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Noisy Spiking in Visual Area V2 of Amblyopic Monkeys

Ye Wang,' Bin Zhang,> “Xiaofeng Tao,* Janice M. Wensveen,' Earl L. Smith 3rd,' and Yuzo M. Chino'
!College of Optometry, University of Houston, Houston, Texas 77204, >College of Optometry, NOVA Southeastern University, Fort Lauderdale, Florida
33314, and *Department of Ophthalmology, Baylor College of Medicine, Houston, Texas 77030

Interocular decorrelation of input signals in developing visual cortex can cause impaired binocular vision and amblyopia. Although
increased intrinsic noise is thought to be responsible for a range of perceptual deficits in amblyopic humans, the neural basis for the
elevated perceptual noise in amblyopic primates is not known. Here, we tested the idea that perceptual noise is linked to the neuronal
spiking noise (variability) resulting from developmental alterations in cortical circuitry. To assess spiking noise, we analyzed the
contrast-dependent dynamics of spike counts and spiking irregularity by calculating the square of the coefficient of variation in inter-
spike intervals (CV?) and the trial-to-trial fluctuations in spiking, or mean matched Fano factor (m-FF) in visual area V2 of monkeys
reared with chronic monocular defocus. In amblyopic neurons, the contrast versus response functions and the spike count dynamics
exhibited significant deviations from comparable data for normal monkeys. The CV* was pronounced in amblyopic neurons for high-
contrast stimuli and the m-FF was abnormally high in amblyopic neurons for low-contrast gratings. The spike count, CV?, and m-FF of
spontaneous activity were also elevated in amblyopic neurons. These contrast-dependent spiking irregularities were correlated with the
level of binocular suppression in these V2 neurons and with the severity of perceptual loss for individual monkeys. Our results suggest
that the developmental alterations in normalization mechanisms resulting from early binocular suppression can explain much of these
contrast-dependent spiking abnormalities in V2 neurons and the perceptual performance of our amblyopic monkeys.
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Amblyopia is a common developmental vision disorder in humans. Despite the extensive animal studies on how amblyopia
emerges, we know surprisingly little about the neural basis of amblyopia in humans and nonhuman primates. Although the vision
of amblyopic humans is often described as being noisy by perceptual and modeling studies, the exact nature or origin of this
elevated perceptual noise is not known. We show that elevated and noisy spontaneous activity and contrast-dependent noisy
spiking (spiking irregularity and trial-to-trial fluctuations in spiking) in neurons of visual area V2 could limit the visual perfor-
mance of amblyopic primates. Moreover, we discovered that the noisy spiking is linked to a high level of binocular suppression in
visual cortex during development. j

ignificance Statement

Introduction perceptual tasks (for reviews, see McKee et al., 2003; Levi, 2008).

Experiencing double vision or chronic monocular defocus near ~ Abnormal development in a population of neurons in the pri-
birth initiates interocular decorrelation of cortical inputs, which ~ mary visual cortex (V1) is traditionally thought to be responsible
in turn can lead to compromised binocular vision and amblyo- for vision impairments in amblyopic primates (for reviews, see
pia. Amblyopic primates lose fine spatial vision and contrast ~ Kiorpes, 2006; Levi, 2013). However, decades of perceptual stud-

sensitivity and exhibit difficulties in a broad range of complex iesand intense focus on investigations of V1 have led to the rather
surprising, but not extensively documented, view that a wide

range of perceptual impairments in amblyopes may result largely
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known (Levi, 2013). One dominant idea is that amblyopes exhibit
a high fraction of “internal (random) noise” (Levi et al., 2008;
Levi, 2013). The neural basis for this sort of perceptual deficit has
not been studied. In normal monkeys, spiking noise in extrastri-
ate neurons (e.g., spike train irregularity, trial-to-trial fluctua-
tions, and correlated noise) are thought to have a substantial
influence on the reliability of neuronal coding and visual perfor-
mance (Britten et al., 1992; Parker and Newsome, 1998; Shadlen
and Newsome, 1998; Faisal et al., 2008; Churchland et al., 2010;
Churchland and Abbott, 2012; Goris et al., 2014; Kohn et al,,
2016).

In this study, we created a macaque model of amblyopia by
raising infant monkeys with chronic monocular defocus that re-
sulted in a range of anisometropic amblyopic deficits. We exam-
ined the central hypothesis that the abnormal dynamics of spike
count, elevated spiking noise [square of the coefficient of varia-
tion in interspike intervals (ISIs), CV?], and a higher level of
trial-to-trial fluctuations (mean matched Fano factor, m-FF), in
visual area V2 are critical neural factors that can limit perception
of amblyopic primates. We also tested the hypothesis that early
abnormal binocular interactions, especially suppressive binocu-
lar interactions in V1 and V2, are closely linked to the emergence
of noisy signal processing. Our studies show that the spiking of
V2 neurons in our amblyopic monkeys is surprisingly robust but
indeed noisy and that spiking noise is correlated with the strength
of binocular suppression in these amblyopic neurons and with
the perceptual impairments of individual monkeys.

