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Key points

� Short-term monocular deprivation in adult humans produces a perceptual boost of the
deprived eye reflecting homeostatic plasticity.

� Visual evoked potentials (VEPs) to transient stimuli change after 150 min of monocular
deprivation in adult humans.

� The amplitude of the C1 component of the VEP at a latency of about 100 ms increases for the
deprived eye and decreases for the non-deprived eye after deprivation, the two effects being
highly negatively correlated.

� Similarly, the evoked alpha rhythm increases after deprivation for the deprived eye and decreases
for the non-deprived eye.

� The data demonstrate that primary visual cortex excitability is altered by a short period of
monocular deprivation, reflecting homeostatic plasticity.

Abstract Very little is known about plasticity in the adult visual cortex. In recent years
psychophysical studies have shown that short-term monocular deprivation alters visual perception
in adult humans. Specifically, after 150 min of monocular deprivation the deprived eye strongly
dominates the dynamics of binocular rivalry, reflecting homeostatic plasticity. Here we investigate
the neural mechanisms underlying this form of short-term visual cortical plasticity by measuring
visual evoked potentials (VEPs) on the scalp of adult humans during monocular stimulation
before and after 150 min of monocular deprivation. We found that monocular deprivation had
opposite effects on the amplitude of the earliest component of the VEP (C1) for the deprived
and non-deprived eye stimulation. C1 amplitude increased (+66%) for the deprived eye, while it
decreased (−29%) for the non-deprived eye. Source localization analysis confirmed that the C1
originates in the primary visual cortex. We further report that following monocular deprivation,
the amplitude of the peak of the evoked alpha spectrum increased on average by 23% for the
deprived eye and decreased on average by 10% for the non-deprived eye, indicating a change
in cortical excitability. These results indicate that a brief period of monocular deprivation alters
interocular balance in the primary visual cortex of adult humans by both boosting the activity of
the deprived eye and reducing the activity of the non-deprived eye. This indicates a high level of
residual homeostatic plasticity in the adult human primary visual cortex, probably mediated by
a change in cortical excitability.

C. Lunghi and M. Berchicci contributed equally to this work.
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Introduction

Neuroplasticity is an intrinsic property of the cerebral
cortex that ensures the capability of the organism to
adapt to environmental changes through a modification of
neural circuitry and is the basis of fundamental processes,
such as learning and memory, that are preserved during the
lifespan (Pascual-Leone et al. 2005). During development,
neuroplasticity plays a crucial role in refining sensory
cortical organization. One of the exemplary cases is that
of the visual system: within a specific temporal window
called the critical period (Wiesel, 1982; Berardi et al. 2000;
Hensch, 2005), neuroplasticity enables the shaping of
the immature visual cortex by visual experience, so that
the developing visual cortex is vulnerable even to short
periods of abnormal visual experience (such as mono-
cular deprivation: Wiesel & Hubel, 1963b; Hubel et al.
1977; Blakemore et al. 1978). While experience-dependent
plasticity is reduced after the closure of the critical period,
a growing body of evidence has demonstrated a residual
plastic potential of adult visual cortex (Blakemore et al.
1978; Issa et al. 1999; Sawtell et al. 2003; Pham et al.
2004; Tagawa et al. 2005). In humans, recent studies show
that manipulating visual experience even for short peri-
ods of time profoundly alters the visual perception of
adults (Kwon et al. 2009; Klink et al. 2010; Lunghi et al.
2011, 2013; Bao & Engel, 2012; Zhou et al. 2013a,b).
In particular, Lunghi et al. (2011) have reported that
a short period of monocular deprivation unexpectedly
boosts the deprived eye responses for a period longer
than the deprivation itself, increasing dramatically the
perceptual dominance duration of visual stimuli presented
to the deprived eye during binocular rivalry (Lunghi
et al. 2011). The perceptual boost of the deprived eye
was measurable up to 180 min after re-exposure to
binocular vision (Lunghi et al. 2013), but was not observed
after 30 min of monocular deprivation (Lunghi et al.
2013), pointing to a cortical origin of the effect. Even
though the results of Lunghi et al. (2011, 2013) clearly
indicated a potentiation of the deprived compared to
non-deprived eye responses after monocular deprivation,
the psychophysical measurements could not disentangle
the contribution of the two eyes to the observed effect or
the contribution of different stages of visual processing
(lower vs. higher visual areas).

