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Encoding of visual information requires precisely timed spiking activity in the network of cortical neurons; irregular spiking can interfere
with information processing especially for low-contrast images. The vision of newborn infants is impoverished. An infant’s contrast
sensitivity is low and the ability to discriminate complex stimuli is poor. The neural mechanisms that limit the visual capacities of infants
are a matter of debate. Here we asked whether noisy spiking and/or crude information processing in visual cortex limit infant vision. Since
neurons beyond the primary visual cortex (V1) have rarely been studied in neonates or infants, we focused on the firing pattern of neurons
in visual area V2, the earliest extrastriate visual area of both male and female macaque monkeys (Maccaca mulatta). For eight stimulus
contrasts ranging from 0% to 80%, we analyzed spiking irregularity by calculating the square of the coefficient of variation (CV 2) in
interspike intervals, the trial-to-trial fluctuation in spiking (Fano factor), and the amount of information on contrast conveyed by each
spiking (information density). While the contrast sensitivity of infant neurons was reduced as expected, spiking noise, both the magni-
tude of spiking irregularity and the trial-to-trial fluctuations, was much lower in the spike trains of infant V2 neurons compared with
those of adults. However, information density for V2 neurons was significantly lower in infants. Our results suggest that poor contrast
sensitivity combined with lower information density of extrastriate neurons, despite their lower spiking noise, may limit behaviorally
determined contrast sensitivity soon after birth.
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Introduction
Newborn primates have limited vision, and the maturation of
their visual brain requires normal visual experience. However,
many of the receptive-field (RF) properties of neurons in the
primary visual cortex (V1) of infant monkeys are far more ma-
ture than previously thought (Blakemore and Vital-Durand,

1981; Chino et al., 1997; Rust et al., 2002; Kiorpes et al., 2003;
Kiorpes and Movshon, 2004; Zhang et al., 2005; Kiorpes 2015,
2016). As early as 2 weeks of age, V1 neurons are well tuned to
stimulus orientation, spatial frequency, temporal frequency
(TF), and binocular spatial phase disparity and by 4 weeks of age,
qualitatively adult like tuning is present for most of these RF
properties (Chino et al., 1997; Zheng et al., 2007; Maruko et al.,
2008; Kiorpes, 2015). Also the center-surround receptive-field
organization of individual V1 neurons is qualitatively adult like
by 2– 4 weeks of age (Zhang et al., 2005).

Moreover, while the overall responsiveness (peak firing rate,
dynamic range, and contrast sensitivity) of V1 neurons is quite
impoverished, “information” carried by each action potential of
V1 neurons is thought to be greater and more reliable than that by
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Significance Statement

Despite �50 years of investigations on the postnatal development of the primary visual cortex (V1), cortical mechanisms that may
limit infant vision are still unclear. We investigated the quality and strength of neuronal firing in primate visual area V2 by
analyzing contrast sensitivity, spiking variability, and the amount of information on contrast conveyed by each action potential
(information density). Here we demonstrate that the firing rate, contrast sensitivity, and dynamic range of V2 neurons were
depressed in infants compared with adults. Although spiking noise was less, information density was lower in infant V2. Impov-
erished neuronal drive and lower information density in extrastriate visual areas, despite lower spiking noise, largely explain the
impoverished visual sensitivity of primates near birth.
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adult V1 neurons (Rust et al., 2002). More specifically, infant V1
neurons transmit information on stimulus contrast with higher
fidelity than adult neurons because the variance-to-mean ratio of
spiking is lower and information density (ID) is higher in infants
(Rust et al., 2002). According to these authors, such robust reli-
ability of spiking in infant V1 could potentially compensate for
the lower firing rate and reduced contrast sensitivity of individual
neurons. However, the behaviorally determined spatial contrast
sensitivity of infant monkeys is only �20% of the adult level at
�8 –10 weeks of age and remains quite poor (e.g., one-half of the
adult level) at �30 – 40 weeks of age (Kiorpes, 2016).

There are a number of neural factors that may limit the spatial
contrast sensitivity of newborn infants other than reduced re-
sponsiveness of their V1 neurons. For example, immature re-
sponses of neurons beyond V1 are a distinct possibility and have
been invoked to explain “poor” vision of young infants (Rust et
al., 2002; Kiorpes and Movshon, 2004; Kiorpes, 2015, 2016). In
adult monkeys, noisy spiking of extrastriate visual neurons is
thought to limit information on sensory stimuli and potentially
“hurt” perceptual performance (Shadlen and Newsome, 1998;
Nawrot et al., 2008; Mitchell et al., 2009; Churchland et al., 2010;
Kohn et al., 2016; Wang et al., 2017). Therefore, we explored the
noise and the reliability of spiking in individual neurons of visual
area V2, the earliest extrastriate visual area, to understand the
neural basis of the poor contrast sensitivity of young infants.
Specifically, we analyzed the spiking patterns of individual V2
neurons by quantifying spiking dynamics, contrast sensitivity,
spiking noise [irregularity of interspike intervals (ISIs) and trial-
to-trial fluctuations], and the amount of information on stimulus
contrast carried by each spiking (information density).