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 eight rhesus monkeys (Macaca mulatta);
five males and three females. Three monkeys served as normally reared
controls and five monkeys served as amblyopic subjects. Much of the
data described here were obtained in the experimental monkeys in pre-
vious unrelated experiments (Tao et al., 2012, 2014; Zhang et al., 2013).
The amblyopic monkeys were produced by rearing infant monkeys with
an optically simulated anisometropia, a significant interocular difference
in refractive errors. The procedures for creating anisometropia by optical
means have been described previously in detail (Wensveen et al., 2003,
2006). Briefly, at 3 weeks of age (approximately equivalent to 3 months of
age in humans), infant monkeys were fitted with a lightweight helmet
that secured a defocusing lens in front of one eye and a plano lens in front
of the other eye. The anisometropic lens powers were varied between —3
and —10 D based on each animal’s refractive status at the start of the
lens-rearing period. The goal was to produce an anisometropia that was
not eliminated by compensating ocular growth (i.e., emmetropization)
and that produced a mild to moderate degree of amblyopia. This rearing
method has been proven to create moderate amblyopia reliably in ma-
caque monkeys (Wensveen et al., 2003, 2006).

Around 18-24 months of age, behavioral testing began to measure the
animals’ monocular visual capacities. The basic apparatus and operant
procedures have been described previously in detail (Wensveen et al.,
2003, 2006; Tao et al., 2014). An amblyopia index and the spatial resolu-
tion (acuity) of each eye were calculated from contrast sensitivity func-
tions. The amblyopia index ranged between 0.38 and 0.81 (see Fig. 9).
Three monkeys exhibited “bilateral” amblyopia: the fellow eye also ex-
hibited a significant loss of contrast sensitivity. In these cases, the ambly-
opia index was calculated using the average contrast sensitivity functions
of normal monkeys and the amblyopic eye of experimental monkeys.
Upon completion of behavioral testing at ~4 years of age, the microelec-
trode recording experiments were conducted in V2.

Recording and stimulation. The surgical preparation and the recording
and stimulation methods were described previously in detail (Maruko et
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al., 2008; Tao et al., 2012, 2014; Zhang et al., 2013). Briefly, monkeys were
anesthetized initially with an intramuscular injection of ketamine hydro-
chloride (15-20 mg/kg) and acepromazine maleate (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 followed by a continuous
infusion of 0.1-0.2 mg/kg/h) and artificially respired with a mixture of
59% N,O, 39% O,, and 2% CO,. Anesthesia was maintained by the
continuous infusion of a mixture of sufentanyl citrate (0.05 ug/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 animals’ cor-
neas 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.

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 15-17 mm lateral to the midline. The penetrations 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 all subjects. Nearly all
receptive fields were located within 5° of the center of the projected fovea.

A monitor (Vision Research Graphics) with ultrashort 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, digitized at 25 kHz, and stored using the
data acquisition components in our workstation (Tucker-Davis Tech-
nology, System 3). During recording experiments, the spike-sorting soft-
ware in our data acquisition system (System 3) was used to maintain the
quality of isolation and to ensure that we were recording from the same
units throughout each run. After the completion of the entire experiment
for a given animal, custom-made spike-sorting software was used offline
to isolate spiking activity from up to three nearby units for subsequent
data analyses.

Experiments and data analysis. Neurons’ 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 ob-
tained using sine wave gratings (80% contrast and temporal frequency =
3.1 Hz). The preferred orientation, spatial frequency, and size for each
receptive field were determined using the methods described previously
in detail (Tao et al., 2012, 2014). For the noise measurements, the opti-
mized stimuli for each neuron were presented to the right or left eyes in a
randomly ordered sequence for relatively short periods (640 ms). Re-
randomized stimulus sequences were repeated 25 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. Because the nature of perceptual impairments in amblyopes
depends on stimulus contrast, we repeated the measurements for
the following stimulus contrasts: 0.0%, 1.0%, 2.5%, 5.0%, 10%, 25%,
50%, and 80% (see Fig. 1B).

Spiking dynamics. Figure 1A illustrates how response timing was quan-
tified before, during, and after 640 ms stimulations. The following were
measured: (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 peak, and (5) the decay in firing, defined as the ratio between the
responses at peak and “platform” and calculated as decay = (peak —
platform)/(peak + platform — 2 * base). The onset latency was deter-
mined by measuring the time between stimulus onset and the time at
which the neuron’s response significantly exceeded the background
noise distribution: specifically, over 3 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 corresponding to a prob-
ability of p = 0.01 (Maunsell et al., 1992).
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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 a SD of 3 ms. The spiking histograms represent
the spike counts for all cells in each group (normal, fellow, and amblyo-
pic) and all 25 repeats. The same number of cells from each cell group
were randomly resampled and their latency, time-to-half-peak, and
time-to-peak were calculated 2000 times. The median estimated timing
and their confidence 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 a pair of the
three cell groups as the total number of neurons for the smaller group and
the timings for the new sampling population were calculated. This pro-
cedure was performed 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.

Noise in spiking. Spiking noise was quantified by calculating the CV 2
and FF. The CV? of operational ISIs quantifies spike train irregularities
within trials. Operational spike timing was obtained by using the cumu-
lative smoothed peristimulation histogram (A) for each cell at original

timing as follows: ' = J :))\(s)ds. The operational ISIs represents the
intervals between their operational timing (At"). ISIs were sequenced for
all trials within a 640 ms stimulation window. The variance and
mean of the operational ISI sequence were then calculated to obtain
CV* = Var(At')/E(At')* for each cell (Nawrot et al., 2008). Bonferroni
corrected t tests were performed to check for significant differences be-
tween the cell groups.

The FF of spike count reveals spiking irregularity between trials (trial-
to-trial fluctuations) and 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, FF was calculated as the
least-square solution for Var; = FF X E;. 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 o = ([MSE} + MSE; at —|m-FF,—m-FF,|.
All p-values were determined by applying Bonferroni correction.

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, so the data from those cells
were not included in the analysis.

