiking population response. In contrast, other
studies have shown that stimulus-evoked LFPs carry different infor-
mation from that contained in spiking activity (Kreiman et al., 2006;
Nielsen et al., 2006; Asher et al., 2007; Monosov et al., 2008). For
example, a recent study reported a strong correspondence between
sensory characteristics of LFPs within a given area and its presumed
feedforward input (Khawaja et al., 2009). These findings support the
hypothesis that LFPs reflect sensory characteristics of the input into
an area, and that this input exhibits different stimulus selectivity than
neurons contributing to local spiking.

The discrepancy in results suggests that there is no simple
mapping between sensory selectivity of spiking activity and LFPs
and highlights the importance of studying both signals to eluci-
date their respective role in visual perception (Rainer, 2008).

The interpretation of the relationship between both signals is
further complicated by the fact that most of the studies were not
only using different experimental paradigms but were also con-
ducted in different cortical regions. Whether and how sensory
characteristics of the two signals are related could thus depend on
factors unique to a given area. However, this question can only be
addressed by simultaneously recording neural activity in multiple
regions using identical experimental and stimulus conditions.

In this study, we therefore sought to characterize the relation-
ship between visual characteristics of spiking activity and LFPs in
two cortical regions that play prominent and distinct roles in
visual object processing. Specifically, we investigated visual re-
sponses of spiking activity and LFPs to natural image manipula-
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tions in the extrastriate area V4 and the lateral prefrontal cortex
(IPF). Despite the large amount of literature describing visual
characteristics of single neurons in V4 and IPF, the question of
how cortical LFPs encode sensory information about objects
compared with spiking activity in these regions has remained
elusive. In addition, by using identical stimulus conditions we
were able to directly compare the relationship between sensory
properties of spiking activity and LFPs between both regions.

Materials and Methods

Behavioral task and subjects. Two adult male monkeys (Macaca mulatta)
participated in the experiments. All studies were approved by the local
authorities (Regierungsprasidium, Tiibingen, Germany) and were in full
compliance with the guidelines of the European Community for the care
and use of laboratory animals (European Union Directive 86/609/EEC).
A description of the behavioral paradigm and stimuli used is given in a
previous study (Liebe et al., 2009) and also in the supplemental material.
In total, a set of seven different randomly selected natural images was
chosen from the Corel-Photo-CD “Corel Professional Photos” compris-
ing a collection of natural images showing birds, flowers, monkeys, and
butterflies in their natural surroundings. All images were familiar to the
animals. For each experiment and animal, the same set of images was
presented, and we did not select images based on selectivity of neuronal
responses of either V4 or prefrontal neurons.

The behavioral task of the monkeys was a delayed matching to sample
task. The monkeys initiated a trial-start by grasping a lever and fixating
on a small fixation spot on the center of the screen. After successful
fixation and grasping for 1000 ms, a first stimulus appeared on the screen
for 250 ms, the so-called sample stimulus. The sample stimulus was
presented in any of the 12 stimulus conditions shown in Figure 1 B. The
sample stimulus was followed by a delay period of 1500 ms during which
the monkey holds fixation. After the delay, a second stimulus, the so-
called test stimulus is presented. The test stimulus could be any of the
non-degraded (100% coherence) images. For each color condition the
corresponding test stimulus is shown in Figure 1A on the left-most col-
umn. The monkeys were rewarded for a lever release, whenever the test
stimulus matched the sample stimulus, i.e., if the sample was either iden-
tical to the test stimulus or a degraded version (“match”). Whenever the
test stimulus did not match the sample (“nonmatch”), the monkeys’ task
was to withhold the lever release until, after a brief delay of 200 ms, a
second test stimulus appeared that always matched the sample. This
procedure ensured that the monkey had to initiate a behavioral response
on every trial. The monkeys were rewarded with juice for every correct
trial, and randomly for the conditions in which the sample stimulus was
a pure noise stimulus (i.e., 0% coherence). In each experiment, 50% of
the trials were “match”-trials and 50% were “nonmatch”-trials, so that
on pure noise-trials monkeys could perform at maximally 50% correct
on average. Within one session, the different trial types were randomly
interleaved. The monkeys completed at least 10 repetitions for each con-
dition during a recording session.

To assess behavioral performance, we first calculated psychophysical
performance (% correct responses) at each degradation level for each
monkey individually per recording session and subsequently averaged
the performance across sessions (N = 10 and 15 for monkey 1 and 2). We
subsequently fitted a psychometric function (logistic function fit) using
the psignifit toolbox version 2.5.6 for Matlab (Wichmann and Hill,
2001a,b).

Electrophysiology. A detailed description of the surgical procedures and
recording apparatus can be found in the supplemental material. All data
analyses were performed using Matlab (MathWorks). To obtain visual-
evoked responses, we first downsampled the local field potential to 1000
Hz and low-pass filtered it with a second-order Butterworth filter at a
cutoff frequency of 25 Hz. Trials in which responses that contained volt-
ages larger than 3.5 SDs of the average response or larger than 3.5 SDs of
the variability across the entire trial period were discarded as outliers (on
average for both monkeys and areas 8% of trials). These large variations
in voltage resulted from artifacts due to movements of the animal or the

recording apparatus; the procedure was confirmed by visual inspection
of the discarded trial activity.

Analysis of visual-evoked potentials. We analyzed the resulting evoked
activity in the time period of 200 ms preceding and 800 ms following the
onset of the visual stimulus (sample stimulus). Visual-evoked potentials
were calculated by stimulus-locked averaging of the local field potential
(LFP) data across the trials. Within the manuscript we refer to the evoked
visual response of the local field potential as visual-evoked potential
(VEP) and the underlying recorded signal as LFP in a more general sense.

For the analyses involving single LFP sites, we analyzed the activity of
32 sites and 78 sites in V4 of monkey 1 and 2, respectively. In PF, we
analyzed the activity of 41 and 66 sites for monkey 1 and 2, respectively.
An LFP site was determined visually responsive if its average response
during the presentation of the visual stimulus differed significantly from
the average baseline activity (p < 0.01, paired ¢ test across trials). We
defined the baseline period as the activity during the 200 ms before
stimulus onset. To obtain VEP amplitudes, we first assessed the time of
the maximum-negative peak deflection for each site and trial within a
poststimulus onset window of 100-300 ms and subsequently averaged
the activity within a 50 ms window surrounding the peak. Subsequently,
we converted the negative amplitude values of the VEP into positive
values by multiplying with —1. Amplitudes across different stimulus
conditions were normalized by the maximum value observed across the
mean of the different color conditions for each coherence level. We also
evaluated the latencies of the peak responses between stimulus condi-
tions. We defined the peak latency as the time (ms) from sample onset at
which the most negative deflection occurred during the visual response
window (100-300 ms poststimulus onset). The latency was assessed on a
single trial basis. Across the different conditions, we did not find any
significant differences regarding the peak latencies for either of the mon-
keys (two-way nonparametric ANOVA, V4: factor 1 “color condition,”
factor 2 “coherence” and interaction, p > 0.05; PF: factors 1, 2 and
interaction, p > 0.05). Between areas both monkeys showed higher peak
latencies for PF cortex compared with V4, although the comparison only
reached statistical significance for one animal and was at trend level for
the other animal (monkey 1 mean peak latency V4 199 ms, SD = 12.1, PF
207.1, SD = 20.8, independent ¢ test, p > 0.05; monkey 2 peak latency V4
174 ms, SD = 17, PF 188.7, SD = 16.7, p < 0.001).

