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Receptive-Field Subfields of V2 Neurons in Macaque
Monkeys Are Adult-Like Near Birth

Bin Zhang,' Xiaofeng Tao,' Guofu Shen,' Earl L. Smith III,' Izumi Ohzawa,’> and Yuzo M. Chino'
1College of Optometry, University of Houston, Houston, Texas 77204-2020, >College of Optometry, NOVA Southeastern University, Fort Lauderdale, Florida
33325, and 3Graduate School of Frontier Science, Osaka University, Osaka 560-8531, Japan

Infant primates can discriminate texture-defined form despite their relatively low visual acuity. The neuronal mechanisms underlying
this remarkable visual capacity of infants have not been studied in nonhuman primates. Since many V2 neurons in adult monkeys can
extract the local features in complex stimuli that are required for form vision, we used two-dimensional dynamic noise stimuli and local
spectral reverse correlation to measure whether the spatial map of receptive-field subfields in individual V2 neurons is sufficiently
mature near birth to capture local features. As in adults, most V2 neurons in 4-week-old monkeys showed a relatively high degree of
homogeneity in the spatial matrix of facilitatory subfields. However, ~25% of V2 neurons had the subfield map where the neighboring
facilitatory subfields substantially differed in their preferred orientations and spatial frequencies. Over 80% of V2 neurons in both infants
and adults had “tuned” suppressive profiles in their subfield maps that could alter the tuning properties of facilitatory profiles. The
differences in the preferred orientations between facilitatory and suppressive profiles were relatively large but extended over a broad
range. Response immaturities in infants were mild; the overall strength of facilitatory subfield responses was lower than that in adults,
and the optimal correlation delay (“latency”) was longer in 4-week-old infants. These results suggest that as early as 4 weeks of age, the
spatial receptive-field structure of V2 neurons is as complex as in adults and the ability of V2 neurons to compare local features of

neighboring stimulus elements is nearly adult like.

Introduction

Recognition of an object in visual scenes requires the ability to
extract visual form cues that vary considerably in complexity.
While low-level spatial vision depends on the identification of
forms defined by differences in luminance cues, complex global
form vision depends on perceptual grouping of local features
over an extended region of space. For example, the sensitivity to
texture-defined form is influenced by the ability to extract the
appropriate image properties, to integrate these properties, and
to segment the shape that is represented (Geisler et al., 2001;
Geisler, 2008; El-Shamayleh et al., 2010; Ing et al., 2010; EIl-
Shamayleh and Movshon, 2011).

Newborn human and nonhuman primates have limited visual
capacities. However, newborn human infants are capable of dis-
criminating the orientation of luminance-defined contours of
low spatial frequencies near birth (Atkinson et al., 1988). Infant
macaque monkeys can discriminate texture- or contrast-defined
form as early as 6—8 weeks of age (El-Shamayleh et al., 2010).
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Human infants also perform well in similar visual tasks near birth
(Hou et al., 2003; Norcia et al., 2005; Sireteanu et al., 2005).

In adult monkeys, neurons in extrastriate visual area are
thought to act as “integrators” of local stimulus information that
is processed by V1 in a variety of global perceptual phenomena.
Because of the convergence of primarily feedforward and local
signals and the progressively larger receptive-field (RF) sizes of
neurons in higher-order visual areas, V2 and V4 neurons become
sensitive to angled contours that make up critical aspects of global
shape and, consequently, become capable of efficiently linking
local feature information (Pasupathy and Connor, 2002; Ito and
Komatsu, 2004; Anzai et al., 2007; Willmore et al., 2010; EI-
Shamayleh and Movshon, 2011).

Developmentally, although the spatiotemporal filter proper-
ties of V2 neurons mature rapidly after birth (Zheng et al., 2007;
Maruko et al., 2008), we do not know whether the receptive-field
structure of V2 neurons in infant primates is organized in a man-
ner that would allow them to encode more complex stimulus
features that are composed of different orientations and spatial
frequencies. Therefore, we used dynamic two-dimensional noise
stimuli and the local spectral reverse correlation (LSRC) method
to study the maturation of the spatial matrix of subfields in V2
neurons (Nishimoto et al., 2006; Tao et al., 2012). The LSRC
method is quite effective in revealing response profiles that con-
tain local variations in orientation and spatial frequency (SF)
tuning properties. It is based on spectral analysis in the two-
dimensional spatial frequency domain for spatially localized ar-
eas within and around the receptive field. The advantages of using
LSRC are that, unlike conventional methods (Gallant et al., 1993,
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1996; Pasupathy and Connor, 2001, 2002; Anzai et al., 2007),
LSRC has stimulus sets with infinite possible configurations,
makes minimum assumptions about receptive subfield organiza-
tion, is applicable for all cell types, and can visualize suppressive
as well as facilitatory profiles. We will show that the spatial
receptive-field structure of V2 neurons is as complex at 4 weeks of
age as in adults.