Here, we performed an electrophysiological experiment
to investigate the modulation of pattern-onset visual
evoked potentials (VEPs) during independent visual

stimulation of the two eyes before and after 150 min
of monocular deprivation in adult humans. The earliest
(peaking between 60 and 100 ms post-stimulus) VEP
component, named C1 (Jeffreys & Axford, 1972), has been
related to the cortical activity produced by retinotopic
visual areas of the primary visual cortex, V1 (for a review
see Di Russo & Pitzalis, 2014). Three typical components
of VEP, the P1, the N1 and the P2, with onset later than
C1, reflect the combined sum of the activity of several
visual areas. The P1 source has been localized in areas
V3A and V4 in the 105–140 ms time window; the N1
(150–180 ms) probably originates in parietal areas and in
V3A (Di Russo et al. 2002); the P2 (200–250 ms) seems to
mainly represent re-entrant feedback activity in area V1
(Di Russo et al. 2002, 2003).

Important information about the neural mechanisms
involved in visual plasticity can be obtained from the
analysis of brain rhythms, which are thought to originate
from neuronal synchronization and are strictly related
to GABAergic interneuron activity (Klimesch et al. 2007;
Muthukumaraswamy et al. 2013). In fact, one of the crucial
neural mechanisms regulating neuroplasticity is the
balance between intracortical excitation and inhibition.
The development of GABAergic inhibition is necessary
to trigger ocular dominance plasticity (Hensch et al.
1998; Fagiolini & Hensch, 2000), and changing the
balance between excitation and inhibition in the primary
visual cortex (directly or indirectly) can restore ocular
dominance plasticity in adult animals (Pizzorusso et al.
2002; Sale et al. 2007; Maya Vetencourt et al. 2008;
Harauzov et al. 2010; Morishita et al. 2010).

On the basis of the eye deprivation and VEP literature,
we predict that the monocular deprivation should mainly
affect the earliest visual processing in V1 represented by
the C1; however, modulation of the P2 cannot be excluded,
as this component has been shown to represent a second,
later activation of V1, probably driven by a combination of
feed-forward and feedback activity (Di Russo et al. 2002,
2003).

Methods

Participants

A total of 21 subjects (11 female; mean age ± SD:
24.6 ± 3.85 years) participated in this study. However,
the data from four subjects were discarded from all
analyses due to ocular artifacts (excessive eye blinking),

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 593.19 Homeostatic plasticity in adult visual cortex 4363

the data from two subjects were discarded because of a
low signal-to-noise ratio in the electroencephalography
(EEG) signal, and the data from a further two subjects
were discarded because of sight problems (amblyopia and
detached retina in one eye) that were communicated to the
experimenters only after the experiment. Thirteen subjects
remained (6 female; mean age ± SD: 23.67 ± 3.27 years).
Exclusion criteria consisted of any current major
neurological illness, or current or historic incidence
of psychiatric illness. All subjects had normal or
corrected-to-normal vision. The experimental protocol
was approved by the Tuscany regional ethics committee
of the Azienda Ospedaliero-Universitario Meyer and
was performed in accordance with the Declaration of
Helsinki. All of the participants gave written informed
consent.

Apparatus and stimuli

The experiment took place in a dimly lit and quiet room.
Visual stimuli were generated by a VSG 2/5 (Cambridge
Research Systems, Rochester, UK), connected to a PC
(Dell) and controlled by MATLAB programs. The visual
stimuli were presented on a linearized 21 inch monitor
(Philips 201B; resolution 944 pixels × 728 pixels, refresh
rate 120 Hz) and the viewing distance was set at 57 cm.
Visual stimuli consisted of horizontal sinusoidal gratings
(size 4 deg of visual angle, spatial frequency 2 cycles deg−1,
contrast 64%). A fixation dot (diameter 0.3 deg of visual
angle) was constantly presented at the centre of the screen.
The colour of the fixation dot was varied from black to red
for 100 ms every 3–6 s. The visual stimuli were transiently
displayed (presentation duration 100 ms) on the upper
visual field in central vision (the centre of the stimulus was
3 deg above the fixation dot) at a rate randomly varying
from 1 to 2 Hz (inter-stimulus interval ranging from 0.5
to 1 s). The visual stimuli were presented on a uniform
grey background (luminance 22 cd m−2).