Binocular interactions. Responses were collected for dichoptic sine-
wave gratings of the optimal spatial frequency, orientation, and direction
of drift as a function of the relative interocular spatial phase disparity of
the grating pair (Ohzawa and Freeman, 1986a,1986b; Chino et al., 1997;
Smith et al., 1997; Bi et al., 2011). To characterize whether binocular
signal interactions were facilitatory or suppressive in nature, the “peak
binocular response amplitude/dominant monocular response ampli-
tude” ratios (peak B/M) were calculated for each neuron and expressed
in terms of relative strength (db), that is, 10 log peak B/M (Maruko et al.,
2008; Bi et al., 2011). Negative peak B/M values signify binocular sup-
pression and positive values indicate binocular facilitation.

Statistics. Unless specified otherwise, multiple pairwise comparisons
were made using ¢ tests with Bonferroni corrections for the three cell
groups (“normal,” “amblyopic,” and “fellow” will be used to describe the
results).

Results

We recorded from 748 V2 neurons in the five amblyopic and 224
V2 neurons in three normal monkeys. For the amblyopic mon-
keys, the quantitative analysis of responses was performed in 655
neurons via stimulations of the amblyopic eye and 394 units via
the fellow eye. For the normal monkeys, we analyzed the re-
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Figure 1. Methods to measure response dynamics and contrast sensitivity. A, Population
onset latency, time to “half-peak,” time to peak (vertical dash lines), and spontaneous “base”
response and “platform” (thick horizontal dash lines). Gray thick bar indicates stimulation du-
ration. Horizontal thin lines indicate thresholds for each timing measure. B, Contrast versus
response function of an example cell. Horizontal dotted line indicates spontaneous response,
and gray shading shows confidence interval. Vertical thin dotted line shows contrast threshold.
Horizontal dash line indicates estimated R .. Vertical thick dashed line shows (s,

sponses of stimulations of the dominant eye. To analyze the dy-
namics of spike counts and spiking noise, we presented brief (640
ms) drifting (TF = 3.1 Hz) sine wave gratings optimized for
orientation, spatial frequency, and size for each neuron (Fig. 1A).
Stimulus contrast was varied from 0% to 80% (Fig. 1B).

Dynamics of spike counts

The spiking dynamics of amblyopic V2 neurons, driven either by
the amblyopic (amblyopic) or fellow eye (fellow), were substan-
tially different from that for normal neurons (normal) and the
differences were contrast dependent (Fig. 2). For example, spon-
taneous discharge (0% contrast) was significantly higher for neu-
rons in amblyopic monkeys (both fellow and amblyopic) than for
normal neurons (p < 0.001; cf. Fig. 2A—C). For higher stimulus
contrasts (50% and 80%), the onset latency and the time to reach
the ' of the peak response amplitude were significantly shorter
for amblyopic neurons than comparable values in normal mon-
keys. However, the time to reach the response peak was quite
variable in amblyopic neurons. In addition, unlike the relatively
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Figure2.  Dynamics of spike count (mean = SE) for a range of stimulus contrasts (—C) and
F-value of ANOVA test (D). Dashed line represents p = 0.05 threshold. A, Mean responses of
normal cells. B, Mean response of amblyopic eye stimulation. ¢, Mean response of fellow eye
stimulations. Open arrows indicate the time with the highest F-value and filled arrows indicate
the time with the lowest F-value.

rapid decline of response rates after the peak in normal neurons,
the response decay after the peak was much slower or absent at all
contrasts in amblyopic monkeys (both via fellow and amblyopic
stimulation). This resulted in the apparent lack of the onset tran-
sient responses (Fig. 2 B, C) that are common in normal neurons
for moderate and high contrasts (Fig. 2A). The responses of am-
blyopic neurons were sustained and relatively constant until the
stimulus was turned off. Unlike normal neurons, in which spik-
ing continued for about 100 ms after stimulus was turned off,
there was an immediate sharp decay in the responses of neurons
in amblyopic monkeys. Note that there was a small but notable
inhibition of spontaneous firing after high-contrast stimuli (Fig.
2B,C). These temporal changes in spike counts are reflected in
differences at a given time from stimulus onset between the cell
groups (running F-values; Fig. 2D). The larger differences be-
tween the normal and amblyopic neurons were located at the
rising (on) and the falling (off) segments (small open arrows),
whereas minimal differences occurred around the peak response
and at stimulus offset (small filled arrows).
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The cell population data show that the onset latency of neu-
rons driven by the amblyopic or fellow eye was consistently
shorter by about 20 ms than that in normal neurons at the 50%
and 80% contrasts (p < 0.001; Fig. 3A). Similar differences were
found for the times to the half peak, although the differences were
~30-40 ms (p < 0.001). The average time to reach the peak
response tended to be longer for neurons in amblyopic monkeys
(both fellow and amblyopic). However, these differences were
not statistically significant at any stimulus contrast because of
thelarge interneuronal variation for the time to the peak response
(Figs. 2A—C, 3C). Importantly, the response decays after the peak,
measured by the peak/platform amplitude ratios (Fig. 1A), were
consistently lower (i.e., slower decay) in amblyopic and fellow eye
neurons at all contrasts except for 10% (p < 0.001; Fig. 3D).
Overall, the spiking dynamics of amblyopic neurons were sub-
stantially different from that for normal neurons.