Slope estimation for comparing sensitivity to color and noise from indi-
vidual sites. On the average across LFP sites we found a monotonic rela-
tionship between amplitude versus coherence functions in V4 as well as
in PF. We wanted to describe the nature of this relationship also at the
level of individual sites and assess its statistical significance. As we have
only four stimulus levels, we estimated slope parameters for individual
sites by performing linear regressions on single-trial amplitude versus
coherence functions for each color condition separately. To estimate the
goodness of fit of our linear regressions, we examined the determination
coefficient (R?). In V4, R? estimates for the achromatic condition were
not significant in both monkeys (p > 0.05), while R* values were signif-
icant/at trend level in the colored stimulus conditions (p < 0.05 for
monkey 1 and p = 0.08 for monkey 2), indicating a good linear fit to the
data in these conditions. For PF in both monkeys, all R? values were
significant (p < 0.001), also indicating good linear fits to prefrontal data.

Correlation analysis. For the combined analysis of LFP and single unit
activity, only pairs of sites were chosen that were recorded at the same
electrode. In addition, both single unit activity (SUA) as well as the
visual-evoked response had to be classified as visually responsive, i.e.,
there had to be both a significant increase in spiking activity as well as a
significant negative deflection of the evoked response of local field po-
tential at stimulus onset for a given SUA-LFP pair. To identify visually
responsive units, the same method as for the LFP sites was used (see
above). To estimate single unit activity, we first obtained spike-density
functions by convolution of the spike trains with an exponential density
function (Monosov et al., 2008), using a length factor A = 25 ms and a
resolution of 1 ms. Then, we averaged spiking activity within the same
time window as was used for assessing the LFP peak-amplitudes and
normalized the activity in the same way as for VEP responses (see above).
In total, we obtained 58 pairs of simultaneously recorded sites of LFP and
spiking activity in V4 (18 and 40 sites for monkeys 1 and 2, respectively),
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Figure 1. Behavioral task and stimulus conditions for example image. A, The sequence of trial events and respective time of
events. After fixation, a sample stimulus is presented for 250 ms. This is followed by a delay period of 1500 ms during which
observers hold fixation and no stimulus is shown. After the delay period, a test stimulus is shown. Monkeys were rewarded when
releasing the lever in match trials and withholding the response in nonmatch trials. Fifty percent of the trials are match trials, 50%
are nonmatch trials. B, Example stimulus shown at various stimulus conditions used in the present experiment. Each row depicts
a combination between a noise pattern (0% coherence) and a natural image (100% coherence) at intermediate levels (45% and
55% coherence). a, Achromatic condition; an achromatic noise mask is interpolated with an achromatic natural image. b, image
color condition; an achromatic noise mask is interpolated with a colored natural image. ¢, colored noise condition; a chromatic
noise mask is interpolated with an achromatic naturalimage. €, Behavioral recognition performance of both monkeys in DMS task.
Each graph plots the proportion of correct responses as a function of stimulus coherence in each color condition A—C for monkey 1
(left) and monkey 2 (right), respectively. Both animals show highest recognition performance in condition B, intermediate perfor-
mance in condition A, and worst performance in condition (.

and in PF we analyzed the responses of 51 pairs of simultaneously re-

relationship (for example strictly linear) other
than a monotonic relationship between the
two variables under study. The similarity in
sensitivity across coherence conditions was as-
sessed for each color condition separately. Be-
fore we computed the correlation, we shuffled
the trial order per coherence level, such that
correlations due to instantaneous similarities
in changes of amplitudes and spiking activity
were discarded and only correlations due to
changes in coherence levels remained. Further-
more, to account for variability in latencies of
amplitude and spiking activity, we computed
the rank correlation along a time axis ranging
from 200 ms before until 800 ms after stimulus
onset. The correlations were computed with a 1
ms resolution, and subsequently a moving av-
erage procedure was applied encompassing 50
ms using a step size of 5 ms (see also Fig. 7A). As
the LFP traces were low-pass filtered at 25 Hz
and the spiking responses were convolved with
a density function, the exact size of the bins has
only a minor influence on the correlation re-
sults. To compare stimulus-related correla-
tions across individual sites, we first identified
the time of the maximum correlation within a
poststimulus onset window of 100—-300 ms per
site. Afterward, we extracted the average corre-
lation within a window of 50 ms centered on
the maximum of the correlation (see also Fig.
7B). We performed this analysis separately for
each color condition. Mean correlation coeffi-
cients did not differ significantly between color
conditions (nonparametric Kruskal-Wallis
test, V4: X = 0.14and 0.71, p > 0.05 for mon-
keys 1 and 2; PF: X* = 3.16 and 0.42, p > 0.05
for monkeys 1 and 2, respectively).

Selectivity analysis of spiking activity. To as-
sess selectivity of spiking activity for different
levels of coherence, we computed the d-prime
estimate between all possible pairs of the differ-
ent levels of coherence (0 vs 45, 0 vs 55, etc.) for
each color condition individually. The d-prime
value represents the mean of the trial differ-
ences in spiking activity between, for example,
the 0% coherence and 100% coherence divided
by the SD across trials in both conditions. Fig-
ure 9 shows maximal d-prime values obtained
from comparison across all possible pairs of
levels of coherence (0—45, 55-100, etc.) across
all color conditions.

Results

V4 and IPF are thought to play major roles
in sensory and mnemonic processing of
visual information within a hierarchical
cortical network of visual object process-
ing (Ungerleider and Pasternak, 2004). V4
lies at the intermediate stage of the visual
hierarchy and has been implicated in pro-
cessing color and shape information

corded sites of LFP and spiking activity (32 and 19 sites for monkeys 1 (Schein and Desimone, 1990; Zeki, 1980, 1983b; Desimone and
and 2, respectively) that both showed visual activity. To assess stimulus- ¢} i) 1987: P asupathy and Connor, 2002; Gustavsen and Gal-

selectivity similarity between LFP and SUA sites, we computed Spear-
man’s rank-correlation coefficients between single-trial VEP amplitudes
and single-trial spiking activity across the 0, 45, 55, and 100% coherence

lant, 2003; Rainer et al., 2004). IPFC is situated downstream from
V4, and neurons in this region are highly modulated by the in-

condition. We used the rank correlation rather than the metric correla- formational content and behavioral relevance of visual stimuli
tion because it is more robust to outliers and does not assume a particular (Miller et al., 1996; Rao et al., 1997; Rainer et al., 1998; Miller,
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2000; Rainer and Miller, 2000, 2002; Zaksas and Pasternak, 2006).
Based on the distinct visual properties of both regions obtained
from single cell studies, we wondered whether visual information
is similarly represented in the VEP component of the LFP re-
corded in both areas.