Procedure

The participants were individually tested after a
64-channel EEG active-cap was mounted on their scalp.
Participants were first measured for their eye dominance
using the Porta test. The delivery of visual stimuli (i.e.
stimulation) was always monocular. Two experimental
sessions were performed, one before and one after 150 min
of monocular deprivation; every session was divided into
two parts in which each eye was stimulated separately while
the other eye was patched. Before monocular deprivation,
the deprived eye was stimulated first, so that the second
part of the session corresponded with the beginning of the
150 min deprivation. Afterwards, the second experimental
session started with the stimulation of the non-dominant
eye, so that the second part of the session coincided with

the end of deprivation. Each experimental session (pre-
and post-deprivation) consisted of four runs (each one
consisting of 400 stimulus presentations and lasting about
5 min) in order to deliver 800 stimuli to each eye. During
the experimental session, participants were instructed to
maintain a stable fixation on the central dot. In order
to be sure that participants were directing their attention
to the fixation dot, at the end of each run participants
were asked how many times the dot changed in colour. If
the number of dot changes reported by the participant
was largely different (±10 dot count) from the actual
number of changes, the session was discarded. During
the 150 min of monocular deprivation, the dominant eye
was occluded by a translucent eye-patch, which allowed
light to reach the retina (15% attenuation), but no pattern
information. Participants were asked to keep the EEG cap
on their scalp to avoid electrode displacement between
the two experimental sessions; for this reason participants
spent the 150 min of monocular deprivation in
the lab.

Electrophysiological recording and data analysis

The continuous EEG was recorded using the Brain-
Vision system with 64 active (ActiCap) electrodes
(BrainProducts GmbH, Munich, Germany), which were
mounted according to the International 10–10 system
and referenced to the left mastoid (M1). Horizontal eye
movements were monitored from electrodes at the left and
right outer canthi. Blinks and vertical eye movements were
recorded with an electrode below the left eye, which was
referenced to the Fp1 site. The EEG recording was digitized
at 250 Hz with an amplifier band-pass (0.01–100 Hz),
including a 50 Hz notch filter, and was stored for off-line
averaging.

Offline analysis was performed using the BrainVision
Analyser 2.0.1 software (Brain Products GmbH). The
EEG signal was separately segmented into 600 ms epochs
(from 100 ms before, to 500 ms after, stimulus onset)
for the dominant and non-dominant eye. Raw EEG data
were visually inspected to identify and discard epochs
contaminated with artifacts prior to the signal averaging.
The trials with artifacts (e.g. blinks or gross movements)
and amplitude exceeding the threshold of ± 90 μV were
automatically excluded from the averaging, whereas eye
movement artifacts were processed using the Gratton
and Coles algorithm (Gratton et al. 1983). To further
reduce high- and low-frequency noise, the group-averaged
event related potentials (ERPs) were band-pass filtered
(1–30 Hz).

Peaks amplitude (measured with respect to the 100 ms
pre-stimulus baseline) and latency of the major VEP
components were calculated for each subject in the
following standard time windows: the C1 (70–120 ms),
the P1 (80–150 ms), the N1 (130–200 ms) and the P2
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(180–300 ms). The components’ identification was also
guided by their polarity and topography as described
elsewhere (Di Russo et al. 2006, 2010; Di Russo &
Pitzalis, 2014). The electrodes used for the analyses were
selected based on the individual peak for each component
(e.g. the C1 on Cz/Pz/POz; the P1, N1 and P2 on the
POz/Oz/PO7/PO8 sites).

The EEG signal was also separately segmented into
700 ms epochs (from 300 to 1000 ms after stimulus
onset) for the deprived and non-deprived eye to analyse
the data in the frequency domain. After performing the
artifact rejection following the procedure reported for the
ERP analyses, a digital fast Fourier transform (FFT)-based
amplitude spectrum analysis (Hanning window function
10%, no phase shift) with 1 Hz frequency resolution
was computed. The alpha (8–13 Hz) frequency band was
studied. The choice of fixed EEG band did not account
for individual alpha frequency (IAF) peak, defined as the
frequency associated with the strongest EEG amplitude at
the extended alpha range (Klimesch, 1999).