Materials and Methods

The subjects were five 4-week-old, four 8-week-old, and six adult mon-
keys (Macaca mulatta). Seven were males, and eight were females. The
weights of the infant monkeys varied between 450 and 600 g at 4 weeks
and between 400 and 960 g at 8 weeks. All experimental and animal care
procedures were in compliance with the Guiding Principles for Research
Involving Animals and were approved by the Institutional Animal Care
and Use Committee of the University of Houston.

Surgical preparation

Microelectrode recording experiments were conducted in anesthetized
and paralyzed monkeys. The surgical preparation methods have been
described previously (Maruko et al., 2008; Tao et al., 2012). Briefly, the
animals were initially anesthetized with an intramuscular injection of
ketamine hydrochloride (20-30 mg/kg) and acepromazine malerate
(0.15-0.2 mg/kg). A venous cannula was placed to allow subsequent
continuous infusion of propofol (4 mg/kg/h) and sufentanyl citrate
(0.05-010 ug/kg/h). A tracheotomy was performed to facilitate artificial
ventilation with a mixture of 59% N, O, 39% O,, and 2% CO,. To insert
the electrode, a craniotomy and a small durotomy were performed over
the lunate sulcus, through which a guide tube was positioned close to the
surface. The exposed area was protected with a plastic well that was filled
with warm agar and then closed with melted wax. The animals were
paralyzed with an intravenous injection of vecuronium bromide (Nor-
curon; 0.1 mg/kg/h) after all surgical procedures were completed. Core
body temperature was monitored and kept at 37.6°C by a homeothermic
controller (Harvard Apparatus). Cycloplegia was produced, and the an-
imals’ corneas were protected with rigid gas-permeable, extended-wear
contact lenses. Retinoscopy was used to determine the contact lens pa-
rameters required to focus the eyes on the stimulus screens.

Recording and visual stimulation

Electrode penetrations were confined to a parasagittal plane, and the
angle of the penetration was typically 15° from vertical. The penetrations
were started right behind the blood vessels running along the lunate
sulcus and 12—15 mm lateral to the midline. Unit activity was isolated at
an interval of 50—-100 wm steps. The penetrations ended when the elec-
trode exited V2. For each penetration, we made records of the cortical
depth for each isolated unit. This approach allowed us to sample units
consistently from similar regions of V2 for both infants and adults. All
receptive fields both in infants and adults were located within 5° of the
center of the projected fovea.

A monitor (Vision Research Graphics) with ultra-short persistence
(frame rate = 140 Hz, 800 X 600 pixels) was used to present visual
stimuli. The viewing distance was set to 114 cm where the display sub-
tended a visual angle of 20° (horizontal) X 15° (vertical). Multiunit or
single-unit activities were extracellularly recorded with tungsten-in-glass
microelectrodes (Fredric-Haer). Action potentials from individual cor-
tical neurons were amplified, isolated, and stored using the data acquisi-
tion components in our workstation (Tucker-Davis Technology). For
each isolated neuron, handheld stimuli were initially used to map the
receptive fields in each eye and to qualitatively determine the neuron’s
ocular dominance and preferred stimulus orientation. Quantitative mea-
surements using drifting gratings followed these procedures and are de-
scribed below.

Measurements with drifting sine wave gratings. A neuron’s responses to
drifting gratings were sampled at a rate of 140 Hz (7.14 ms bin widths)
and compiled into peristimulus time histograms (PSTHs) that were
equal in duration to, and synchronized with, the temporal cycle of the
grating. The amplitude and phase of the temporal response components
in the PSTHs were determined by Fourier analysis. The stimuli were
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Figure1. Schematicdiagram of the LSRCanalysis (see Materials and Methods for details). 4,
The visual stimuli and analysis procedure used to derive LSRC maps. We calculated a cross-
correlation between the spike train and the amplitude spectra of Gaussian-windowed stimuli to
obtain a two-dimensional frequency tuning function for the given subfield. B, An example of
the spike-triggered average of local spectra (local spectral selectivity map or subfield). The x-
and y-axes show vertical and horizontal spatial frequency in cycle/degree (c/d). The facilitations
and suppressions are indicated by red and blue, respectively. Asterisks show the location of the
highest and lowest z-scores that correspond to the frequency of the maximum facilitation and
suppression, respectively. The scale bar with z-scores is illustrated on the right. The distance
from the origin to the peak of the excitation indicated the optimal spatial frequency for the local
subfield of the receptive field. The angle perpendicular to the line connecting the origin and the
excitation peak (with the horizontal axis) depicted the optimal orientation for the local subfield
(curved arrow).