Finally, because of the stronger sustained responses, the mean
firing rate of amblyopic neurons (driven by both the amblyopic
and fellow eyes) was significantly higher than that for normal
neurons at the 50% and 80% contrasts (p < 0.001; Fig. 3E). The
spike rate at 25% was also significantly higher for neurons driven
by the amblyopic eye (p < 0.005) but not by the fellow eye. As
mentioned above, the spontaneous firing of amblyopic neurons
(0% contrast) was also significantly higher than that in normal
neurons (p < 0.001). Note that, in contrast to normal neurons, in
which response saturation occurred at ~50% contrast, the aver-
age response of amblyopic neurons did not appear to saturate
even for the highest stimulus contrast (80%). These results on the
overall responsiveness of V2 neurons in monkeys with moderate
amblyopia are in sharp contrast to the “impoverished” responses
of V1 neurons that have been typically cited for severely amblyo-
pic animals (for reviews, see Kiorpes, 2006; Levi, 2013).

Contrast versus response

To better understand these contrast-dependent anomalies, we fit
the contrast versus response data for each neuron with a hyper-
bolic function and calculated the contrast threshold, the overall
contrast sensitivity (Cs,), the contrast gain (the slope of the con-
trast response function, (1), and the saturated response or max-
imum attainable response (R,,,,). Not surprisingly, the median
contrast threshold of amblyopic neurons (fellow or amblyopic
eyes) was significantly higher than that of normal neurons (Fig.
4A; Kruskal-Wallis test, p < 0.001). Similarly, the overall contrast
sensitivity was lower (Cs, was higher) for amblyopic neurons
(Fig. 4B; Kruskal-Wallis test, p < 0.001). As predicted from the
data shown in Figure 3E, a substantial number of amblyopic V2
neurons did not show contrast saturation <100% (Fig. 4C), so
their median R,,,, and Cs, values for amblyopic neurons were
significantly higher than that for normal neurons (Kruskal-Wal-
lis test, p < 0.001). Finally, the contrast gains (1) were similar but
slightly lower for amblyopic neurons compared with those for the
fellow or normal neurons (Fig. 4D; Kruskal-Wallis test, p <
0.01). Together, these data on contrast versus response suggest
that the contrast normalization mechanisms of many amblyopic
neurons may not be functioning normally.

The abnormal response dynamics and the abnormal contrast
normalization of amblyopic neurons described thus far reflect
developmental alterations in the underlying connectivity of V2 in
amblyopic monkeys and are predictive of enhanced spiking noise
that could interfere with information processing.
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Spiking noise arises from irregularities in the spike train and from
trial-to-trial variability (Nawrot et al., 2008; Churchland et al.,
2010). Here we first analyzed the spiking irregularity by calculat-
ing the square of the coefficient of variation of the ISIs (CV?)
within the 640 ms stimulus window. Specifically, we calculated
the “operational time” CV?2, which controls for the effects of
dynamic changes in the neuronal firing rate that may result in an
overestimation of CV?; that is, “demodulation” (Nawrot et al.,
2008).

The CV? was elevated in amblyopic neurons driven by either
the amblyopic or the fellow eye (Fig. 5). The degree of spike train
irregularity for amblyopic neurons was contrast dependent; the
difference in noise (CV?) between the amblyopic and normal
neurons was largest for the highest contrast (80%) and smallest at
the lowest contrast (10%; Fig. 5A). However, only the difference
for the 80% contrast reached statistical significance (p < 0.001).
The observed increase in spike train irregularity (CV? = vari-
ance/squared mean of ISI) at the 80% contrast was largely due to
the abnormally high variance in the operational ISI in amblyopic
neurons relative to that for normal neurons (p < 0.001; Fig. 5B)
rather than an abnormally reduced squared mean of ISI (Fig. 5C).
It is worth noting that the variance of the ISI for normal neurons
at 80% was lower than that at 50%, whereas the variance at 80%
for amblyopic neurons was higher than that for 50% contrast.
However, the contrast-dependent differences in the squared
mean of the ISI between normal and amblyopic neurons were
minimal (Fig. 5C). For 80% contrast stimuli, the correlation be-

very high (r = 0.87, p < 0.001) for normal neurons, whereas the
relationship was much weaker for amblyopic neurons (r = 0.33
for amblyopic and r = 0.35 for fellow, p < 0.001; Fig. 5D).

Because the elevated CV?* of amblyopic neurons did not sim-
ply result from their higher spike counts, we compared the CV 2 at
80% contrast of each neuron with its R ., value (Fig. 5E). These
two values were well correlated with each other in normal neu-
rons (r = 0.84, p < 0.001). In contrast, the correlations were
weaker in both amblyopic and fellow neurons (r = 0.27 and r =
0.25, p < 0.001), suggesting that subnormal contrast adaptation
mechanisms contributed to the anomalous spiking noise at high
contrast. For this analysis, it is important to keep in mind that
those neurons in which R, exceeded 100 were excluded from
the analysis and that many more amblyopic neurons had R
values that were far higher than 100.

The spontaneous firing was significantly higher (Fig. 3E) and
more variable in amblyopic neurons; the spike train irregularity
(CV?) during spontaneous firing (contrast = 0%) was signifi-
cantly greater for amblyopic neurons (both fellow and amblyo-
pic) than that in normal neurons (p < 0.001; Fig. 5A).
Importantly, the spiking count irregularity (CV?) during the
spontaneous firing of an amblyopic neuron can reasonably pre-
dict the neuron’s CV? in the response to 80% contrast stimulus
(r=10.67,p <0.001 for the amblyopic eye and r = 0.47, p < 0.001
for the fellow eye; Fig. 5F). This relationship was weaker in nor-
mal neurons (r = 0.24, p < 0.001). Therefore, at least for amblyo-

max
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pic neurons, the spiking noise during spontaneous discharge
contributes more to the spiking noise during visual stimulation.