To visualize the voltage topography of the EEG
components, spline interpolated 3-D maps were
constructed using the BESA 2000 software (MEGIS
Software GmbH, Gräfelfing, Germany).

Source localization

Estimation of dipolar sources of the C1 component was
carried out using BESA version 5.1.8 (MEGIS Software
GmbH). The spatiotemporal dipole analysis of BESA
estimates the location and orientation, as well as the
time course, of multiple equivalent dipolar sources by
calculating the scalp distribution, which is obtained for
any given source model (forward solution) and comparing
it with the actual VEP distribution. Interactive changes
in the location and orientation of dipole sources lead to
the minimization of residual variance (RV) between the
model and the observed spatiotemporal distribution of
the component. The goodness of the dipole model was
evaluated by measuring its RV as a percentage of the
signal variance, as described by the model, and by applying
residual orthogonality tests (ROTs, e.g. Bocker et al. 1994).
The 3-D coordinates for each dipole of the BESA model
were determined with respect to the Talairach axes and
scaled according to the brain size. In these calculations,
BESA utilized a realistic approximation of the head (which
was based on magnetic resonance imaging (MRI) of 24
subjects), and the radius was obtained from the group
average (86 mm). To limit the number of parameters to be
estimated, a single dipole was fitted in a given latency range
(70–90 ms) to correspond with the distinctive component
in the waveform (for further details see Di Russo et al.
2002). All t statistics were evaluated for significance at the
5% level.

Analyses

To evaluate statistically the time windows in which the
averaged activity was different from baseline signal, a t test
against zero (baseline) was preliminarily performed for
the relevant electrodes. Afterwards, a repeated measures
ANOVA and paired-samples t tests were separately
performed for each of the components and the relevant
electrodes across EYE (deprived vs. non-deprived) and
TIME (pre- vs. post-deprivation). The overall α level was
fixed at 0.05.

Results

The individual pre- and post-deprivation waveforms for
both deprived (red lines) and non-deprived (blue lines)
eyes from three representative participants are displayed
in Fig. 1. The pre-deprivation (dashed lines) and the
post-deprivation (continuous lines) experimental sessions
are superimposed for each eye. The C1 component,
peaking at about 100 ms (average latencies are reported in
Table 1), is reported in the figure for the individual peak
electrode, because of the variability in the anatomy of
the calcarine sulcus (Hinds et al. 2009) and consequently
the source orientation (Di Russo et al. 2003). The same
variability could explain the impossibility to localize the
C1 component in the averaged waveforms of one subject
whose data were then excluded from the analyses on this
component. We found that monocular deprivation had
opposite effects on the amplitudes of the C1 component
for the two eyes: after deprivation, the C1 amplitude
increased on average by 66% for the deprived eye,
while it decreased on average by 29% for the non-
deprived eye.

Individual subjects’ and average C1 amplitudes for
the two eyes acquired pre- and post-deprivation are
reported in Fig. 2A. A 2 × 2 repeated measures
ANOVA revealed a significant interaction (F(11,1) = 28.61,
P < 0.001) between the factors EYE (deprived and
non-deprived) and TIME (pre- and post-deprivation).
A post hoc test (Bonferroni) for pairwise comparisons
revealed a significant difference in the C1 amplitude
between pre- and post-deprivation both for the
deprived (deprived eye C1 amplitude: pre-deprivation,
mean ± SEM = −1.06 ± 0.18 μV; post-deprivation,
mean ± SEM = −1.76 ± 0.23 μV, t(11) = 5.3, P = 0.0015)
and non-deprived eye (non-deprived eye C1 amplitude:
pre-deprivation, mean ± SEM = −1.67 ± 0.25 μV;
post-deprivation, mean ± SEM = −1.19 ± 0.21 μV,
t(11) = 3.64, P = 0.023). A significant difference in the
C1 amplitude between the deprived and non-deprived eye
was found both for pre- (deprived eye < non-deprived
eye, t(11) = 4.62, P = 0.004) and post-deprivation
measurements (deprived eye > non-deprived eye,
t(11) = 4.32, P = 0.007). No significant differences were
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found regarding the C1 latency. Interestingly, we also
found that the changes in C1 amplitude for the deprived
and non-deprived eye were highly correlated across sub-
jects (Fig. 2B, Spearman’s rank correlation coefficient
ρ = 0.63, two-tailed exact permutation test P = 0.033,
95% confidence intervals: upper 0.884, lower 0.088), so
that participants whose C1 amplitude for the deprived
eye increased the most after monocular deprivation also
showed the greatest decrease in C1 amplitude for the
non-deprived eye.