We simultaneously recorded spiking activity of single neurons
and local field potentials while two rhesus monkeys were partic-
ipating in a visual recognition task involving natural images. We
chose natural images as our stimuli as they most closely represent
stimulus conditions encountered in the natural visual environ-
ment (Felsen and Dan, 2005). We parametrically manipulated
color and image structure of the images to test whether VEPs
show similar color and shape modulations as single neurons do in
V4. In addition, the degradation of our stimuli with visual noise
allowed us to examine whether VEPs in prefrontal cortex
modulate with the manipulation of task-relevant informa-
tional content in natural images similarly as has been de-
scribed for prefrontal neurons.

Stimulus conditions and behavior

Figure 1 illustrates the different stimulus conditions for one ex-
ample stimulus that was used in the current experiments. The
image degradation procedure has been used in a range of studies
to assess how information about visual stimuli affects neural pro-
cessingin V4 and prefrontal cortex (Miller et al., 1996; Rainer and
Miller, 2000; Rainer et al., 2004; Lee et al., 2005). In brief, all
images were first normalized to have identical amplitude spectra
in Fourier space resulting in matched spatial frequency content
and contrast. We parametrically varied the amount of visual
noise by combining the Fourier phase spectra of the natural im-
ages with a random phase spectrum, using the inverse Fourier
transform at four coherence levels (0%, 45%, 55%, and 100%) to
obtain the pure noise, intermediate noise, and full image condi-
tions. Phase coherence is directly related to the level of degrada-
tion and we use the term “image degradation” and “stimulus
coherence” interchangeably throughout this paper.

In the current study, we added a new element to the previously
used degradation approach by also manipulating the color of our
stimuli (Liebe et al., 2009). Figure 1 A shows the sequence of trial
events during a trial of the delayed-matching-to sample (DMS)
task. Figure 1B shows an example image that was shown as a
sample stimulus for the different stimulus conditions. The image
was degraded with different amounts of visual noise (% stimulus
coherence) and shown in each of the color conditions A—C. Spe-
cifically, in color condition A (“achromatic condition”), we
mixed achromatic noise with achromatic images. Consequently,
information about the stimulus is solely based on shape defined
by luminance cues. In condition B (“colored image condition”),
we mixed achromatic noise with colored natural images. Here,
we varied the amount of information based on image color as
images are degraded with visual noise. At a given coherence level,
information based on luminance-defined shape is similar for
conditions A and B. Thus, a change in neural activity between
these two conditions primarily reflects a contribution of image
color. In a third condition C (“colored noise condition”), we
mixed chromatic noise and achromatic natural images. Here,
color is present in form of visual noise and does not provide
task-relevant information. A comparison between conditions B
and C allows us to assess whether color per se, i.e., color that does
not carry task-relevant information, alters neural activity to the
same extent as the task-relevant color in condition B. Figure 1C
shows the behavioral performance of the monkey subjects partic-
ipating in this study during electrophysiological data acquisition.

The performance of the animals has been reported in detail in a
previous report (Liebe et al., 2009). Similar to our previous find-
ings we observed that recognition performance monotonically
depended on stimulus coherence and that monkeys showed sig-
nificant differences in recognition performance between color
conditions A—C. Specifically, in both monkeys performance was
improved for the colored image condition (B) and impaired for
the colored noise condition (C) relative to the achromatic condi-
tion (A) (psychometric thresholds T for all color conditions esti-
mated at 75% correct: monkey 1: T,: 53.2, 95% confidence
intervals ciys: 51.5 and 55.1; Tg: 50.9, cigs: 49.5 and 52.2; T(- 67.3,
Ciys: 60.8 and 76.2, monkey 2: T,: 50.4, cigs:49.5 and 51.47; Ty:
46.02, cigs: 45.7 and 46.6; T: 53.4, cigs: 52.6 and 54.6).

Visually evoked potentials extracted from local field
potentials are highly color sensitive in V4, whereas in
prefrontal cortex evoked responses are modulated by natural
image structure

We asked whether there were any systematic differences in visual-
evoked potential amplitudes recorded in area V4 and PF for the
different stimulus conditions. Although traditionally the term
stimulus tuning is used to refer to the selective response of a
neuron along a single parametrically varied stimulus dimension,
we use the term stimulus tuning throughout this paper to de-
scribe the sensitivity of VEP and SUA to changes in phase coher-
ence and color of natural images.

Representative examples of single sites simultaneously re-
corded in each area are shown in Figure 2. (Additional examples
are shown in supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). Each of the traces in Figure 2 corre-
sponds to the trial-averaged visual-evoked potential for one of
the stimulus conditions shown in Figure 1. In both monkeys and
brain areas, VEPs were modulated with our stimulus manipula-
tions but in a qualitatively different way. In V4, color modulated
the amplitude of the evoked response. Specifically, amplitudes
increased as coherence increased in condition B, and amplitudes
decreased as coherence increased in condition C. This pattern is
consistent with a systematic dependence of the VEP on the
amount of color in the images, since for condition B color in-
creases, and for condition C color decreases as the level of coher-
ence changes from 0 to 100% (two-way repeated-measures
ANOVA across trials with factors color condition, F- > 8.1, p <
0.001, and factor level of coherence, F.., < 2.3, p > 0.05, and
both sites showing significant interaction effect with F;,, > 4.8,
p < 0.001). Consistent with color being the primary determining
factor, V4 VEP amplitudes showed no systematic modulation
with coherence in the achromatic condition. For visually evoked
potentials recorded in PF cortex, the pattern of results was qual-
itatively different. For the shown example site, VEP amplitudes
increased with increasing coherence. This effect was similar in all
color conditions A—-C (F.., > 15.7, p < 0.001; F_; < 0.8, p >
0.05; F;,,, < 1.1, p > 0.05). This suggests that color did not have a
large impact on VEPs at this example site, but that image struc-
ture primarily determined PF neural responses. Together, these
examples suggest that in V4 visual-evoked amplitudes of single
LFP sites systematically increase with the amount of color in
natural images, whereas visually evoked potentials of single sites
in prefrontal cortex increase as a function of natural image struc-
ture, regardless of the color conditions.

To assess stimulus selectivity at the population level, we ana-
lyzed the LFP amplitude across V4 and PF sites within a 50 ms
window surrounding the maximum negative peak in a post-
stimulus period window of 100-300 ms (N = 32 and 78 for V4
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p <0.01). In addition, we observed signif-
icantly higher VEP amplitudes for color
condition B when compared with condi-
tion A and C at multiple coherence levels
(see also asterisk symbols indicating
significant differences in Fig. 3; multiple-
comparison tests using Bonferroni cor-
rection, t >=> 2.07, p < 0.05). These
increases in amplitude for condition B are
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consistent with the behavioral perfor-
mance of the animals that showed signif-
icantly better recognition performance
for condition B when compared with con-
dition A and C (Liebe et al., 2009).