Trial-to-trial variability (FF)

Excessive trial-to-trial fluctuations in spiking could also contrib-
ute to “random” or “internal” noise in the amblyopic visual sys-
tem. Here, we compared the variance-to-mean ratios (FF) of
amblyopic and normal V2 neurons using a rate-matching ap-
proach (Churchland et al., 2010). Stimuli were the same as above
(640 ms in duration and repeated 25 times with a rest period of
320 ms).

In contrast to CV?, the m-FF in amblyopic neurons (both
fellow and amblyopic) was significantly higher compared with
normal neurons only for low contrasts (10% and 25%; Fig. 6).
Temporal changes in m-FF were quantified using spike counts
computed in a 200 ms sliding window moving in 10 ms steps (Fig.
6A-D). Data are aligned on stimulus onset. Except for the 10%
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stimulus contrast, the m-FF dropped drastically during the first
200 ms (during the transient onset responses) in all cell groups.
This observation in V2 is similar to a sharp drop of m-FF around
stimulus onset for normal neurons in eight other primate visual
areas (Churchland et al., 2010). Note that the m-FF in normal
monkeys stayed low throughout the stimulation period and there
was no apparent differences in the m-FF between any cell group
for the higher contrast stimuli (50% and 80%; Fig. 6C,D). How-
ever, at 25% contrast, substantial differences became apparent
between amblyopic (both fellow and amblyopic eyes) and normal
neurons after a sharp drop at stimulus onset; that is, beginning
around 300 ms (Fig. 6B). At 10% stimulus contrast, the drop of
m-FF at stimulus onset was minimal, but the m-FF was generally
higher for amblyopic neurons than that for normal neurons (Fig.
6A). The difference between normal and amblyopic neurons also
emerged earlier (around 100 ms) for 10% stimuli.

The cell population data show that, for 50% and 80% stimulus
contrasts, the m-FF for amblyopic neurons was similar to that in
normal neurons (Fig. 6E). These m-FF values in normal V2 are
generally similar to those for other early-to-middle extrastriate
visual areas (Churchland et al., 2010). However, for the gratings
with lower stimulus contrasts (10% and 25%), the m-FF was
significantly higher for the fellow and amblyopic eye stimulation
(p < 0.001). The high m-FF of amblyopic neurons resulted
largely from abnormally elevated variance in spike counts at these
low contrasts (Fig. 6F,G). Therefore, the trial-to-trial fluctua-
tions in spiking were present in amblyopic neurons only during
“weaker” responses initiated by low-contrast stimuli.

Another important result was that the m-FF during spontane-
ous activity in amblyopic neurons was correlated with the m-FF
during stimulations with 25% contrast stimuli (Fig. 6H). Al-
though a similar correlation was found for normal neurons (r =
0.42, p < 0.001), the correlation for amblyopic neurons was a bit
stronger for amblyopic (r = 0.56, p < 0.001) and fellow eye
stimulation (r = 0.63, p < 0.001).

In normal animals, the spike count irregularity (CV %) and the
trial-to-trial variability (FF) are closely related to each other: FE/
CV? = 1.0 (Nawrot et al., 2008). For normal V2 neurons, the
operational CV ? values of individual neurons were generally sim-
ilar to their spike count m-FF regardless of stimulus contrast, so
the slope of the function relating the 2 values was near 1.0 (Fig.
7A-D). For lower contrast stimuli (10% and 25%), the CV ? val-
ues of individual neurons were also similar to their FF for all cell
groups (Fig. 7A, B). However, for higher contrast gratings (50%
and 80%), more amblyopic neurons exhibited relatively larger
spike train variability (CV?) compared with their trial-to-trial
variability (m-FF), deviating from the ratio of 1.0 (Fig. 7C,D).

The temporal changes in the ratio between the spike count FF
and CV? before, during, and after the 640 ms stimulation period
revealed additional information about the relationship between
FF and CV? (Fig. 7E-H ). For normal neurons, the FF/ CV* ratio
was ~1.0 before, during, and after the stimulation for all con-
trasts, although there was a slight tendency toward a higher ratio
near the end of stimulation. For lower contrasts (10% and 25%),
there was no difference between normal and amblyopic neurons
(Fig. 8E,F). For 50% contrast, the ratio for amblyopic neurons
was lower than 1.0 during stimulation, especially for the fellow
eye (Fig. 7G). At 80% stimulus contrast, the ratio for amblyopic
neurons (both the fellow and amblyopic eyes) substantially de-
creased from 1.0 during the onset transient response (~200 ms)
and gradually recovered until the offset of the stimulus at 640 ms
(Fig. 7H). Therefore, if amblyopic neurons are driven strongly,
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the noise due to spike count variability (CV?) dominates the
FF/CV? ratio (i.e., FE/CV? ratio <<1.0).