Figure 3A shows the grand-averaged waveforms of the
VEP for both the deprived (red lines; upper panel) and
the non-deprived (blue lines; lower panel) eye. The C1
component is shown in the figure for Cz. Figure 3B shows
the scalp topography of the C1 component. Given the well-
known lack of differences across eye and time, the VEP
topography is obtained collapsing all the data. We ran the
source localization analysis on the C1, confirming that
this component actually originates in V1. As shown in
Fig. 3C, the localization and the orientation of the C1
is displayed on a 3-D realistic brain template, with a
red circle showing its position in the calcarine cortex in
the lower bank of area V1 (Talairach coordinates: −10,
−90, −6, Brodmann area 17). The source orientation
(red vector), pointing dorsally well explains the scalp
topography. This model explained more than the 95% of
the VEP variance in the 70–90 ms interval leaving a RV of
4.85%.

A significant interaction between the factors EYE
(deprived and non-deprived) and TIME (pre- and
post-deprivation) was found for the peak amplitude
of both the P1 (F(11,1) = 9.28, P = 0.011) and P2
(F(12,1) = 6.02, P = 0.03) components, indicating
a propagation of the effect observed for the C1
component to higher-order visual areas. A post
hoc test (Bonferroni) for pairwise comparisons
revealed a significant difference in the P1 amplitude
between the deprived and non-deprived eye for
pre-deprivation measurements (deprived eye P1
amplitude, mean± SEM = 3.16 ± 0.43μV; non-deprived
eye P1 amplitude, mean ± SEM = 2.2 ± 0.4 μV,
t(11) = 43.74, P = 0.02). A significan main effect of the
factor EYE (deprived and non-deprived) was found for
the peak amplitude of the N1 component (F(11,1) = 10.14,
P = 0.009), but no main effect of the factor TIME
(pre- and post-deprivation) or interaction between the
two factors, indicating that monocular deprivation did
not alter the N1 component. No statistical differences
between pre- and post-deprivation latencies were found
for the later VEP components (P1, N1 and P2). Figure
4A displays the grand-averaged waveforms of the later
VEP components on POz both for the deprived (red
lines; upper panel) and the non-deprived (blue lines;
lower panel) eye, where pre- and post-deprivation are
superimposed. Figure 4B displays the topographical
maps for the VEP components: the first map displays the
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Figure 1. Averaged event-related
potential (ERP) waveforms from three
representative subjects
The electrodes where the individual C1
amplitude showed the maximum peak are
displayed. The waveforms from the pre-
(dotted lines) and post- (continuous lines)
deprivation are superimposed for the
deprived (red lines, left panel) and
non-deprived (blue lines, right panel) eye.
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Table 1. Latencies (ms) of the principal components of the VEP

Deprived eye Non-dep eye

VEP component Pre Post Pre Post

C1 90.00 ± 3.67 98.00 ± 3.86 98.00 ± 5.08 96.34 ± 5.58
P1 138.34 ± 3.57 142.00 ± 3.8 144.33 ± 4.67 146.33 ± 4.3
N1 193.34 ± 3.32 197.34 ± 4.47 194.34 ± 6.29 192.00 ± 5.46

The mean ± 1 SEM is reported for the three principal components of the VEP (C1, P1, N1) for the deprived and non-deprived eye and
for the pre- and post-deprivation measurements. There were no statistical differences in latency between pre- and post-deprivation
measurements for either component.

topography of the P1 component, which is characterized
by positivity on middle parietal–occipital regions. The
central map shows the N1 component characterized
by negativity over bilateral occipital regions, roughly
overlying multiple extrastriate cortical areas. The last map
shows the topography of the P2 component, consisting of
a positive activity over medial occipital brain areas.