presented to the right or left eye in a randomly ordered sequence for
relatively short periods (e.g., 3.22 s). Rerandomized stimulus sequences
were repeated three to six times during a given experiment. Blank stimuli
(i.e., zero contrast control) were included in each repeat to provide a
measure of the neuron’s maintained firing rate. For each neuron, the
orientation, spatial frequency, and size-tuning functions were first ob-
tained using sine wave gratings (80% contrast and temporal frequency =
3.1 Hz).

The preferred orientation and orientation bandwidth for each recep-
tive field were determined by fitting the orientation tuning functions
with wrapped Gaussian functions (Swindale, 1998):

n = o«
G(0) = m12exp — (06 — m, + 180n)*/(2 m3)]
n =—x

where 6 is orientation, 1, is response amplitude, 1, is preferred orien-
tation, and 1 is the SD of the Gaussian function.

Each cell’s optimal spatial frequency was determined by fitting the
response data with the following Gaussian functions (DeAngelis et al.,
1993):

G(f) = mexp[ — (f — f)*1(25)],
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The receptive field center size was deter-
mined by searching for the smallest center
stimulus diameter at which neuronal dis-
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Figure 2.  Aa, Ba, A spatial matrix of subfields with facilitatory profiles in a V2 neuron from an adult monkey that exhibited  profile was obtained by interpreting the two-

spatial homogeneity of orientation and spatial frequency within its receptive field (Aa) and an adult V2 neuron with highly
heterogeneous subfield matrix (Ba). Ab, Bb, Detail profile of the subfield with the maximum z-score. Ac, B, Schematic diagram
showing the preferred orientation (bar angle) and spatial frequencies (width), and the maximum z-scores (saturation) of the

subfields. ¢/d, Cycles per degree; deg, degree.

where fis spatial frequency, f; is preferred spatial frequency, and s is the
SD of the Gaussian function.

To determine the position and extent of a neuron’s receptive field
center and surround and the strength of surround suppression, we
measured area-summation functions with drifting high-contrast
(80%) sinusoidal gratings of optimized orientation, spatial fre-
quency, and temporal frequency (Zhang et al., 2005). Specifically, the
neuronal responses were measured as a function of the diameter of
the grating patch. The measured area response functions were fitted
by the following formula:

R(x) = K.L/(x)/[1 + KL(x)],

where L (x) = [w, X erf(x/w.)]% L(x) = [w, X erf(x/w,)]?, erf is the
error function, x is the stimulus diameter, K. and K, are the gains of the
center and surround, L. and L, are the summed squared activities of
the center and surround mechanisms; w, and w, represented the spatial
extents of the center and surround components; and w, is always con-
strained to be less than w, during our curve-fitting procedures.

dimensional frequency tuning plot as a polar co-
ordinate representation. The distance from the
origin to the peak of the excitation represented
the optimal spatial frequency for the local sub-
field of the receptive field. The angle perpendicu-
lar to the line connecting the origin and the
excitation peak (with the horizontal axis) represented the optimal orienta-
tion for the local subfield (Fig. 1B). By systematically changing the positions
of the subfield for calculating the spectra, a spatial matrix of subfields was
obtained. Therefore, the final matrix describes the tuning profile of the neu-
ron as a function of position (x, y) as well as spatial frequency and orientation
in a joint manner. We optimized the number of positions/spacings for each
unit depending on the spatial frequency tuning of the unit; for neurons with
bandpass SF tuning profiles, the analysis window covered at least half of the
period for the optimal spatial frequency within 1 SD of the Gaussian. In rare
cases where neurons had low-pass SF tuning functions, we used the SD value
corresponding to one-fifth of the mapped area.