In summary, our population analyses
revealed that color is the major determin-
ing factor of VEP amplitudes across the

0 200 400 600 0

0 200 400 600 population of V4 sites, suggesting high
color sensitivity at the mesoscopic level as
measured by the LFP. In contrast, we
found that VEP amplitudes in PF increase
monotonically as a function of coherence
for all color conditions similarly, suggest-
ing that evoked LFP activity is rather
tuned to image structure. In addition, be-
havioral advantages of monkeys in identi-
fying degraded colored images (condition
B) were reflected in PF VEPs.

Single sites in V4 show consistent
sensitivity to color magnitude, whereas
prefrontal sites are reliably modulated
by visual noise

Next, we assessed whether the selectivity
we found at the population level was char-
acteristic of activity at single LFP sites. For

200 400 600
time (ms) time (ms) time (ms)

Monkey 2

V4
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Figure2. Representative examples of single LFP sites and their VEPs for the different stimulus conditions. A, B, In monkey 1 ()

and monkey 2 (B) for sites concurrently recorded in V4 and PF cortex. In each column of the graph, VEPs for different levels of
coherencein the achromatic condition (a), the colored image condition (b), and the colored noise condition () are shown. Bar plots
represent the average activity within a 50 ms window centered at the maximum peak amplitude 100 —300 ms after stimulus onset.
In V4, color leads to a systematic increase in the VEP, whereas luminance-based shape coherence does not. In PF cortex, VEP
amplitude increases with increasing levels of coherence similarly for the different color conditions.

and N = 41 and 66 for PF, for monkey 1 and 2, respectively).
When averaging the peak activity across all sites in V4 and PF, we
observed the same effect as for the individual sites. The results are
summarized in Figure 3. For both monkeys, amplitudes in V4
varied systematically with color. This effect was significant in
both animals, although it appeared slightly less pronounced in
monkey 2 compared with monkey 1 across the population. (V4
Feop >7.7,p < 0.01; F.yy, < 1.5, p > 0.05; E,, > 3.7, p < 0.01).
Thus, the amplitude of VEPs was enhanced by color and did not
show any systematic modulation with changes in phase coher-
ence in the achromatic condition A. We confirmed this in a sep-
arate analysis on condition A for which we found no systematic
modulation of VEPs with the level of coherence (one-way
ANOVA F_,;, < 0.18, p > 0.05). In contrast, in PF cortex image
structure significantly influenced amplitudes across PF sites in a
systematic fashion in both monkeys, and this effect was similar

example, it might be possible that differ-
ent subpopulations of LFP sites are re-
sponsible for the respective increase and
decrease in amplitude in conditions B and
C. On the other hand, if LFP sites are color
sensitive regardless of whether the color is
present as colored noise or image color,
the same site should show increased
and decreased amplitudes as coherence
changes in conditions B and C, respectively. A distinction of these
two possibilities is not feasible based on the averaged activity
across sites. Thus, we fitted linear regressions to amplitude versus
phase coherence functions for the different color conditions.
Subsequently, we compared the slope parameter as an indicator
for the type of selectivity across coherence levels. Positive slope
estimates indicate that the amplitude is increasing with increas-
ing phase coherence levels, whereas negative slope estimates in-
dicate a decrease in amplitude as phase coherence levels increase.
In Figure 4 we compared slope estimates obtained for conditions
B and C within individual sites. In both monkeys, the majority of
V4 sites exhibit positive slopes for condition B and negative
slopes for condition C, resulting in a significant clustering in the
upper left quadrant (McNemar-test, x> > 12.7, p < 0.001, bino-
mial test using expected probability of 0.25, monkey 1: 19 and 32,
p <0.01, monkey 2: 29 and 78, p < 0.01). In contrast, inspection
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Figure3. A, VEP amplitudes to different stimulus conditions averaged across recorded sites

in V4. In both animals, VEP amplitudes are conversely tuned to color conditions B (green bars)
versus C (red bars), indicating a strong influence on the amount of color magnitude. No system-
atic tuning the coherence levels can be found for the achromatic condition A (black bars). VEP
amplitudes are normalized to the maximum amplitude per coherence condition after averaging
across the color conditions separately for each recording site. Error bars denote +/— 1 SEM.
Asterisks denote significant differences between conditions. B, VEP amplitudes to different
stimulus conditions averaged across prefrontal sites. In both animals, VEP amplitudes are sim-
ilarly tuned for the achromatic (black bars), colored image (green bars), and colored noise
condition (red bars): VEP amplitudes are normalized to the maximum amplitude per coherence
condition after averaging across color conditions separately for each recording site. Error bars
denote +/— 1 SEM. Asterisks denote significant differences between conditions.
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Figure4. Distribution of slope parameters across LFP sites fitted to amplitude versus coher-

ence functions comparing color conditions B (green lines) and C (red lines) in area V4 (circles, 4)
and PF cortex (crosses, B). Blue and red symbols correspond to slope estimates from the two
different animals. In both monkeys, the majority of sites in V4 is located in the upper left
quadrant of the graph, which means that amplitudes increase with increasing coherence levels
for condition B (positive slope estimates) and decrease with decreasing degradation levels for
condition C (negative slope estimates) based on comparisons within individual sites. In con-
trast, the majority of sites in PF cluster in the upper right quadrant, which indicates that ampli-
tudes similarly increase for conditions B and Casimage degradation decreases when comparing
within individual sites.

of Figure 4 B shows that in both monkeys the majority of sites in
PF cortex are located in the upper right quadrant. This indicates
positive slope estimates for both color conditions B and C, i.e., an
increase in amplitude with increasing coherence levels (x> >

41.7, p < 0.0001, binomial test, monkey 1: 35 of 41, p < 0.001,
monkey 2: 39 of 66, p < 0.001). These analyses confirm that
responses observed at the example LFP site shown in Figure 2 are
indeed representative of LFP activity in both V4 and PF cortex.

In conclusion, our results show that local field potential re-
sponses, as measured by magnitude of the evoked amplitude,
show systematic modulations to changes in structure and color
properties of natural images. In V4, the amplitudes highly corre-
late with the presence of color, showing no systematic selectivity
for variations in luminance-based shape properties and no sys-
tematic effect with increases of shape coherence per se. In con-
trast, in PF cortex amplitudes are exclusively tuned to image
structure, resulting in a similar enhancement in amplitudes for all
three different color conditions as coherence is increased from
0% (pure noise stimuli) to 100% coherence (full images). Image
structure always provides task-relevant information across the
three color conditions, whereas color does not: it is absent in the
achromatic condition, provides task-relevant information aiding
image segmentation in the colored image condition, and causes
task-irrelevant signals in the colored noise condition. Our results
thus imply that VEP responses in PF cortex are tuned primarily to
task-relevant informational content of images.