Binocular suppression

To search for a potential source of the observed high spiking
noise in amblyopic V2, we looked into the level of binocular
suppression that is known to be highly prevalent in amblyopic
primates (Smith et al., 1997; Bi et al,, 2011; Tao et al., 2014). To
determine whether binocular signal interactions were facilitatory
or suppressive in nature, the peak binocular response amplitude/
dominant monocular response amplitude ratios (B/M) were cal-
culated for each neuron and expressed in terms of relative
strength (db); thatis, 10 log peak binocular/monocular. We com-
pared the mean B/M values and the prevalence of binocularly
suppressive neurons for individual monkeys (Fig. 8). Each neu-
ron was classified as a binocularly suppressive neuron if the neu-
ron’s responses to dichoptic stimulation were less than the
dominant monocular responses (10 log peak B/M in db < 0.00).
Neurons in our amblyopic monkeys generally showed much
lower mean B/M ratios and a higher prevalence of binocularly
suppressive neurons than the comparable values for normal neu-
rons. Next, we examined the possibility that binocular suppres-
sion or loss of binocular facilitation may be related to the
enhanced spiking irregularity of amblyopic V2 neurons. The
mean CV? for individual monkeys measured with 80% contrast
were negatively correlated with the mean B/M ratios (r = —0.85,
p < 0.03; Fig. 8D) and positively correlated with the prevalence of
binocularly suppressive neurons (r = 0.98, p < 0.01; Fig. 8H ).
For lower stimulus contrasts, these types of correlations were
progressively weaker and not significant (Fig. 8A-C, E-G). The
contrast-dependent correlations between spiking irregularities
and binocular suppression were not surprising because the mean

max cV? spontanueous

Population analysis on operational CV 2. A, Operational CV 2. B, Variance of operational ISI. €, Squared mean of operational ISI. D, Operational CV 2 versus spike count for 80% contrast.
F, (V2 at 80% contrast versus spontaneous CV . Center coordinates of circles indicate medians of each cell groups. Error bars indicate SE. **p << 0.001, *p < 0.01.

CV? of amblyopic neurons were significantly higher than that in
normal monkeys only for 80% stimulus contrast (cf. Figs. 5A,
8A—H). This association suggests that there may be a link be-
tween binocular suppression and CV? in V2 of amblyopic mon-
keys that should be explored further.

As with CV 2, we determined whether there is any association
between the level of binocular suppression and the m-FF of am-
blyopic V2 neurons in individual monkeys (Fig. 8/-P). At 10%
contrast, there was a significant positive correlation between the
prevalence of binocularly suppressive neurons and the mean
m-FFs of individual monkeys (r = 0.84, p = 0.04; Fig. 8M). The
negative correlation between the mean m-FF and the mean B/M
ratios for individual monkeys was relatively strong, but did not
reach statistical significance (r = —0.55, p = 0.26; Fig. 8I). At
higher contrasts, the correlations became progressively weaker
and not significant with stimulus contrast. These data parallel the
average m-FF for the three cell groups (Fig. 6E) and suggest that
binocular suppression may be involved with abnormal m-FF in
V2 of amblyopic monkeys.

Relation to behavioral data

Our amblyopic monkeys exhibited a broad range of contrast sen-
sitivity loss. Therefore, we investigated whether the contrast ver-
sus response functions and the level of spiking noise (CV?* and
m-FF) in V2 neurons of individual monkeys had any relationship
to the severity of their perceptual loss.

Contrast

The average contrast threshold and Cs, of V2 neurons for indi-
vidual monkeys were generally correlated with their amblyopia
index (the degree of perceptual contrast sensitivity loss). Al-
though the correlation between the contrast threshold of V2 neu-
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rons and the amblyopia index missed statistical significance (r =
0.77, p = 0.075; Fig. 9A), the correlation between Cs, and the
amblyopia index was quite strong (r = 0.94, p < 0.01; Fig. 9B).
The correlation between amblyopia index and the average R, .
or n of individual monkeys was weaker and not statistically sig-
nificant. This pattern of results is not surprising because the am-
blyopia index generally reflects the subject’s overall contrast
sensitivity (Kiorpes et al., 1998; Wensveen et al., 2006).

Noise

The abnormal spiking noise of V2 neurons (CV? and m-FF) of
individual monkeys was also correlated with their perceptual def-
icits and this relationship was contrast dependent. For example,
there was a positive correlation between the average CV* and the
amblyopia index of individual monkeys when the stimulus con-
trast was 80% (r = 0.90, p = 0.015; Fig. 9H ). For 50% stimulus

contrast, this correlation was relatively strong but did not reach
statistical significance (r = 0.74, p = 0.09; Fig. 9G). For lower
contrasts, the correlations were much weaker and not statistically
significant (Fig. 9E, F).

Similarly, the average m-FFs for individual monkeys were
generally correlated with the severity of their contrast sensitivity
losses for individual monkeys for low stimulus contrasts, but not
for high contrasts (Fig. 9I-L). These correlation data are inter-
nally consistent because the abnormal CV * of amblyopic V2 neu-
rons was statistically significant only for the 80% stimulus
contrasts (Fig. 5A), whereas the significantly enhanced m-FFs of
amblyopic neurons were observed just for low-contrast stimuli
(Fig. 6E). Although this sort of cross-animal comparison in a
limited number of subjects may not be the most powerful ap-
proach, there was a surprisingly strong association between V2
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neurophysiology and the perceptual deficits of individual
animals.

quantify perceptual response consistency, they exhibit a high
level of internal noise (e.g., abnormal increases in variability or

Finally, our discoveries on the abnormal spiking noise of V2
neurons (CV? and m-FF) parallel perceptual noise reported in
key psychophysical studies of human amblyopes. As mentioned
earlier, the visual system of amlyopes has a high fraction of inter-
nal noise (Pelli et al., 2004; Levi, 2013). More specifically, when
human amblyopes are tested repeatedly using identical stimuli to

trial-to-trial fluctuations; Levi and Klein, 2003; Levi et al., 2005,
2007, 2008; Li et al., 2008).