We calculated spike-triggered averages of stimulus local spectra for
correlation delays from 0 to 150 ms in 15 ms steps. Then, the optimal
correlation delay was determined as the delay at which the maximal
signal amplitude was found. Typical optimal correlation delays varied
from 45 to 90 ms. The average number of spikes per recording for our
population of neurons was 4253 spikes for 4-week-old, 4941 spikes for
8-week-old, and 6565 spikes for adult monkeys, respectively.
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Figure 4.  Spatial homogeneity of local spectral selectivity maps with facilitatory profiles across the receptive fields in infants

and adults. A, Histogram illustrating the distribution of the maximum orientation differences between neighboring pairs of
subfields. B, Distribution of the maximum spatial frequency differences between neighboring pairs of subfields. ¢, The maximum
orientation differences between a pair of neighboring subfields within each neuron are on the x-axis, and SF differences are on the
y-axis. Filled triangles indicate median values, and open triangles indicate means (== SE). Note that several units in each age group

contained just one subfield, hence lowering the total number of units for this analysis.

To evaluate the significance of the spike-triggered signals, we cal-
culated the average and SD (noise level) of signals using shuffled
correlations. We obtained the shuffled correlations by calculating
cross-correlations between spike trains and shifted (unpaired) stim-
ulus blocks. The mean and SD of the shuffled correlations were then
used to normalize the original spike-triggered signals into z-score
representations. To reduce the computational burden, we assumed
that the noise level was identical for a sequence of random patterns for
any given subfield and spatial frequency.

The z-scores were used to represent the response strength in the spec-
tral receptive field profiles, taking variability and statistical significance of
responses into account. The z-scores were sometimes negative, which
was interpreted as a reduction of activities below the baseline level. The
statistical significance of signals was examined by the z-score, corrected
for multiple comparisons by Bonferroni’s method (Fig. 1B, right). The
degree of freedom for the Bonferroni’s correction was set to the number
of subfields multiplied by the number of noise elements within +1 SD of
the analyzing Gaussian window. Black lines in the LSRC plot indicate
contours for p = 0.05.

Anatomical methods

To identify recording sites, small electrolytic lesions were produced at
three locations along the electrode track (at the end of each penetration,
at the mid-point of the penetration, and near the cortical surface) by
passing current through the electrode (5 uA for <5, electrode tip neg-
ative). At the end of the recording experiments, an overdose of sodium
pentobarbital (100 mg/kg) was administered intravenously to induce a

<«

(Figure legend continued.)  maximum z-score. Ac, B, (¢, Schematic diagrams showing the
preferred orientations (bar angle) and spatial frequencies (width), and the maximum z-scores
(saturation) of the subfields. Da,Db, Schematic diagrams showing the preferred orientation
(bar angle) and spatial frequencies (width), and the maximum z-scores (saturation) of the
subfields in a V2 neuron from an 8-week-old infant with highly homogeneous subfield matrix
(Da) and a neuron with a heterogeneous subfield matrix (Db). ¢/d, Cycles per degree; deg,
degree.

Local spectral selectivity maps with
facilitatory profiles

The spatial matrices of facilitatory sub-
fields of V2 neurons were largely adult-
like as early as 4 weeks of age. Figures 2
and 3 illustrate the similarities and differ-
ences in spatial organization of subfields
between infants and adults. The spatial matrix of facilitatory sub-
fields of a typical adult V2 neuron shows a high degree of homo-
geneity, as indicated by similar local preferences to orientation at
different positions across the receptive field (Fig. 2A). The sub-
field located near the center of the matrix showed the highest
levels of activation (z-max), and the z-score decreased toward the
periphery of the subfield map (Fig. 2Aa—Ac). The largest orienta-
tion difference between the neighboring subfields for this repre-
sentative was 11.3°, while the largest optimal spatial frequency
difference was 0.77 octaves (Fig. 2Ac). In contrast, another V2
neuron from an adult monkey exhibited a more complex spatial
matrix of facilitatory subfields (Fig. 2 B). The spatial matrix of this
unit consisted of several subfields that are nearly orthogonal to
each other in their preferred orientations (Fig. 2Ba,Bc). These
neurons could potentially show higher sensitivities to local line
elements embedded in small regions of complex stimuli that sub-
stantially differ in orientation (Ito and Komatsu, 2004; Anzai et
al., 2007; El-Shamayleh et al., 2011; Tao et al., 2012).