Stimulus sensitivity is similar between averaged VEP and
spiking activity in PF but not in V4

The LFP is a slow-varying electric potential that reflects sub-
threshold dendritic activity around the recording electrode tip
and is thus influenced by recurrent processing of the local spiking
population as well as projecting inputs from other areas (Katzner
et al., 2009; Mitzdorf, 1985; Mitzdorf, 1994). Thus, in contrast to
suprathreshold spiking that mainly represents the output signal
of a given area, LFPs rather measure subthreshold input into the
region. Investigation of their respective stimulus sensitivities can
reveal insights into cortical computation: if VEPs and single unit
responses are similarly tuned, VEPs likely reflect subthreshold
activity of the local spiking population within the recording area.
If VEPs show qualitatively different selectivity than spiking activ-
ity, VEPs possibly reflect the properties of the input into the
region arising from neurons located in projecting areas. In the
following analyses we examine how similar stimulus-selectivity
of VEP responses is compared with sensory characteristics ob-
tained from simultaneously recorded spiking activity of single
neurons. Given the robust and characteristic selectivity of VEP
amplitudes to our stimulus conditions in area V4 and PF, we
asked whether (1) we would find the similar color sensitivity we
obtained for VEP amplitudes also for spiking activity in V4, and
(2) whether spiking activity in PF behaves in a similar fashion
compared with VEP amplitudes (i.e., showing an increase in ac-
tivity as coherence levels increase).

Examples for image structure and color sensitivity of simulta-
neously recorded LFP-SUA pairs in V4 are shown in Figure 5.
Additional examples are shown in supplemental Figure 2, avail-
able at www.jneurosci.org as supplemental material. Figure 5, A
and B, shows the average VEPs and PSTH during the sample
period across color conditions B and C for a representative re-
cording site in V4. To assess the dependence of neural activity on
color, we sorted the trials of conditions B and C according to the
magnitude of color contained in the images, not according to the
level of coherence, i.e., the 100% coherence trials of condition B
were sorted in the same group as the 0% coherence trials of con-
dition C and so forth. Thus, color sensitivity will result in en-
hanced responses as color magnitude changes from 0 to 100%.
Figure 5A shows a clear dependence of VEP amplitudes on color



/ldoc.rero.ch

http

<
N

. ~ X
s . | .
32 Ao / W 100 L
] NAGAL L .
R Ry / W :
= . © .
g o0 : %color @ 60 X
2 TN ;
u m 45 20 :
- s Rl
100 )
0 200 400 600 0 200 400
time (ms) time (ms)
1.4 14
8 12 1.05
2 g :
g‘ 0.8 ig
© 12 9 0.9 11
@
0.8 0.9
0 45 55 100
% color
Figure5.

o
O

- amplitude

ojeloyIds

0.8
0.6

1
1.2
0.9
1

0 200 400 0 45 55 100
time(ms) % color
11 1.1 12
1 1 !
09 0.9 14 0.8
1.1 08 12 15
! 07 ! !
0.9 05

A-D, Representative example for color tuning of simultaneously recorded VEP and SUA in V4. A, Time-averaged VEP for different levels of color collapsed across the two color conditions.
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1 SEM across trials (rank correlation coefficient ¢, for this example pair is 0.045). E-J, Additional examples for averaged VEP and single unit activity at different levels of color for monkey 1 (E-G,

Cranic —0.02,0.021, — 0.05) and monkey 2 (H-J, ¢,,.,,: 0.002, —0.026, —0.06).

for the LFP recorded at this electrode site. In contrast, Figure 5B
shows that SUA recorded at that site is highest for the intermedi-
ate condition. Figure 5C shows the activity of the same unitin a
raster plot, which illustrates the variability of spiking activity per
color level across all stimuli presented. Figure 5D summarizes the
tuning of this electrode site and plots the normalized average VEP
amplitude and single unit activity as a function of percentage
color. Figure 5E-] show similar plots from additional example
sites from monkey 1 (E-G) and monkey 2 ( H-J). When we ex-
amined the VEP and spike selectivity for single recording sites in
V4, we did not find a clear correspondence between both types of
signals. This was also true at the population level of spiking activ-
ity (supplemental Fig. 4, available at www.jneurosci.org as sup-
plemental material): the color sensitivity that is evident in the
average across V4 VEPs was not evident in average V4 spiking
activity. Single unit responses did not generally increase as the
amount of color increased, but rather displayed a variety of com-
plex response functions, including inverted U-shaped tuning,
which is similar to previous findings (Rainer et al., 2004).

In contrast, inspection of Figure 6 reveals that in PF, VEP
amplitudes similarly increase as a function of coherence as SUA
recorded at the same site. Similar to Figure 5, Figure 6, A and B,
shows the average VEPs and PSTH during the stimulus period
across color conditions B and C for a representative recording site
in IPF. Here, trials were grouped according to coherence levels
(i.e., the 0% coherence trials of condition B were sorted in the
same group as the 0% coherence trials of condition C, and so
forth). Figure 6C shows the activity of the same unit in a raster
plot and illustrates the spiking responses as a function of coher-
ence across all stimuli presented. For this example, VEPs and
SUA increase similarly as a function of coherence. We observed
similar response patterns in other LFP-SUA pairs, whose normal-
ized activity is shown in Figure 6 E-G for monkey 1 and Figure
6 H-J for monkey 2. Additional examples are shown in supple-
mental Figure 3, available at www.jneurosci.org as supplemental

material. These results were consistent when we compared the
average spiking population response to the averaged VEP re-
sponse: for both types of signals, neural activity increased as im-
ages became less degraded (see supplemental Fig. 4, available at
www.jneurosci.org as supplemental material), suggesting similar
stimulus sensitivity for single neuron response and stimulus-
evoked components of the LFP in IPF.

Prefrontal units and VEPs show significant signal
correlations during visual stimulation, which is not the case
for V4 units

To further quantify the relationship between VEP and spike sen-
sitivity in V4 and IPF, we computed Spearman’s rank correlation
coefficients (c,,,) between VEP amplitudes and spiking activity
across the different coherence and color conditions for each pair
of simultaneously recorded SUA and LFP responses. Specifically,
we computed the rank correlation within a window ranging from
200 ms before to 800 ms after stimulus onset across the popula-
tion of SUA-LFP pairs (N = 58 for V4 and 51 for PF). We should
point out explicitly here that we are not computing the instanta-
neous similarity in VEP and spiking activity (so-called noise cor-
relation). Instead, we shuffled the trials per condition and thus
compute only the “signal” correlation, i.e., the similarity in spik-
ing and VEP activity solely due to variations in the stimulus
parameters.

The result is summarized in Figure 7A. For prefrontal LFP-
SUA pairs, we found a significant increase in correlation between
SUA and VEP responses after stimulus onset compared with
baseline, whereas for V4 LFP-SUA pairs this was not the case. We
also compared the correlation across the population of LFP-SUA
pairs between the baseline and the stimulus period for each mon-
key separately. Figure 7B shows the distribution of correlation
differences between stimulus period and baseline from LFP-SUA
pairs in V4 (monkey 1 and 2, left/right panel, respectively). In
both animals, the correlation coefficients did not significantly
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Figure 6.  A-D, Representative example in PF for phase coherence tuning of simultaneously recorded VEP and SUA. 4, Time-averaged VEP for different levels of phase coherence collapsed across
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differ between baseline and stimulus period (paired ¢ test, t > 1.6,
p > 0.05). Figure 7C shows the same results obtained from LFP-
SUA pairs in PF. Here, the correlation coefficients significantly
differed between baseline and stimulus period for both animals
(t>2.3,p <0.05).