Materials and Methods
Procedures. All experimental and animal care procedures were in com-
pliance with the Guiding Principles for Research Involving Animals and
were approved by the Institutional Animal Care and Use Committee of
the University of Houston.

Subjects. The subjects were rhesus monkeys (Macaca mulatta): two
infants (4 and 8 weeks old, both female) and three adult monkeys (one
male and two females). Much of the data for adult monkeys were ob-
tained during previous projects (Tao et al., 2012, 2014; Zhang et al., 2013;
Wang et al., 2017).

Recording and stimulation. The surgical preparation and the recording
and stimulation methods were described previously in detail (Maruko et
al., 2008; Tao et al., 2012, 2014; Zhang et al., 2013; Wang et al., 2017).
Briefly, monkeys were anesthetized initially with an intramuscular injec-
tion of ketamine hydrochloride (15–20 mg/kg) and acepromazine male-
ate (0.15– 0.2 mg/kg). The animals were paralyzed by an intravenous
infusion of vecuronium bromide (a loading dose of 0.1– 0.2 mg/kg fol-
lowed by a continuous infusion of 0.1– 0.2 mg/kg/h) and artificially re-
spired with a mixture of 59% N2O, 39% O2, and 2% CO2. Anesthesia was
maintained by the continuous infusion of a mixture of sufentanyl citrate
(0.05 �g/kg/h) and propofol (4 mg/kg/h). The core body temperature
was kept at 37.6°C. Cycloplegia was produced by 1% atropine sulfate, and
the corneas of the animals were protected with rigid, gas-permeable,
extended-wear contact lenses. Retinoscopy was used to determine the
contact lens parameters required to focus the eyes on the stimulus screen.

A monitor (Vision Research Graphics) with ultrashort persistence
(frame rate � 140 Hz, 800 � 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) � 15° (vertical). The mean
luminance of the monitor screen was kept at 60 cd/m 2. Multiunit or
single-unit activities were extracellularly recorded with tungsten-in-glass
microelectrodes (FHC). Action potentials from individual cortical neu-
rons were amplified, digitized at 25 kHz, and stored using the data acqui-
sition components in our workstation (System 3, Tucker-Davis
Technology). During recording experiments, the spike-sorting software

in our data acquisition system (System 3, Tucker-Davis Technology) was
used to maintain the quality of isolation and to ensure that we were
recording from the same units throughout each run. After the comple-
tion of the entire experiment for a given monkey, custom-made spike-
sorting software was used off-line to better isolate spiking activity.

Experiments. Neuronal responses to drifting sine-wave 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 the phase of the temporal response components in the PSTHs were
determined by Fourier analysis. For each neuron, the orientation, spatial
frequency, and size-tuning functions were first obtained using sine-wave
gratings (80% contrast; temporal frequency, 3.1 Hz). The preferred ori-
entation, spatial frequency, and size for each receptive field were deter-
mined using the methods described previously in detail (Tao et al., 2012,
2014). For the noise measurements, the optimized stimuli for each neu-
ron were presented to the right or left eyes in a randomly ordered se-
quence for 640 ms. Rerandomized stimulus sequences were repeated 25
times during a given experiment. Blank stimuli were included in each
repeat to provide a measure of the maintained firing rate (spontaneous
firing) of a neuron. We repeated the measurements for the following
stimulus contrasts: 0.0%, 1.0%, 2.5%, 5%, 10%, 25%, 50%, and 80%.

Spiking dynamics. The analysis includes the following: (1) the baseline
firing (base); (2) the onset latency; (3) the time to reach one-half of the
peak firing (time to half-peak); (4) the time to reach the peak firing (time
to peak); and (5) the decay in firing (decay), defined as the ratio between
the responses at peak and platform and calculated as decay � (peak �
platform)/(peak � platform � 2 � base; see Fig. 2A). The onset latency
was determined by measuring the time between stimulus onset and the
time at which the response of the neuron significantly exceeded the back-
ground noise distribution: specifically, over three consecutive 1 ms bins,
exceeding a Poisson distribution of spontaneous spiking measured for a
period of 100 ms preceding the stimulus onset and at a level correspond-
ing to a probability of p � 0.01 (Maunsell and Gibson, 1992).

For better resolution, spike count data were presented as impulse den-
sity functions produced by smoothing the 1 ms PSTHs with a discrete-
time Gaussian pulse with an SD of 3 ms. The spiking histograms
represent the spike counts for all cells and all 25 repeats. The same num-
ber of cells from each group for infants and adults were randomly resa-
mpled, and their latency, time to half peak, and time to peak were
calculated 2000 times. The median estimated timing and their confi-
dence intervals were calculated from these 2000 repeats. A bootstrap
method was used to test for significant differences between cell groups.
This was performed by mixing random cells from the two cell groups as
the total number of neurons for the smaller group and the timings for the
new sampling population were calculated. This procedure was per-
formed 20,000 times, and the results sorted. The original timing ranked
0.5% or 99.5% of the repeat pool and was identified as significantly
different from the other group.