At 4 weeks of age, the spatial matrix of facilitatory subfields in
the majority of V2 neurons was similar to that in adults. How-
ever, the strength of responses (z-max) was lower compared with
adults. The spatial matrix of facilitatory subfields of a typical
neuron from a 4-week-old infant was quite homogeneous. For
the representative neuron shown in Figure 3A, the largest orien-
tation and optimal spatial frequency differences between adja-
cent subfields were 0° and 0.41 octaves, respectively (Fig. 3Aa,Ac).
However, the response strength of the subfield with the highest
z-score was weaker than that typically found in adults (Fig. 3Ab).
As in adults, we found a subset of neurons exhibiting relatively
large orientation and spatial frequency differences between
neighboring subfields. For the example neuron illustrated in Fig-
ure 3B, the largest orientation difference was 33.7° and the largest
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Figure 5.  Comparisons of response strength and reliability (z-max) of V2 neurons in infants
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individual neurons with their maximum orientation differences between neighboring sub-
fields. €, The z-max scores of individual neurons as a function of their total spike counts.

optimal spatial frequency difference was 0.58 octaves (Fig.
3Ba,Bc). Also note a gradual “shift” in the preferred orientations
of the four subfields in the right position (x position = 1.3) of the
matrix (Fig. 3Bc). Another example of a spatial matrix of sub-
fields for a neuron from a 4-week-old infant had only four
subfields and a relatively low z-max score (Fig. 3Ca,Cb). In-
terestingly, the orientation differences between these subfields
were as large as 76.0° (Fig. 3Cc).

In 8-week-old infants, the homogeneity of the subfield matri-
ces was indistinguishable from that in adults; the majority of
units showed high homogeneity, and a subset of V2 neurons had
relatively large orientation and spatial frequency differences be-
tween neighboring subfields. For the example neuron in Figure
3Da, the largest orientation and optimal spatial frequency differ-
ences between adjacent subfields were 0° and 0 octaves. And as
illustrated by the unit in Figure 3Db, some units exhibited rela-
tively heterogeneous subfield matrices. The largest orientation
and optimal spatial frequency difference for this neuron were
63.4° and 1.96 octaves, respectively. However, the strength of
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responses was in general not different from that in adults (see Fig.
5; rank-sum test, p > 0.96).

Differences in preferred orientation and spatial frequency

For our population analysis, the local variations in preferred ori-
entation and spatial frequency between subfields were analyzed
for the different age groups by calculating the largest differences
between any pair of neighboring subfields in a matrix (Fig. 4).
About 25% of V2 neurons in 4- and 8-week-old infants exhibited
substantial differences in preferred orientation and spatial fre-
quency between a pair of facilitatory subfields. However, as in
adults, the majority of V2 neurons in all infants exhibited rela-
tively homogeneous matrices of facilitatory subfields; that is, the
largest differences in preferred orientation (Fig. 4A) and spatial
frequency (Fig. 4B) were relatively small. Most importantly, the
frequency distributions of the orientation and spatial frequency
differences in 4- and 8-week-old monkeys were not significantly
different from that in adults (rank-sum test, p > 0.06). A neuron
with a large maximum orientation difference tended to have a
large maximum spatial frequency difference (Fig. 4C). Therefore,
for our populations of V2 neurons, there was a significant posi-
tive relationship between these two values, and interestingly, the
correlations were relatively better in infants than in adults.

The strength and variability of responses

At 4 weeks of age, the responsiveness of V2 neurons measured
with high-contrast drifting or stationary gratings is relatively
poor (Zhang et al., 2005, 2008; Maruko et al., 2008). To deter-
mine how these lower firing rates could affect the homogeneity of
the V2 subfield matrix, we quantitatively analyzed the z-scores for
each neuron. The median z-max score 4-week-old infants was
significantly lower than that for 8-week-old infants or for adults
(rank-sum test, p < 0.0001) (Fig. 5A). Moreover, we did not find
any neurons with z-max score higher than 16 in 4-week-old mon-
keys. By 8 weeks of age, the distribution of z-max values was
similar to that in adults (rank-sum test, p > 0.96).

The scatter plots of the z-max scores as a function of the max-
imum orientation difference between neighboring subfields
shows that there was little or no significant correlation between
the two values in infants or adults (Fig. 5B). In 4-week-old infant
monkeys, neurons with large orientation differences between ad-
jacent subfields (e.g., =45°) had z-max scores similar to those
units with smaller orientation differences. Therefore, the strength
of activation (z-max) did not have a consistent relationship with
the homogeneity of the subfield matrices. Finally, the z-max value
of a unit was broadly correlated with the total spike count in both
infants and adults, but the observed relationship was not system-
atically related to the monkeys’ ages (Fig. 5C).