In a related matter, it may not be immediately clear how the
elevated CV* (Fig. 5) or abnormal response dynamics (Figs. 2, 3)
revealed with high-contrast stimuli in this study can be related to
perceptual impairments in human amblyopes. In addition to
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contrast sensitivity loss, amblyopes are known to exhibit a range
of more “complex” vision impairments that are often revealed
using middle- to high-contrast stimuli: for example, the position
uncertainty (Levi and Klein, 1983; Hess and Holliday, 1992), dis-
tortion (Sireteanu et al., 1993; Barrett et al., 2003), crowding
(Hess and Jacobs, 1979; Levi and Klein, 1985; Levi, 2008), and
poor contour integration (Hess and Demanins, 1998; Mussap
and Levi, 2000; Chandna et al., 2001; Simmers and Bex, 2004).
Whatis common to these perceptual impairments is that the local
estimate of image structures is inaccurate (Levi, 2013) and/or that
global image integration is poor or noisy (Simmers and Bex,
2004). In terms of the cortical mechanisms underlying these per-
ceptual deficits, the functional circuitry that compares the spatial
relationships between neighboring stimulus elements and accu-
rately integrates local stimulus information over a broad range of
space may be compromised in amblyopes. Our study suggests
that the excessive irregularities in spike trains (CV?*) and the ab-

normal response dynamics of V2 neurons could adversely affect
how various signals are compared and integrated by a network of
neurons in V2 and also in downstream visual areas (see below).
This could, at least in part, contribute to amblyope’s failure to
assess accurately the spatial relationships of local stimulus ele-
ments over a broad range of space.

Discussion

Contrast

In the present study, there were some noteworthy findings in
relation to stimulus contrast. First, the perceptual contrast sensi-
tivity loss of individual amblyopic monkeys in this study was
largely accounted for by the abnormal contrast threshold and the
Cs values of their V2 neurons (Fig. 94, B), providing new evi-
dence for the idea that the neural basis of amblyopia involves
deficits in visual areas beyond V1 even for the relatively “simple”
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loss of contrast sensitivity (EI-Shamayleh et al., 2010; Bi et al,,
2011; Tao et al., 2014; Shooner et al., 2015).

Second, for higher stimulus contrasts (50% and 80%), the
mean spike count of amblyopic V2 neurons was greater than that
in normal neurons and the responses of a substantial number of
amblyopic neurons did not saturate at 100% contrast (Figs. 2, 3E,
4C). The absence of contrast saturation and the higher median
R,..x and Cs, values of amblyopic neurons (Fig. 4 B,C) suggest
that the contrast normalization mechanisms may not be operat-
ing as efficiently for amblyopic neurons as for normal V2 neurons
as a result of experiencing binocular decorrelations of cortical
inputs during early development. Because one of the contrast
normalization mechanisms in normal cortex is thought to be
prolonged inhibition (hyperpolarization) after strong excitation
(Carandini and Ferster, 1997; Sanchez-Vives et al., 2000; Keller

Relationships between the average responses and the depth of amblyopia (amblyopia index) for individual monkeys. A-D, Contrast response values versus amblyopia index. E-H, (V2
versus amblyopia index for various contrasts. I-L, FF versus amblyopia index for various contrasts.

and Martin, 2015), amblyopic V2 appears to show a weaker in-
hibitory influence in the local networks that support the monoc-
ular receptive fields.

Dynamics

The altered circuitry in amblyopic V2 can also explain the abnor-
mal response dynamics, specifically, the shorter onset response
(i.e., onset latency and time-to-half peak), the absence of an onset
transient discharge, and the generally slower response decay
(Figs. 2, 3A-D). The shorter onset timing was observed mainly at
high contrasts and is closely related to the more vigorous and
faster responses of these neurons (Figs. 2A—C, 3E). One possibil-
ity is that the membrane potential of amblyopic neurons may be
more depolarized due to altered cortical circuitry (e.g., reduced
inhibitory influence) and this may make the initiation of action
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potentials “easier” before (spontaneous) or during visual stimu-
lation (Faisal et al., 2008; Tiesinga et al., 2008; Mochol et al.,
2010).

One of the most striking discoveries in this study was the
absence of the onset transient response in amblyopic neurons
(Fig. 2), suggesting that the mechanisms that initiate the rapid
decline in spiking rate after the peak response are abnormal in
amblyopic neurons. According to similar V1 studies in normal
animals, such mechanisms include synaptic depression (Miiller
et al., 2001; Carandini et al., 2002; Boudreau and Ferster, 2005),
intrinsic membrane properties (Carandini and Ferster, 1997,
2000; Sanchez-Vives et al., 2000) that are responsible for contrast
adaptation (Movshon and Lennie, 1979; Albrecht et al., 1984;
Ohzawa et al., 1985; Sclar et al., 1989), and a cortical network of
inhibitory neurons (Dealy and Tolhurst, 1974; Ahmed et al,,
1997; Boudreau and Ferster, 2005). Although these mechanisms
are not mutually exclusive, the altered intrinsic membrane prop-
erties and/or a weaker inhibitory network may explain the appar-
ent absence of the onset transient response in our amblyopic V2
neurons. It is noteworthy that this lack of a rapid decline in firing
after the onset discharge resulted in an exceptionally wide
range of the times to the peak response in amblyopic neurons
for high-contrast stimuli (50% and 80%). In this respect, it is
important to emphasize that the spiking dynamics of V2 neu-
rons in amblyopic primates deviate substantially from that in
normal neurons, which could influence information process-
ing adversely in downstream neurons.

Spiking noise (CV?