Contrast versus response. With optimized drifting gratings, we plotted
the response amplitude of each unit as a function of stimulus contrast.
We fit contrast response data with the following hyperbolic function:

G�C	 � RmaxC
n/�C50

n � Cn	 � Rsp,

where Rmax is the maximum attainable response, C50 is the semisatura-
tion contrast or a relative position of the function on contrast (x) axis,
and n is the slope of the function. We constrained our fit by including
“zero data points” [i.e., forcing data points that are 2 SEs below the noise
(mean spontaneous activity) to zero]. The contrast threshold was oper-
ationally defined as the contrast at which the fit function intersected the
response level of 2 SEs above the noise (see Fig. 3A). There were substan-
tial numbers of V1 and V2 neurons in infants that did not have sponta-
neous activity. For such units, contrast threshold (“hard threshold”) was
defined as the contrast at which the fit function intersected “0” discharge.

Noise in spiking. Spiking noise was assessed by measuring the spike
count variability [the square of the coefficient of variation (CV 2)] and
trial-to-trial variability [Fano factor (FF)]. We quantified the spike count
variability by calculating the square of the coefficient of variation of the
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ISIs within the 640 ms stimulus window. Importantly, the CV 2 of oper-
ational ISIs quantifies spike train irregularities within trials. Operational
spike timing was obtained by using the cumulative smoothed peristimu-
lation histogram (�) for each cell at original timing as follows: t


�
0

t
��s	ds. The operational ISIs represent the intervals between their op-

erational timing (�t
). ISIs were sequenced for all trials within a 640 ms
stimulation window. The variance and mean of the operational ISI se-
quence were then calculated to obtain CV 2 � Var(�t
)/E(�t
) 2 for each
cell (Nawrot et al., 2008). The FF of the spike count reveals spiking
irregularity between trials (trial-to-trial fluctuations), and mean-
matched Fano factor (m-FFs) were calculated (Churchland et al., 2010).
The m-FFs were processed from the histograms of mean spike counts for
all cells within a time window of interest for each cell group. At each
spike-count bin, the same number of cells as the smallest group was
subsampled. Combining cells from all bins, the FF was calculated as the
least-squares solution for Vari � FF � Ei. The average FFs and average
estimated SEs of 50 resamplings were defined as m-FF and its MSE. The
p values between m-FF groups were computed as the normal cumulative
distribution function of the following:

� � �MSE1
2 � MSE2

2 at � �mFF1 � mFF2�.

Sliding windows of 50 and 200 ms at 10 ms steps were used to measure
the spike counts and FFs to characterize the dynamics of spiking rate and
spiking noise before, during, and after stimulation. Because the shorter
sampling window includes fewer spikes compared with the full 640 ms
stimulation period in some cases, and there were no spikes across all trials
within our 25 repeats, those cells and time bins would not have valid CV 2

and FF values. As an impact for the group total, both CV 2 and FF would
be underestimated compared with real values. Therefore, the data from
those cells were not included in the analysis.

Mutual information and information density. We calculated the mutual
information and information density by applying a similar approach to
that developed by Rust et al. (2002). We quantified the mutual informa-
tion about contrast by calculating the difference between the total en-
tropy across all contrasts and the mean noise entropy at each contrast by
applying the following equation:

I � ��rP�r	log2P�r	 � �sP�r�s	log2P�r�s	, (1)

where r is the number of spikes in a 640 ms trial and s is the contrast level
of gratings. This equation was used to calculate pairwise information,
approximately two selected contrasts including 0% (spontaneous), 5%,
10%, 25%, 50%, and 80%. To quantify information density, we calcu-
lated mutual information for all possible pairs of contrasts (six contrasts,
15 pairs) from spike counts in 640 ms bins. We fit the relationship be-
tween mutual information and the difference in spike count with the
following function:

I � �1 � �1 � �	�n	

log2S, (2)

where I is the mutual information, �n is the difference in spike count, S
is the number of stimuli (two), and � and 	 are free parameters. The
maximum slope of this function represents the peak rate of information
growth with difference in spike count, and this quantity is defined as ID
(Rust et al., 2002). We used the least-squares fit to estimate optimized
fitting for Equation 2, then searched for the point with maximum slope in
this curve, which is defined as information density.

Statistics. For the cell group comparison between infants and adults,
we used Student’s t test or one-way ANOVA and post hoc Bonferroni tests
if results were based on the normally distributed parametric data with
equal variance between the cell groups. Descriptive statistics for these
analyses are provided as the mean � SEM. For the data that did not meet
the criteria, a Mann–Whitney rank sum test or Kruskal–Wallis one-way
ANOVA on ranks was used. This initial test was followed by a Dunn’s post
hoc test, with data presented as the median � interquartile range. For the
complex character of population data, such as mean-matched Fano fac-
tor and global information density, we used reshuffling methods. For this
analysis, we randomly resampled data 2000 times from subgroup data

and calculated their population characters. The mean value was taken as
the population mean, and the standard variation was taken as the SEM.
Then we applied a two-sample z test to check for significance. For the
analysis of data on response timing, if the population character did not
meet the criteria for normal distribution, we used bootstrap methods as
described above.