Local spectral selectivity maps with suppressive profiles

The majority of V2 neurons in both 4- and 8-week-old infants
had subfields with suppressive profiles in their local spectral sen-
sitivity maps (subfields). A typical spatial matrix with suppressive
(blue) and facilitatory (red) subfield profiles for a representative
neuron from a 4-week-old infant is illustrated in Figure 6. Our
cell population analysis shows that the percentage of V2 neurons
having suppressive subfield profiles was significantly less (20%)
in 4-week-old infant monkeys than in adults (40%) if the mea-
surement was made at the optimal correlation delay for facili-
tatory profiles (y* test, p < 0.001) (Fig. 7A; for a further analysis
of this issue, also see Fig. 9). At 8 weeks of age, the proportion
increased to 30%, which was not significantly different from that
in adults (x? test, p > 0.2). The difference between 4-week-old
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and 8-week-old monkeys was also significant (x test, p < 0.02).
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2010; Tao et al., 2012). To gain insights
into the role of suppression in the process-
ing of complex stimulus features during
early development, we analyzed the re-
lationship between the facilitatory and
suppressive subfields in individual V2
receptive-fields. We paid special attention to
(1) the spatial relationships between the fa-
cilitatory and suppressive profiles within a
spectral map (orientation and spatial fre-
quency differences); (2) the differences in
the strength of activation (z-max values);
and (3) the dynamics (timing differences)
of the peak facilitatory and suppressive
responses.

Differences in orientation, spatial
frequency, and activation strength

One of the more significant findings on
the relationships between suppressive and
facilitatory profiles of subfields was that in
adults nearly 60% of sampled neurons
showed the maximal orientation differ-
ences between the facilitatory and sup-
pressive profiles that were >60° (Figs. 6,
8A). This relationship resembles classical
cross-orientation suppression. In 4- and
8-week-old infants, there were similar re-
lationships between facilitation and sup-
pression, and the percentage of neurons
with the orientation difference >80° was
even higher (27%) than in adults (17%).
More importantly, the distribution of ori-
entation differences between facilitation
and suppression had a continuous and
broad range, from <<10° to 90°. It is also
important to note that there was no statis-
tically significant difference in this distri-
bution between any age group (rank-sum
test, p > 0.2). The observed heteroge-
neous arrays of suppressive profiles could
alter the preferred orientations of spiking
output of facilitatory subfields, hence re-
sulting in a spatial matrix for a given neu-
ron that exhibits higher sensitivity to
complex stimulus features.

The preferred spatial frequencies for
suppressive profiles were substantially
higher than those for facilitatory profiles
in the great majority of subfields (¢ tests:
p < 0.0001 for adults, p < 0.004 for

Although the percentage of V2 neurons with suppressive sub-
fields was significantly less in 4-week-old infant monkeys, the
overall (average or median) strength of suppressive profiles
(z-max) at 4 weeks of age was not different from that in adults
or 8-week-old infants (rank-sum test, p > 0.3) (Fig. 7B).

Relationships between facilitatory and suppressive

subfield profiles

Tuned suppression in the receptive fields of V2 neurons is
thought to be involved in the emergence of stimulus selectivity
for complex stimulus features (Anzai et al., 2007; Willmore et al.,

4-week-old, p < 0.0001 for 8-week-old) (Figs. 6, 8B). This result
is consistent with a previous study in adult V2 (Willmore et al.,
2010). Figure 8 B also shows that these spatial frequency differ-
ences between facilitatory and suppressive profiles were very sim-
ilar in all age groups.

In adult V2, the relative strength of responses (z-max) for
suppressive profiles varied considerably between neurons, but on
the average, it was about one-half of the response strength of
facilitatory profiles (Fig. 8C). Moreover, the median or mean
ratios of z-max for suppression over z-max for facilitation in the
infant monkeys were not substantially different from the compa-
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different correlation delays between facilitation and suppres-
sion, we re-examined the proportion of V2 neurons with sup-
pressive profiles by taking into consideration the timing of the peak
response for the suppressive profile relative to that for the facilitatory
profile (Fig. 9B). The results are strikingly different from the analysis
shown in Figure 7A where the proportion of units with suppressive
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profiles was determined at the peak correlation delay for the facili-
tatory subfield profiles.