We also obtained similar results when we merged spike trains
from all units recorded at one electrode to create “multiunit”
activity (MUA). Since we tried to yield well isolated single unit
activity in each of our recordings, we were only able to merge
the activity of two single units on average at 12/11 of our record-
ing sites, in IPF and V4, respectively. Although this procedure is
somewhat different from analyzing MUA by high-pass filtering
raw voltage traces, we could still compute stimulus correlation
between VEPs and spike responses from this “surrogate” multi-
unit activity. The results are shown in supplemental Figure 5,
available at www.jneurosci.org as supplemental material, which
plots histograms of stimulus correlation coefficients resulting
from single units and merged unit activity. Similar to single unit
activity, stimulus correlation was significantly enhanced in PF
butnot V4 (paired rtests: t > 2.3, p < 0.05 for PFand t < 1.9, p >
0.05 for V4). In addition, stimulus correlation between VEP and
spiking activity was significantly higher for the constructed mul-
tiunits than for single units in IPF but not V4 (ranksum test: IPF,
Z=22,p<0.05 V4, Z=03,p > 0.05).

Our previous analyses focused on the question of whether we
would find the same color sensitivity we obtained for VEP ampli-
tudes also for spiking activity in V4, and whether spiking activity
in PF similarly increases as images become less degraded. To
investigate this, we sorted the trials according to what stimulus
parameters VEPs were most sensitive to. Another interesting
question is whether the stronger similarity in tuning between
SUA and VEPs in PF is due to a more general correspondence in
stimulus-dependent neural activity within this region. Thus, we
asked whether we also find stronger correspondence between

SUA and VEP responses in PF if we do not arrange trials accord-
ing to their prominent VEP selectivity. To this end, we computed
rank correlations between single trial activity of spike responses
and VEPs across all 12 stimulus conditions. This way, the corre-
lation describes the general similarity in stimulus-dependent
variations of SUA and VEPs disregarding their qualitative sensi-
tivity to particular stimulus features. The results are summarized
in supplemental Figure 7, available at www.jneurosci.org as sup-
plemental material. Again, we found significantly enhanced stim-
ulus correlation in PF, but not V4 (PF, t > 2.79, p < 0.01; V4, t <
1.89, p > 0.05). These findings confirm that stimulus-dependent
visually evoked SUA and LFP activity is in general more similar in
PF than inV4, at least for the stimulus parameters tested.

In prefrontal neurons, signal correlation is largely absent
during the delay

One striking characteristic of prefrontal spiking activity is that
neurons often exhibit delay activity within the context of visual
recognition tasks that can be selective for different stimulus con-
ditions (Fuster and Alexander, 1971; Miller et al., 1996). Al-
though spiking activity during the delay is less dependent on
sensory events, and LFPs during the delay are generally not char-
acterized by externally driven time-locked components as can be
observed during the sensory period, we still wondered whether
stimulus-evoked activity is similar between LFPs and spiking
during the delay, especially given the robust similarity in stimulus
selectivity we found within the visual response window. When we
computed signal correlations across the entire trial period for
units showing or not showing enhanced activity during the delay
period (N = 24 and 27, respectively, based on paired ¢ tests, p <
0.05), we observed that both groups of units showed significantly
enhanced signal correlation after sample onset (1> 2.2, p < 0.05),
but not during the delay (defined as the last 1000 ms preceding
test stimulus onset, p > 0.05) (Fig. 8). However, several SUA-LFP
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Figure7. A, Mean correlation coefficient computed across time for all pairs with simultane-

ously recorded VEP and spiking activity in V4 (black) and PF (gray). Whereas the stimulus
correlation between VEP and spiking activity for prefrontal cortex rose during stimulus presen-
tation, it does not in V4. Error bars (shaded area) denote +/— 1 SEM. B, Distribution of
stimulus correlation between VEP amplitudes and spiking activity for simultaneously recorded
pairs in area V4 (difference between stimulus period and baseline). For both monkeys, the
correlation between VEP amplitudes and spiking activity across degradation levels was not
significantly larger during the stimulus period than during the baseline. €, Distribution of stim-
ulus correlation between VEP amplitudes and spiking activity for simultaneously recorded pairs
in area PF. For both monkeys, the correlation between VEP amplitudes and spiking activity
across coherence levels was significantly larger during the stimulus period compared with the
baseline.

pairs (three in monkey 1 and four in monkey 2) exhibited a
significant correlation during the delay period. Spiking activity
recorded at these sites systematically varied as a function of stim-
ulus coherence. The LFP was characterized by general negative
amplitude shifts as a function of stimulus level (analog to DC
shifts), which was qualitatively similar to evoked LFP activity
during the visual presentation of the stimulus (two example pairs
are shown in supplemental Fig. 8, available at www.jneurosci.org
as supplemental material). Together, these findings show that
stimulus-correlations between the evoked components of the
two signals are weaker during the delay than stimulus presenta-
tion and thus are task dependent. However, this effect can likely
be explained by the fact that externally driven time-locked mod-
ulations in LFP amplitudes are largely absent during the delay
period. Here, analyses based on oscillatory components of ongo-
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Figure 8.  PSTH (4) and stimulus correlation (B) for prefrontal units showing significant
delay activity (green, N = 24) or not (black, N = 27). Both groups of units show significantly
elevated stimulus correlation during sample stimulus period (t = 2.8 and 2.2, p << 0.05 for
delay and non-delay units, respectively; the onset of the sample is indicated by a black line at 0
ms). In addition, neither group shows enhanced stimulus correlation during the delay (delay
period last 1000 ms before test stimulus onset, t = 0.5 and —0.3, p > 0.05 for delay and
non-delay units, respectively).

ing LFP fluctuations might reveal further insights into how stim-
ulus conditions influence the relationship between spiking
activity and LFPs during the delay.

The dissociation in stimulus tuning between SUA and VEPs

in V4 is not due to a lack in stimulus selectivity of single
neurons

In the previous analyses we showed that stimulus sensitivity
seemed to be more similar between SUA and VEPs in PF than in
V4. However, a lack of correlation between LFP and stimulus
tuning could also arise from an overall lack of stimulus tuning in
the spike responses. If SUA activity is not modulated by our stim-
ulus conditions but only VEPs, this would also result in a lack of
correlation. To test this possibility, we computed the selectivity of
single units between different levels of coherence at different
color conditions and plotted the selectivity against the correlation
coefficients between LFP and spike responses. Thus, we were able
to assess, first, whether single unit activity is tuned at all, and,
second, whether neurons that show a greater correlation to VEP
tuning are also themselves more selective. If this is true, there will
be a clear relationship between selectivity indices and correlation
coefficients. However, this will not be the case if single units are
selective but show no correspondence to VEP selectivity. In this
case the selectivity indices will be low (and the symbols will be
located at the bottom of the graph). Figure 9 shows that the
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levels in V4 (black) and PF (gray) across both animals. Histograms (top and right) show respec-
tive distributions of selectivity indices (d-prime values) and rank correlation coefficients for V4
(black) and PF (gray) across both monkeys. Whereas the magnitude of selectivity is similarin PF
and V4 (two-sample t test: t = —0.36,p > 0.05), only in PF did we find a correlation between
VEP responses and SUA with respect to stimulus tuning (ranksum-test comparing rank correla-
tion: Z = 7.4,p < 0.001).