Results
We recorded from 178 V2 neurons in two infant monkeys and
211 units in three normal adult monkeys. By using our highly
efficient on-line and off-line spike sorting methods (Zhang et al.,
2013; Tao et al., 2014; Wang et al., 2017), similar to the approach
described by Martin and Schröder (2013), we quantitatively an-
alyzed the responses of a well isolated single unit. The data from
two infant monkeys (55 neurons from 4-week-old infants and
123 neurons from 8-week-old infants) were combined since there
was no significant difference in any of the response measures
described in this study. We analyzed the responses to stimula-
tions via the dominant eye. Electrode penetrations were confined
to a parasagittal plane, and the angle of the penetration was typ-
ically 15° from vertical. The penetrations were started right be-
hind the blood vessels running along the lunate sulcus, and ended
when the electrode exited V2. For each penetration, the cortical
depth for each isolated unit was recorded. This approach allowed
us to sample units consistently from similar regions of V2 in
infants and adults. Nearly all receptive fields were located within
5° of the center of the projected fovea for both infants and adults.
To analyze the dynamics of spike counts and spiking noise, we
presented brief (640 ms) drifting (TF � 3.1 Hz) sine-wave grat-
ings optimized for orientation, spatial frequency, and size for
each neuron. We varied stimulus contrast between 0% and 80%;
each contrast was presented 25 times.

Dynamics of spike counts
The spiking dynamics of infant neurons exhibit considerable im-
maturity, especially the ability of a cell to efficiently integrate
input signals. The spike counts (mean � SE) for a range of stim-
ulus contrasts revealed substantial differences between infants
and adults (Fig. 1). In addition to the overall firing rate, the most
notable difference was that the onset transient discharge was ab-
sent in infants even for the highest stimulus contrast (80%; Fig.
1B). In adult monkeys, the transient responses are clearly visible
for all contrasts except for weak transient responses for 10% con-
trast (Fig. 1A).

Also the onset latency and the time to reach the one-half of the
peak response amplitude were much longer for infants than for
adults. Moreover, unlike the relatively rapid decline of response
rates after the peak in adults, the response decay in infants oc-
curred only after the stimulus was turned off. The running t
values provide a clearer picture of the differences in the dynamics
of spike counts between the cell groups (Fig. 1C). The largest
difference between infants and adults was located around the
peak response (Fig. 1C, filled arrow), whereas minimal differ-
ences occurred around stimulus onset and at �160 ms after stim-
ulus offset when responses became minimal for both infants and
adults (Fig. 1C, small open arrows).

The above differences in spike count dynamics between in-
fants and adults are well reflected in the cell population data (Fig.
2). The onset latency of infant neurons was much longer than that
in adults for all contrasts (p � 0.001; Fig. 2B). Similar prolonged
latencies (longer integration time) were previously reported in
infant V1 (Rust et al., 2002). The longer onset latency in infants
was especially notable for lower stimulus contrasts (10% and
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20%). Similar differences between infants
and adults were found for the time to reach
the half peak (Fig. 2C), except for 10% con-
trasts (p � 0.001). Also, the average time to
reach the peak response (time to peak) for
infant neurons was significantly longer than
that for adult neurons for all contrasts (p �
0.01; Fig. 2D).

Importantly, the response decays after
the peak, measured by the peak/platform
amplitude ratios (Fig. 2A), were also lower
(i.e., slower decay) in infant neurons for
higher contrast gratings (50% and 80%;
p � 0.01; Fig. 2E), whereas the decay was
longer in infants at 10% and no statistical
difference was found for 25% contrast. It
is important to note that some of the ap-
parently “inconsistent” data for 10% con-
trast were likely to be due to the very low
firing rates of infant neurons (Figs. 3C,
4C). The results for high-contrast stimuli
(50% and 80%) largely reflect the afore-
mentioned lack of onset transient dis-
charges in infant neurons.

Contrast versus response
To reveal the unique nature of the imma-
turity in the contrast sensitivity of V2 neu-
rons, we fit the contrast versus response
data for each neuron with a hyperbolic
function and calculated the contrast
threshold, the semisaturation constant, or
overall contrast sensitivity (C50), the con-
trast gain, or the slope of the contrast re-
sponse function (n), and the saturated
response or maximum attainable re-
sponse (Rmax; Fig. 3A). Example neurons
from infants in Figure 4B show that their
contrast thresholds were higher and C50

positions were shifted toward higher
contrasts, but Rmax values were lower
compared with adult neurons. Not surprisingly, the average re-
sponse rate for infant neurons was consistently lower for all stim-
ulus contrasts than that for adult neurons (p � 0.001; Fig. 3C).
The spontaneous firing rate (0%) was nearly identical in infants
and adults. Interestingly, the average response rate in adults sat-
urated beginning at �25% contrast, whereas infant neurons
showed exceedingly small saturation even for 80% contrast (for
more details, see below). However, the dynamic range (the range
between the lowest and highest response rates) was greater for
adults than for infants (see Fig. 7F).