About 80% of V2 neurons in both adults and infants had
spatial matrices containing suppressive profiles, but the latency
for maximum suppression was longer in infants relative to that
for facilitation. In Figure 10, we show the results of our popula-
tion analysis on the development of the timing of the optimal
correlation delays for facilitatory profiles (Fig. 10A), for suppres-
sive profiles (Fig. 10B), and the differences between these two
profiles (Fig. 10C). For facilitatory profiles, the mean (*SE) cor-
relation delay in 4-week-old monkeys was slightly, but signifi-
cantly, longer than that in adults (¢ test, p = 0.0015). However,
the mean (£SE) correlation delay for suppressive profiles was
much longer in 4-week-old-infants than that in adults (¢ test, p <
0.0001). Consequently, the differences in optimal correlation de-
lays between the facilitatory and suppressive profiles (facili-
tatory — suppressive) in 4-week-old infants were significantly
greater than that in adults (¢ test, p < 0.014). There was no dif-
ference between 8-week-old infants and adults in any of these
comparisons (f test, p > 0.1).

Discussion

The most important finding of this study was that the spatial
organization of the subfields within the RFs of V2 neurons is
largely adult-like as early as 4 weeks of age. While the majority of
V2 neurons in all infants had relatively homogeneous matrices of
facilitatory subfields, a similar proportion of V2 neurons in in-
fants and adults (20-30%) showed relatively large differences in
the preferred orientation and the optimal spatial frequency be-
tween neighboring subfields. The results in adults complement
previous work in adult monkeys using “conventional” stimuli,
which demonstrated that about one-third of V2 neurons respond

better to a combination of luminance elements having substan-
tial orientation differences (Ito and Komatsu, 2004; Anzai et al.,
2007; Hegdé and Van Essen, 2007). Here we showed that this sort
of “unique” sensitivity to angled contour elements is likely to
exist in V2 neurons as early as 4 weeks of age, although we did not
directly measure neuronal responses using “angled” contour
stimuli.

We also found subtle immaturities in certain neuronal re-
sponses in infant monkeys. One of the more subtle immaturities
in infant V2 was that z-max scores for facilitatory subfields in
4-week-old-monkeys were significantly lower than those in
adults. The z-max scores were used to represent the response
strengths of the subfield profiles, taking variability and statistical
significance of responses into consideration (Nishimoto et al.,
2006; Tao et al., 2012). This finding is consistent with our previ-
ous observations on V2 neurons in infants where we found higher
contrast thresholds for RF centers and lower sustained discharge
rate in response to stationary or drifting sine wave gratings
(Zhang et al., 2005, 2008; Maruko et al., 2008). However, the
subnormal responsiveness of V2 neurons in 4-week-old infants
did not influence the overall homogeneity of the subfield matrix
(Fig. 5B). This is not inconsistent with some of the previous ob-
servations for cortical neurons of infant monkeys in that while
the firing rates of V1 and V2 neurons in 1- and 4-week-old mon-
keys are much lower than in adults, the lower response rate in-
creases the reliability of responses; fewer action potentials are
required to “convey” the same amount of information (Rust et
al., 2002; Maruko et al., 2008).

Another remarkable result was that the differences in pre-
ferred orientation between facilitatory and suppressive subfield
profiles were often relatively large (e.g., >60°), and these differ-
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ences were virtually the same for infants and adults (Fig. 8).
Equally important, the orientation differences between facilita-
tion and suppression extended over a broad range in both infants
and adults (~30-40% of V2 neurons showed the orientation
differences that were distributed between 10° and 60°). This
broad range of heterogeneous arrays of suppressive profiles in a
V2 neuron could interact with facilitatory profiles that show high
homogeneity. As a result, the optimal orientation for the spiking
output signals from these homogeneous facilitatory subfields are
altered in a complex manner, and the entire spatial matrix be-
comes more heterogeneous. These neurons with “tuned” sup-
pression are likely to become more sensitive to a wide range of
corners and angles embedded in complex stimuli both in infants
and adults (Willmore et al., 2010).

In adults, the relative strength of suppressive profiles was, on
average, about one-half of that for facilitatory profiles, possibly
reflecting a limit imposed by extracellular recording methods.
However, this relationship was basically unchanged during the
development (Fig. 8). Since the z-max values of facilitatory pro-
files were significantly lower at 4 weeks of age than in adults, the
z-max values for suppressive profiles were also proportionally
lower in each neuron. These results suggest that the observed
relationships between suppressive and facilitatory profiles were
established in V2 neurons relatively early after birth and do not
substantially change during early development.