magnitude of selectivity between stimulus coherence levels is
similar in PF and V4, which results in higher correlation coeffi-
cients corresponding to higher selectivity values in prefrontal
LFP-SUA pairs. This indicates similar qualitative tuning for VEP
and single unit activity (Spearman rank correlation c,,,, > 0.4,
p <0.001). In contrast, most of the V4 pairs are located along the
vertical axis of the graph, indicating that selectivity is not similar
between VEP amplitudes and single unit activity (¢, < 0.15,
p > 0.05). Thus, in V4 the lack of stimulus correlation between
LFP and SUA is not due to the fact that V4 neurons are not
selective per se, i.e., show no response modulation to our stimu-
lus manipulations but, unlike VEPs, are not generally modulated
by enhancements in color.

Stimulus selectivity in PF is independent of reward

Finally, one factor that needs to be taken into account when
interpreting our results of prefrontal activity is the fact that the
degradation level of the sample stimuli is associated with the
reward the animals receive. An increase in amplitude of the VEP
as well as spiking activity in PF in response to the sample stimulus
could thus also reflect an increase in reward expectancy. Indeed,
neurons in lateral prefrontal cortex modulate their responses
with the associated reward of stimuli, in addition to their identity
and location (Leon and Shadlen, 1999; Wallis and Miller, 2003;
Wallis, 2007). However, many of these neurons do not encode
expected reward in a similar fashion. In addition, the responses of
many neurons are not modulated in a parametrical way, i.e.,
neurons do not show simply increased or decreased activity as a
function of reward magnitude. This is in contrast to our findings,
in which the vast majority of neurons and LFP sites systematically
increase their activity as stimulus coherence increases. To exam-
ine whether reward expectancy could still be responsible for the
increase in response magnitude we find in IPF, we compared
neural responses to test and sample stimuli presented at 100%
stimulus coherence. We found that SUA and VEP responses to
test stimuli are highly correlated with responses to 100% coher-
ence sample stimuli (rank correlations >=> 0.88, p < 0.001 for

both animals and types of signals), and identical stimuli evoked
similar activity during the sample period and the test stimulus
period (Fig. 10). As test stimuli are not associated with reward,
since they occur on both match and nonmatch trials, these find-
ings indicate that task-relevant visual information rather than the
associated reward primarily determines prefrontal responses.

Discussion

We investigated sensory characteristics of spiking activity and
visual-evoked components of the LEP in two cortical regions that
are critical for visual object processing, the intermediate visual
area V4 and the lateral prefrontal cortex. By concurrently mea-
suring spiking activity and VEPs in both areas in response to
identical natural image manipulations, we were able to assess
whether and how tuning properties of VEPs and single units are
related.

In V4 we observed that stimulus selectivity differed between
VEPs and spiking activity

VEPs were sensitive to the magnitude of color in natural images
revealing a strong functional specialization for color processing
at the level of dendritic activity in V4. While our study is the first
systematic investigation of color LFP signals in monkeys, our
results are similar to studies demonstrating color sensitivity of
VEPs in human V4 (Allison et al., 1993; Buchner et al., 1994;
Murphey et al., 2008), and also support many studies using func-
tional imaging both in humans and nonhuman primates that
highlight the significance of V4 in color processing (Lueck et al.,
1989; Bartels and Zeki, 2000; Conway and Tsao, 2006; Conway et
al., 2007; Tanigawa et al., 2010).

In contrast to VEPs, the averaged spiking population response
did not systematically modulate with color magnitude. Accord-
ingly, we did not find significant stimulus correlations between
VEPs and spiking activity. The lack of color sensitivity at the
population level in V4 seems to be at odds with previous studies
recording single unit activity that illustrate the importance of V4
in color processing (Zeki, 1980, 1983a,b; Wild et al., 1985; Walsh
et al., 1993; Kusunoki et al., 2006; Stoughton and Conway, 2008;
Conway and Tsao, 2009). Instead, our findings might rather be
consistent with studies questioning a specific role of V4 neurons
in color processing (Schein et al., 1982; Tootell et al., 2004). How-
ever, although there was no general increase in spiking activity
across the neuronal population as a function of color magnitude,
V4 neurons still exhibited multifaceted color selectivity at the
single cell level, which highlights their importance in color pro-
cessing. Our findings also fit well with the idea that V4 neurons do
not exclusively encode a single stimulus feature, for example one
particular color, but likely represent multiple features or the
combination of features (Schein and Desimone, 1990; Kobatake
and Tanaka, 1994), a characteristic that would be especially
prominent in natural scenes, in which multiple features are si-
multaneously represented within one image.

In IPF, VEPs as well as spiking responses varied systematically
with image degradation: neural activity as measured by VEPs and
SUA was similarly enhanced for stimulus conditions with en-
hanced image structure, which correlated with higher informa-
tional content and enhanced behavioral performance of the
animals. Accordingly, stimulus correlations between both types
of signals were significantly increased during stimulus presenta-
tion. Our results on VEP selectivity are consistent with previous
studies recording spiking activity in IPF, reporting that the pre-
frontal cortex is involved in encoding stimuli in terms of behav-
ioral relevance rather than their physical identity (Rainer et al.,
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Figure 10.

1998; Asaad et al., 2000; Freedman et al., 2001). Along these lines,
our findings support the notion that prefrontal activity is less
determined by an intrinsic specialization for processing particu-
lar stimulus attributes but is rather characterized by a flexible and
learning-dependent adaptation to behaviorally important fea-
tures (Yajeya et al., 1988; Desimone and Duncan, 1995; Miller,
2000; Duncan, 2001; Miller and Cohen, 2001). In our stimuli,
these features could have been regions of the image by which the
animals learned to recognize them, even in the presence of visual
noise.

Another factor that needs to be taken into account when in-
terpreting our results is the role of attention. It has been shown
for several cortical areas (including V4) that directing subjects’
attention to a particular stimulus feature modulates neural activ-
ity, mainly by increasing activity for attended stimulus features
(Desimone and Duncan, 1995; Treue and Maunsell, 1996; Maun-
sell and Cook, 2002). For example, the animals’ attention to par-
ticular stimulus features could be higher for non-degraded
images than degraded ones, simply because they can be “seen”
more easily and thus attract more attention. This effect could
have contributed to the enhanced neural activity in IPF as images
became less degraded. In contrast, the hypothesis that increased
attention for non-degraded images leads to enhanced neural ac-
tivity cannot be easily reconciled with our results in V4. In V4,
SUA and VEP responses did not systematically vary with the level
of image degradation. For example, we found increased evoked
potential amplitudes for colored images while in the colored
noise condition we observed decreased amplitudes as stimuli be-
came less degraded. Thus, attention is unlikely to have systemat-
ically affected neural activity in V4 in our task design. Although it
is still possible that the attentional state of the animal could have
affected neural activity in a nonspecific way, the modulation of
neural activity by our stimulus manipulations seems to be the
more parsimonious explanation for our findings in V4.