The cell population analysis shows that median contrast
threshold of infant neurons was nearly five times higher than that
of adult neurons (Fig. 3D; Wilcoxon rank sum test, p � 0.001).
Similarly, the overall contrast sensitivity was lower (C50 was
higher) for infants (Wilcoxon rank sum test, p � 0.001) in part
because a substantial number of infant V2 neurons (29%) had
C50 values of �100% (Fig. 3E).

There was a significant difference in median Rmax between
infants and adults (Wilcoxon rank sum test, p � 0.032; Fig. 3F)
due to the large variability in the infant cell population (for more
details, see below). The contrast gains (n) were slightly lower
for infants, but there was no statistically significant difference

between infants and adults (Wilcoxon rank sum test, p � 0.05;
Fig. 3G).

Unlike adult V2 neurons, many infant V2 units (20%) did not
show response saturation for high-contrast gratings and as a re-
sult, their Rmax values exceeded 100 spikes/s (Fig. 3F). It is im-
portant to keep in mind that Rmax signifies the maximum
attainable response rate of a cell obtained from its contrast versus
response function, but does not necessarily signify the actual peak
response of the cell (Fig. 4C). The contrast versus response func-
tions of three example neurons from infants are illustrated in
Figure 4A to make this point. Compare the Rmax value of each cell
with its firing rate measured at 80% contrast. The frequency dis-
tribution of the maximum firing rates for infants and adults (Fig.
4C) clearly shows that the mean firing rate of infant units was
significantly lower than that for adults (p � 0.001). Finally, a
large proportion of infant units (31%) had Rmax values that were
�1.0 spike/s (Fig. 3F). Figure 4B illustrates the contrast versus
response functions of two representative neurons. These units
were not responsive to low-to-middle contrast stimuli, and their
responses saturated rapidly for high-contrast stimuli.

Since a substantial proportion of adult V2 neurons (�10%)
had rather low firing rates (Fig. 4C) and small dynamic ranges

Figure 1. Dynamics of spike count for a range of stimulus contrasts. A, Mean (�SE) responses of adult neurons. B, Mean (� SE)
responses of infant neurons. C, The t value of Welch’s t test. Dashed line represents p � 0.05 threshold. Open arrows indicate the
time with the highest t value, and filled arrows indicate time with the lowest t value.
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(see Fig. 7F), it is important to state here that the responses of
these adult neurons (e.g., dynamic ranges �2.0 spikes/s) were
stimulus driven and significant (ANOVA) and that the goodness
of fit (R 2) for these neurons was also significant.

Irregularities in spike train (CV 2)
Spiking noise reflects irregularities in the spike train and trial-to-
trial variability (Nawrot et al., 2008; Churchland et al., 2010;
Wang et al., 2017). Here we quantified the spiking irregularity
(CV 2) by calculating the square of the coefficient of variation of
the ISIs within the 640 ms stimulus window. Specifically, we cal-
culated the operational time CV 2 (for details, see Materials and
Methods). This analysis method minimizes the effects of tempo-
ral changes in firing due to adaptation and/or stimulation that
could result in overestimation of CV 2 (“demodulation”; Nawrot
et al., 2008).

The CV 2 was significantly lower for V2 neurons in infants
than that in adults for all stimulus contrasts (p � 0.001; Fig. 5A).
We found much lower variance in the operational ISI (p � 0.001;
Fig. 5B) and also the lower square mean of ISI (p � 0.001) for all
stimulus contrasts in infants (Fig. 5C). However, the difference
between infants and adults in the degree of spike train irregularity
(CV 2) mainly resulted from relatively grater differences in the
variance of the operational ISI (Fig. 5B). Also, the differences in

CV 2 between infants and adults were contrast dependent; the
largest difference was found not for 80% contrast, but for 50%,
and the smallest difference was found for the highest contrast
(80%). This is because CV 2, VARISI, and E 2

ISI all peaked at 50%
contrast for adults, whereas in infants all these values were higher
for 80% contrast.

Interestingly, the CV 2 during spontaneous firing (contrast �
0.0%) for infants was much lower than that for adults (p � 0.001;
Fig. 5A). This difference occurred largely because the square
mean of ISI was significantly greater for infants compared with
that for adults (p � 0.001; Fig. 5C), while the variance of ISI in
infants was slightly lower in infants (Fig. 6B).

Trial-to-trial variability
To assess the trial-to-trial variability of spiking, we calculated the
variance-to-mean ratios, or Fano factor, of infant V2 neurons
using a rate-matching approach (Churchland et al., 2010). Stim-
uli were 640 ms in duration and repeated 25 times with a rest
period of 320 ms. Temporal changes in m-FF were quantified
using spike counts computed in a 200 ms sliding window moving
in 10 ms steps. Data are aligned on stimulus onset (for more
details, see Materials and Methods).