The interpretation of the interactions between suppressive
and facilitatory profiles of subfields that are revealed by the LSRC
method must take into account critical methodological limita-
tions. In particular, the LSRC method calculates the net sum of
facilitation and suppression for each frequency, and, therefore, it
can only visualize whichever is stronger (Nishimoto et al., 2006;
Tao et al., 2012). However, it is important to keep in mind that
the summed information reflects the spiking output of neurons
that is transmitted to the next neurons in the cascade of cortical
processing. Therefore, the information that neurons in a higher-
order visual area (e.g., V4, MT) receive from V2 neurons in both
infants and adults is that the orientation and spatial frequency
differences between suppressive and facilitatory profiles of sub-
fields cover a broad range and are very large in the majority of V2
neurons.

The average peak correlation delays for facilitatory subfields at
4 weeks of age were slightly but significantly longer than in adults.
This is generally consistent with our previous finding that the
average onset and peak response latencies of V2 neurons to drift-
ing high-contrast gratings in 4-week-old monkeys were signifi-
cantly longer than in adults (Zheng et al., 2007; Zhang et al.,
2008). Also the average peak correlation delays for suppressive
subfield profiles at 4 weeks of age were even longer than in adults.
Consequently, the differences in the correlation delays between
4-week-old infants and adults were much greater for suppressive
subfields than that for facilitatory subfields (Fig. 10). The neural
basis of the relatively longer latency for suppression is unclear,
primarily because we do not know the cortical connections gen-
erating the suppressive subfield profiles of V2 neurons. The pos-
sible connections include the feedforward inhibition that is part
of converging V1 inputs, local and long-range inhibitory net-
works within V2, and feedback connections from higher-order
visual areas. These are not mutually exclusive and likely to com-
bine with different weights, as shown in adult V1 (Malone and
Ringach, 2008). The overall longer delays in both facilitatory and
suppressive subfields in 4-week-old infants could reflect the less
refined projection fibers from V1 (Baldwin et al., 2012). How-
ever, this explanation does not apply to the longer delays for
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suppressive subfields relative to that for facilitatory subfields be-
cause the correlation delays should be similar for facilitation and
suppression. Immaturities in the feedback connections from
higher-order visual areas can contribute to the enhanced delay in
suppression because the overall maturation of higher-order vi-
sual areas downstream from V2 is slower (Barone et al., 1996;
Batardiere et al., 2002; Kiorpes and Movshon, 2003; Zhang et al.,
2005; Zheng et al., 2007). Also, immaturities in the local and
long-range connections within V2 could be a source of longer
delays in suppression relative to facilitatory subfields (Wong-
Riley, 1979; Matsubara et al., 1985; Rockland, 1985; Hubel and
Livingstone, 1987; Amir et al., 1993; Malach et al., 1994; Baldwin
et al., 2012). However, the functional significance of these con-
nections has not been extensively explored in adult V2.

Perceptual implications

As mentioned earlier, a substantial proportion of V2 neurons in
adult monkeys is sensitive to corners or angled contour elements
that make up a part of global forms (Ito and Komatsu, 2004;
Anzai et al., 2007; Willmore et al., 2010; El-Shamayleh et al.,
2011). These neurons are considered to play a key role in process-
inglocal information necessary for detecting and/or discriminat-
ing texture-defined form patterns, and infant monkeys are
capable of discriminating texture-defined visual borders as early
as 6 weeks of age (El-Shamayleh et al., 2010). Similar observations
were made in human infants; infants can detect texture-defined
patterns as early as 3—5 months of age (approximately equivalent
to 3—5 weeks of age in monkeys) (Norcia et al., 2005; Sireteanu et
al., 2005). The results in this study parallel these psychophysical
observations. While moderate immaturities are present, V2 neu-
rons in 4-week-old monkeys have RF structures that are basically
similar to those in adults. These observations suggest that V2
neurons in 4-week-old monkeys are likely to be sensitive to an-
gled neighboring contour elements. If “simple mechanisms that
can compare the local content of neighboring image sub-regions”
are required for the initial processing of complex features for
texture perception (El-Shamayleh et al., 2011), such mechanisms
exist in primate V2 as early as 4 weeks of age.
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