Together, we observed distinct sensory characteristics of
visual-evoked components of the LFP in both V4 and lateral
prefrontal cortex. More interestingly, we found that sensory
properties of VEPs and spiking activity differed in area V4,
whereas they were similar in IPF.

The similarity between LFP and spike-selectivity in IPF is
compatible with several studies reporting close resemblance in
sensory tuning between the two types of signals, for example
testing orientation tuning preference in macaque primary visual

SUA and VEP responses to test stimuli are highly correlated with responses to 100% coherence sample stimuli. Aand
B show visual responses, i.e., averaged SUA/VEPs within 100250 ms poststimulus onset for test (x-axis) and 100% sample
( y-axis) stimuli (both achromatic and colored images). The small scatter plots in the upper left corner of the graphs zoom into the
lower data range. Differently colored symbols represent different animals. For both types of signals and animals, we found a highly
significant correlation between the activity for the sample and the test. Cand D show mean SUA/VEP responses during sample and
test presentation for colored and achromatic images; no significant differences were observed.
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cortex (Katzner et al., 2009; Xing et al,,
2009). Along these lines, several studies
showed that the correlation between LFP
and SUA selectivity also depends on
whether or not similarly tuned neurons
are homogeneously arranged in cortical
space: if neurons surrounding the record-
ing site are similarly tuned, the LFP selec-
tivity will correspond to the that of single
neurons (Kulikowski et al., 2002; Schum-
mers et al., 2002; Nauhaus et al., 2008).
Based on these findings, it has been sug-
gested that LFPs reflects the averaged local
spiking population response. This idea
could potentially explain our findings in
IPF. If single neurons are similarly tuned
to informative features of our images, sen-
sory characteristics between single neu-
ron activity and LFPs would be related.

In contrast, the idea that the evoked
components of the LFP represent the local spiking population is
not compatible with our findings in V4. Here, on average, spik-
ing activity did not increase with color magnitude, but visually
evoked potentials did.

In dorsal V4, several studies have shown that neurons with
different color preferences are distributed heterogeneously in
cortical space (Zeki, 1983¢; Tanaka et al., 1986; Stepniewska et al.,
2005; Conway and Tsao, 2006). Based on these studies, one can
assume that differently tuned neurons contribute to the visual-
evoked LFP responses that we measured. If the LFP merely re-
flects average local spiking activity one would expect both signals,
mean spiking and mean VEPs, to not show a systematic modula-
tion in response to variations in color magnitude.

A more recent study, however, presented evidence for a fine-
scale spatial organization of color preference in adjacent neurons
that were located in regions containing a high number of color-
selective cells in posterior inferior temporal cortex, including
area V4 (Stoughton and Conway, 2008). However, the similarity
in color preference was most evident for cortical distances lower
than 50 wm. Given that the LFP likely integrates neural activity
across a radius of ~250 wm (Katzner et al., 2009), the LFP would
represent the activity of neurons with heterogeneous color pref-
erences and is thus spatially too coarse to be able to reflect a
fine-scale organization in color preferences.

Alternatively, the fine-scale neuronal homogeneity of color
preferences could be restricted to regions with a high density of
color “globs,” for example the posterior bank of the superior
temporal sulcus, as opposed to the dorsal part of V4 located on
the surface of the prelunate sulcus; the same region that we tar-
geted with our recordings and that has been shown to have fewer
regions with clear color preference (Conway and Tsao, 2006;
Conway et al., 2007). Thus our findings might indicate that color
processing in V4 is distinct within different subregions, an idea
that has been put forth previously (Zeki, 1983c).

On the other hand, the dissociation we found between spike
and VEP selectivity in V4 is consistent with several studies show-
ing that sensory properties of LFP and SUA at individual cortical
sites are qualitatively different (Kreiman et al., 2006; Nielsen et
al., 2006; Asher et al., 2007). Specifically, it has been suggested
that stimulus-evoked LFP activity rather reflects the sensory
characteristics of the intercortical input to an area that local pro-
cessing within the region (Khawaja et al., 2009). Hence, VEP
selectivity in V4 could reflect stimulus selectivity of regions pro-
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jecting to V4 rather than the stimulus selectivity generated within
the area itself. The major feedforward input to V4 comes from
thin stripe and interstripe regions in V2 (Zeki and Shipp, 1989;
Xiao etal., 1999; Ungerleider and Pasternak, 2004), and especially
thin stripe regions show high color-biased activity (Hubel and
Livingstone, 1987; Roe and Ts’o, 1995; Shipp and Zeki, 2002;
Gegenfurtner, 2003; Tootell et al., 2004; Xiao et al., 2003). Thin
stripe regions project to specific subregions in V4, which would
result in a non-uniform organization of color-sensitive LFP sites
(Yoshioka et al., 1992; Shipp and Zeki, 1995; Xiao et al., 1999;
Stepniewska et al., 2005). When we assessed the distribution of
color sensitivity across individual LFP sites across the recording
area, we observed that similarly tuned LFP sites are in closer
vicinity to each other than less similarly tuned sites, resulting in a
non-uniform distribution (supplemental Fig. 8, available at
www.jneurosci.org as supplemental material). This observation
is also consistent with the findings of Conway (2007) using fMRI
and Zeki (1983c) using electrophysiology. Thus, our findings
suggest that V4 receives inputs dominated by color signals and
transforms them into multiple representations characterized by
various spike-selectivity functions.

Finally, our results suggest that the degree to which visual-
evoked activity of the LFP is representative of the underlying
neural processing at the single cell level may be brain-region spe-
cific. During identical stimulus conditions, we found differences
in the relationship between visually evoked single unit activity
and LFP responses in V4 and IFP that can only be attributed to
factors that are unique to the area under study, at least within the
context of the visual recognition task we used.

Our findings have thus implications for studies investigating
neural correlates of visual cognition with electroencephalogra-
phy. Whether mesoscopic signals, for example event-related
potentials, correspond to dendritic input to a region, local pro-
cessing within the region or spiking output from the region may
depend on factors that are unique to the area under study, for
example the topographic organization of neurons within the area
and the distributions of input signals across cortical layers. Fur-
ther work using laminar probes registering activity across all
cortical layers is required to understand the details of this infor-
mation flow. Another important factor likely influencing the re-
lationship in sensory sensitivity between stimulus-evoked LFP
responses and single neuron activity is the stimulus type. Almost
all studies investigating the relationship between the signals used
simple stimuli such as sparse noise and oriented gratings. In our
study we used natural images, which are more characteristic of
visual input in real world vision. Further studies comparing the
effect of artificial and natural stimuli on spike and LFP tuning are
necessary to elucidate the contribution of the stimulus type to the
relationship between these signals. Ultimately, our study high-
lights the importance of studying both spiking activity as well as
stimulus-evoked potentials for investigating their respective role
in visual cognition.
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