Consistent with a previous report on infant V1 (Rust et al.,
2002), the variance-to-mean ratio of V2 neurons for our infant
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monkeys was much lower than that for adult monkeys (Fig. 5D).
However, the important difference between the two studies is
that, unlike in the previous study in V1 (Rust et al., 2002) or V2
(Zhang et al., 2008), we used the mean-matched Fano factor
analysis (Churchland et al., 2010), and therefore, the large differ-
ences in mean firing rates between infants and adults in this study
(Fig. 4C) had little or no effect on the analysis of trial-to-trial
variability of spiking.

The cell population data revealed additional key differences
between infants and adults (Fig. 5D–F). The average m-FF for
infants was significantly lower than that for adults for all stimulus
contrasts (p � 0.01). Moreover, the largest difference was ob-
served for the lowest stimulus contrast (10%). During spontane-
ous firing (0%), the difference in average m-FF between infants
and adults was even greater than that for 10% contrast (Fig. 5D).
Also both the variance of spike counts and the mean spike counts
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were significantly lower in infants than in adults (p � 0.001; Fig.
5E,F). The relatively larger difference in variance of spike counts
between infants and adults, compared with the similar difference
in mean spike counts, resulted in the observed reduced average
m-FF for infants. The elevated m-FF during spontaneous firing in
adult V2 neurons can be attributed to a higher variance of spike
counts in adult V2 neurons compared with that in infants (0%;
Fig. 5E).

Information density
Another way to assess the reliability of spiking signals is to quan-
tify information density, the amount of information conveyed by
each action potential on contrast (Rust et al., 2002). More specif-
ically, we determined whether the information density for our V2
neurons was higher in infants than in adults, as previously re-
ported for V1 (Rust et al., 2002). To facilitate comparisons with
the previous study in V1, we chose six stimulus contrasts (0%,
5%, 10%, 25%, 50%, and 80%) and calculated mutual informa-
tion for each neuron as a function of spike count differences for
15 pairs of comparisons.

Global information density
Because V2 neurons exhibit different dynamic ranges for infants
and adults, and the ID of V2 neurons regardless of age does not
follow normal distribution (p � 0.001, Jarque-Bera test), we used
a “mean matched method” to compare the information density
for cell populations (Fig. 6A). With this approach, both cell
groups have identical distributions of response differences (Fig.
6A, sample size). For both cell groups, we created histograms for
all spike rate differences for 20 connected bins. Each bin is ex-
pected to have an equal number of total occurrences. A varied
number of identical spike rate differences fell on the border of
bins, and, as a result, the total number of counts (occurrence) was
not equal across bins. The first bin includes all 0 spike rate differ-
ence, which was much larger than all other bins but counts were
approximately equal for infants and adults. The last bin includes
the maximal spike count differences, which were far greater for
adults than for infants. To avoid unequal sampling, we sub-
sampled the same number of points from each bin using the total
number of counts for the smaller group. Least-squares fitting of
Equation 2 in Materials and Methods was repeated 200 times
using different random resampling, and the mean matched in-
formation density (“global information density”) was obtained
for adults and infants.

The scatter plot in Figure 6B relates the spike count difference
with mutual information of each cell. All data points were fit with
a mean-matched function for infants and adults (solid curves),
and the straight thick dash line shows the slope of the steepest
portion of the fit function for each cell group (i.e., global infor-
mation density). The global information density was significantly
lower for infants (0.1219) than for adults (0.1409; z test for mean
matched fitting, p � 1.154 � 10�30).

Since this result in V2 was inconsistent with the previous ob-
servation reported for V1 by Rust et al. (2002), we calculated
information density for each cell as was done in their previous
study. To quantify information density, we calculated mutual
information for all possible pairs of contrasts (six contrasts, 15
pairs) from spike counts in 640 ms bins. We fit the relationship
between mutual information and the difference in spike count by
using the least-squares fit to estimate optimized fitting for Equa-
tion 2, as described above. Then we searched for the point with
maximum slope in this curve, which is defined as ID (Rust et al.,
2002; for more details, see Materials and Methods).
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Figure 6A illustrates the mutual information as a function of
differences in spike count between pairs of contrasts for those six
neurons that are shown in Figure 3B (contrast vs response func-
tions). All three adult neurons had higher information density
than did infant neurons. Similar functions are illustrated for five
infant neurons that exhibited “exceptional” Rmax values, specifi-
cally Rmax �100 spikes/s and �1.0 spikes/s [compare Figs. 4A,B,
7B (by using color)]. The information densities for these excep-
tional infant neurons were similar to those neurons exhibiting
“typical” contrast versus response functions (Fig. 7A).

Consistent with the data for the example neurons (Figs. 7A,B)
and the global fitting (Fig. 6), the average information density of
individual V2 neurons for infants (0.1407 � 0.0045) was signifi-
cantly lower than that for adults (0.1521 � 0.0076; p � 0.05; Fig.
7C). However, in V1, the average information density is �0.2 for
infants of comparable ages, whereas for adults it is �0.1 (Rust et
al., 2002). While the average information density of V2 neurons

was higher for adults than for infants in this study, the difference
in the average information density in V2 was much smaller than
that in V1.