The spike count irregularity (CV?) of amblyopic neurons was
abnormally high for the highest contrast gratings (80%; Fig. 5A).
As mentioned above, the enhanced noise was mainly due to the
significant differences between amblyopic and normal neurons
in the variance of ISI (Fig. 5B); at higher contrasts, the variance
increased in amblyopic neurons, but it decreased in normal neu-
rons, while the differences in the squared mean of ISI, resulting
from a high rate of firing, was minimal between the cell groups
(Fig. 5C). As a result, the spike count for the 80% contrast grat-
ings and the CV? of individual neurons in normal V2 was highly
correlated (r = 0.87, p < 0.001), whereas the correlation for
amblyopic neurons (fellow and amblyopic) was minimal (Fig.
5D). The data suggest that the contrast-dependent abnormality
in the spike count irregularity may be directly related to the ab-
errant contrast normalization mechanisms in amblyopic neurons
as described above.

In a related matter, both the higher spike counts and CV?
values of amblyopic neurons for high-contrast visual stimuli were
correlated with the CV? values during robust spontaneous activ-
ity (Fig. 5D, F). Spontaneous activity is known to reflect the cor-
tical connectivity and thus interacts with spiking initiated by
visual stimulation (for review, see Ringach, 2009). Together, the
irregularity of the spontaneous (“ongoing”) activity of amblyopic
neurons must have had a significant impact on the spike count
irregularity during stimulation with high-contrast stimuli. This
result suggests that the “functional architecture” of amblyopic V2
was significantly altered during development (Goldberg et al.,
2004; Fox et al., 2007; Ringach, 2009). The relatively tight corre-
lation between the mean CV? values and the prevalence of bin-
ocularly suppressive neurons in individual amblyopic monkeys
(Fig. 8H) indicates that the developmental alterations in V2 cir-
cuitry may have resulted from abnormal binocular interactions
during early development.
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Trial-to-trial variability (m-FF)
The m-FF for amblyopic neurons was abnormally high for low-
contrast stimuli largely due to the high variance in spike counts
relative to the mean spike count and that the difference between
amblyopic and normal neurons emerged later during the 640 ms
visual stimulation period (Fig. 6 A, B). The latter finding suggests
that the abnormal rise in m-FF in amblyopic neurons at low
contrasts might be due to abnormal contrast adaptation mecha-
nisms. The correlation between m-FFs and the depth of amblyo-
pia (amblyopia index) of individual monkeys (Fig. 9I-L) suggests
that, in addition to the contrast sensitivity losses in V2 neurons
(Fig. 9A-D), the high trial-to-trial fluctuations in spiking in V2
may be linked to the perceptual losses of our amblyopic monkeys.
The FF during spontaneous activity in amblyopic neurons was
correlated with the FF during visual stimulation at lower con-
trasts (Fig. 6H), providing further support for the idea that the
ongoing activity in the absence of stimulations reflects the net-
work structure and strongly influences the brain activity and be-
havior initiated by visual stimuli (Fox et al., 2007; Ringach, 2009).
Finally, the finding that the m-FF in V2 neurons in amblyopic
monkeys was correlated with the prevalence of binocular sup-
pression (Fig. 8M—P) suggests that the trial-to-trial variability of
V2 neurons may also be linked to early binocular suppression in
V1and V2 (Bietal., 2011).

Conclusions

The weak contrast saturation, the apparent lack of the onset tran-
sient response (reduced contrast adaptation), the higher than
normal and more variable spontaneous activity (reduced local
inhibitory influence), and the anomalous contrast-dependent
spiking noise in amblyopic neurons all point to one common
neural deficit, the abnormal “divisive normalization” in the net-
work (or networks) of amblyopic neurons (Carandini and
Heeger, 2011). The frequently cited cortical circuits in normal
cortex underlying normalization include the intrinsic lateral con-
nections, the feedback connections, and GABA-mediated local
inhibition (Busse et al., 2009; Sit et al., 2009; Carandini and
Heeger, 2011; Nassi et al., 2015). The ability of amblyopic V2
neurons to pool local stimulus feature information over an ex-
tended area is severely disrupted (Tao et al., 2014). This discovery
is consistent with the idea that the circuitry making up the feed-
forward connections from V1 to V2 and the lateral and/or feed-
back connections in amblyopic V2 are disorganized and, as
mentioned earlier, with the findings that global image integration
is poor or noisy in amblyopic primates (Chandna et al., 2001;
Kozma and Kiorpes, 2003; Simmers and Bex, 2004; El-Shamayleh
et al., 2010).

A key unresolved question is how early chronic monocular
defocus leads to “noisy” firing of V2 neurons. One possibility is
that early chronic monocular defocus initiates interocular deco-
rrelations of input signals, which results in a high prevalence of
binocular suppression in V1 and V2 (Smith et al., 1997; Bi et al.,
2011; Tao et al., 2014). Chronic binocular suppression in V1
under daily binocular viewing makes V1 signals to V2 chronically
weaker and more variable during early development. This can
result in anomalous alterations of the functional architecture of
V2 and thus the monocular receptive field properties of individ-
ual neurons (excitatory/inhibitory balance; Murphy and Miller,
2009). Understanding the exact nature of the potential link be-
tween binocular suppression in V1/V2 and the anomalous alter-
ations of the local circuitry supporting monocular RFs in
amblyopic primates requires separate studies. It is important to
keep in mind that we do not know whether the spiking noise in



934 - J. Neurosci., January 25,2017 - 37(4):922-935

V2 described here merely reflects similar neuronal noise in V1 or
if noise in V1 is “amplified” in V2 until we compare systemati-
cally the noise in V1 and V2 for the same amblyopic monkeys.
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