Next, we determined how the information density of individ-
ual V2 neurons is related to irregularities in their spike train
(CV 2) and trial-to-trial variability (FF). The scatterplot in Figure
7D shows the relationship between information density and ir-
regularities in the spike train (CV 2) for all units. For adults, there
was a relatively strong inverse correlation between information
density and CV 2 (r � �0.47, p � 0.0001). However, this relation-
ship was substantially weaker for infants (r � �0.21, p � 0.0043),
in part because many infant units with lower spiking noise (CV 2)
did not have higher information density.

Not surprisingly, the information density of individual V2
neurons was also inversely correlated with their variance-to-
mean ratios (mean matched Fano factor) in both infants and
adults (Fig. 7E). This correlation was similar for both groups but
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was stronger for adults (r � �0.43, p � 0.0001) than for infants
(r � �0.25, p � 0.0007). The inverse correlation between m-FF
and information density was similar to the “imperfect” correla-
tion reported for infant V1 (Rust et al., 2002).

Finally, the information density of individual neurons was
negatively correlated with their dynamic range for both in-
fants and adults (Fig. 7F ). As in V1 (Rust et al., 2002), the
mean (geometric) dynamic range for infant V2 neurons was
lower (one-half) compared with that for adults. However the
spread (SD) of infant dynamic range was narrower than that
for adults. The inverse relationship between the information
density and dynamic range was stronger for adults (r � �0.65,
p � 0.0001) than for infants (r � �0.29, p � 0.0001). Note
that many infant units with small dynamic range had relatively
lower information density values, contributing to the weaker
correlation.

Discussion
Dynamics of spike counts
The lack of transient discharge for drifting
gratings in infants (Fig. 1) may reflect the
immaturity of the microcircuitry of V2
neurons. The receptive field of an adult V2
neuron is made up of many subunits that
reflect feedforward V1 input (Ito and
Komatsu, 2004; Anzai et al., 2007; Zhang
et al., 2013). Also, V2 neurons receive sig-
nals from neighboring units via the intrin-
sic long-range connections and from
higher-order visual areas (Baldwin et al.,
2012; Zhang et al., 2014). The intrinsic
long-range connections in V2 of young
infants are immature (Zhang et al., 2005;
Baldwin et al., 2012), and higher-order vi-
sual areas are relatively underdeveloped
soon after birth (Kiorpes and Movshon,
2004; Zhang et al., 2005). Together, the
“integration” of numerous input signals
at stimulus onset could be less precise and
gradual, hence, leading to slower onset la-
tencies and the absence of onset transient
responses (Figs. 1, 2). Also the neural
mechanisms that initiate the rapid decline
in spiking rate from the peak firing might
be immature; e.g., lower synaptic depres-
sion (Müller et al., 2001; Carandini et al.,
2002; Boudreau and Ferster, 2005), un-
derdeveloped intrinsic membrane prop-
erties that are responsible for contrast
adaptation (Carandini and Ferster, 1997,
2000; Sanchez-Vives et al., 2000), and/or
immature cortical networks of inhibitory
neurons (Dealy and Tolhurst, 1974;
Ahmed et al., 1997; Boudreau and Ferster,
2005).

Contrast response
The most notable difference between in-
fants and adults was that a substantial
number (�30%) of infant units had C50

values that exceeded 100% contrast (Fig.
3E) and the average contrast versus re-
sponse functions hardly saturated at 80%

contrast (Fig. 3C). Also, nearly 20% of infant units had Rmax

values that exceeded 100 spikes/s (Fig. 3F). These results suggest
that the contrast normalization mechanisms of many infant V2
neurons are not as well developed as in adults.

Our data on contrast sensitivity (1/contrast threshold) of
V2 neurons parallel the behaviorally determined contrast sen-
sitivity of macaque monkeys for 4- to 8-week-old infants and
adults (Kiorpes, 2016). Specifically, the median contrast
threshold of our infant monkeys was about four to five times
higher than that of adults (Fig. 3D) while the contrast sensi-
tivity of infant monkeys of comparable ages is about one-
fourth that of adult sensitivities (Kiorpes, 2016, their Fig. 5C).
These results suggest that the contrast sensitivity of V2 neu-
rons may exert a substantial limit on the development of con-
trast sensitivity in primates.
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Spike count variance (CV 2) and across trial variability (m-FF)
The spike count variance and the mean matched FF of V2 neu-
rons in infants were much lower than those in adults regardless of
stimulus contrast and also during spontaneous firing (Fig. 5D–
F). The difference in variance of spike counts compared with that
in mean spike counts played a greater role in the differences in
m-FF values. This result is similar to a previous observation in
infant V1 (Rust et al., 2002). Together, as in V1, the spiking of V2
neurons in infants is far less “noisy” than in adults, predicting
more reliable processing of contrast information in the visual
system of infant primates. However, perceptual studies indicate
otherwise (Kiorpes, 2015, 2016).

Information density
The amount of information conveyed by each action potential
(information density) of infant V2 neurons was slightly but sig-
nificantly less compared with that in adult V2 neurons (Figs. 6, 7).
Our results are different from the observation made by a similar
study in V1 (Rust et al., 2002). The apparent inconsistency be-
tween the two studies is difficult to resolve because two indepen-
dent variables (infants vs adults and V1 vs V2) were not studied in
the same cohort of monkeys. However, since we used the same
method in one analysis to calculate the total mutual information
and information density as that used in the earlier study in V1
(Fig. 7), the analysis per se is unlikely to be responsible for the
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differences between the two studies. Importantly, we also ana-
lyzed the same data using our novel approach by calculating
global information density (Fig. 6), which, not surprisingly, gen-
erated a similar result.

There are a number of other reasons why the results of these
two studies could be different. Most importantly, we explored V2
rather than V1. As mentioned above, the nature of input connec-
tions (and excitatory/inhibitory signals) to a single V2 neuron is
quite different from that of the V1 neuron. Also, V2 neurons
mature relatively later than V1 neurons (Kiorpes and Movshon,
2004; Zhang et al., 2008; Baldwin et al., 2012; Kiorpes, 2015,
2016); hence, the cortical circuits in V2 of our infant monkeys
responsible for processing contrast information might not have
developed as well as those in V1 for comparable postnatal ages
(see below). Moreover, about half of V1 neurons in the study of
Rust et al. (2002) were simple cells, whereas nearly all V2 neurons
in our study were complex cells. These investigators found that
simple cells in infant V1 had much higher information density
(40 –50% higher) than complex cells. Possibly, they might have
encountered more simple V1 cells in infants than in adults. In our
study, this was not an issue because virtually all cells were com-
plex cells.

Importantly, anesthesia used in the two studies was substan-
tially different (sufentanyl only for Rust et al., 2002 versus the
combination of sufentanyl, propofol, and N2O for this study).
Our anesthesia gave us stable recording conditions for infants,
but appears to have resulted in much lower firing rates both in
infants and adults. However, note that either method of anesthe-
sia may have a larger impact on responses in V2 than in V1. Also
more severe contrast adaptation in our study might have contrib-
uted to the lower response rates (Fig. 4C) and the reduced dy-
namic range of our V2 neurons for both infants and adults (Fig.
7F). The mean luminance of our display was much higher, the
range of stimulus contrast was wider (which included 80% con-
trast), and the number of repeats was much higher for our study,
all of which could have resulted in more severe contrast adapta-
tion (“slow” adaptation).

In this context, it is noteworthy that a substantial number of
adult V2 neurons in our study had very low firing rates (�2.0
spikes/s) and relatively high information density (Fig. 7F). This
might have contributed to the apparent inconsistency between
the two studies. However, this possibility is unlikely for a number
of reasons. First, although lower dynamic range typically predicts
higher information density, many infant V2 units having lower
dynamic ranges in this study had relatively lower information
density, instead of higher information density as observed for
adults (Fig. 7F). Second, if we removed those low-firing cells
(e.g., �2.0 spikes/s) from our infant and adult cell populations,
information density would still be slightly but significantly
higher for adults than for infants (data not shown). Finally, the
calculation of global information density in this study takes
large differences in firing rates between infants and adults into
considerations by applying the mean matched approach, and, not
surprisingly, the results remained the same (Fig. 6A).

Considered together, V2 neurons of 4- to 8-week-old infants
may not convey information on stimulus contrast as well as adult
monkeys, which therefore, may not “compensate” for the lower
contrast sensitivity of neurons. Most importantly, our results in
V2 are more consistent with perceptual data on the development
of contrast sensitivity in macaque monkeys (Kiorpes, 2015,
2016).

Abnormal development and spiking noise
Experiencing unmatched images during the critical period of de-
velopment leads to abnormal binocular vision and often ambly-
opia (for review, see Kiorpes, 2015, 2016). We previously found
that the CV 2 and the m-FF of V2 neurons in amblyopic monkeys
are abnormally elevated, and these neural impairments are cor-
related with their perceptual loss (Wang et al., 2017). There are at
least two possibilities to explain the emergence of noisy V2 in
amblyopic monkeys; first, the spiking of V2 neurons in young
infants are inherently noisy, and such immature spiking is main-
tained because experiencing binocular imbalance prevents nor-
mal maturation from proceeding. Alternatively, the spiking noise
in V2 is adult like or even lower during early infancy. However,
experiencing unmatched images during the critical period of de-
velopment alters the wiring of individual V2 neurons, hence,
altering the ratio of excitatory and inhibitory inputs to each neu-
ron (Nawrot et al., 2008). These sorts of changes in the wiring of
V2 could lead to enhanced noise in amblyopic visual system. Our
current study in infants is more consistent with the latter
possibility.

Conclusion
The firing rate, contrast sensitivity, and dynamic range of V2
neurons are substantially lower in infants than in adults. Al-
though the spiking noise is much lower for infants compared
with that for adults, the information about stimulus contrast
(information density) conveyed by each spiking of V2 neurons is
significantly less in infants. Together, we conclude that the com-
bination of poor contrast sensitivity and lower information den-
sity of V2 neurons may limit the contrast sensitivity of infant
primates.
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