We also measured the amplitude spectra of the VEPs
before and after monocular deprivation. Comparison
of the pre- and post-deprivation averaged spectra
between the deprived and non-deprived eye permitted
the identification of the alpha band peak for each
participant. Since the alpha peak amplitudes of one
subject were four times larger than the group-averaged

alpha peak amplitudes, these data were excluded from
further analyses in the frequency domain. The averaged
spectra are provided in Fig. 5A and B. The spectra show
a sharp, clear peak at 11 Hz that markedly increased
post-deprivation for the deprived eye (Fig. 5A) and
decreased for the non-deprived eye (Fig. 5B). The change
in the peak amplitude of the alpha spectrum before
and after deprivation for the deprived and non-deprived
eye is shown in Fig. 5C for both the group average
and individual data: for the deprived eye, the peak
amplitude significantly increased following monocular
deprivation (+23%, t(11) = 5.16, P = 0.0003), and
decreased for the non-deprived eye (−10%, t(11) = 2.65,
P = 0.022).
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Figure 2. C1 component peak analysis
The average and the individual observers’ peak amplitudes of the C1 component recorded before and after
deprivation are plotted for the deprived (A, red symbols) and non-deprived eye (B, blue symbols). Peak C1
amplitudes recorded before and after deprivation are statistically different both for the deprived and non-deprived
eye (∗P < 0.05, ∗∗P < 0.01). C, the individual ratios between C1 peak amplitude acquired post- and pre-deprivation
for the deprived and non-deprived eye are plotted against each other, the change in peak amplitude for the deprived
and non-deprived eye strongly correlates across subjects.
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Discussion

We found that, in adult humans, 150 min of mono-
cular deprivation alter visual cortical activity evoked
by stimulation of both the deprived and non-deprived
eye. Specifically, we report opposite deprivation-induced
changes in the amplitude of the C1 component for the
two eyes: the C1 component increased in amplitude for
the deprived eye, while it decreased for the non-deprived
eye, and this opposite effect of deprivation propagated to
later components of the VEP, P1 and P2. We also found
that, after deprivation, the peak amplitude in the alpha
band increased during stimulation of the deprived eye,
while it decreased for the non-deprived eye.

These results are not only in agreement with studies
showing that after 150 min of monocular deprivation
perceptual dominance of the deprived eye is increased
during binocular rivalry (Lunghi et al. 2011, 2013),
but clarify some issues that could not be explained
by psychophysics, specifically the neural locus of the
effect and the relative contribution of the deprived and
non-deprived eye to the effect.

Firstly, our data clarify at which level of visual processing
the effect of monocular deprivation takes place: we clearly
show that monocular deprivation affects neural activity
at early stages of visual processing (i.e. V1), in fact we
found a change in the amplitude of the C1 component
following deprivation. Considerable converging evidence
from many studies also combining functional magnetic
resonance (fMRI) and VEP source analysis with different

kinds of visual stimulation has confirmed the primary
visual cortex as the generator of the C1 component
(reviewed in Di Russo & Pitzalis, 2014), which was also
confirmed by the dipole source localization in the pre-
sent study. Therefore, the C1 seems to be a ubiquitous
phenomenon related to the activity of area V1, probably
reflecting the cortical stream from the lateral geniculate
nucleus. However, although the bulk of evidence is about
the C1 origin in V1, there are some data showing that the
later part of C1 may originate from extrastriate areas such
as V2 and V3 (Simpson et al. 1995; Ales et al. 2010),
MT+ (Pitzalis et al. 2012) or frontal areas (Simpson
et al. 1995; Ales et al. 2010). Moreover, the later part of
the C1 was localized in the intraparietal sulcus and in
area V6 using motion-onset stimuli (Pitzalis et al. 2012,
2013). In any case these early activities outside V1 were
seen for pattern-reversal and motion VEP and not for
pattern-onset VEP (Di Russo & Pitzalis, 2014). The P1 and
the N1 have been localized by the aforementioned studies
in extrastriate areas indicating that the effect of monocular
deprivation originates in V1 and propagates to extrastriate
visual areas, as reflected by the alteration of the P1
component observed following monocular deprivation.
Both the P1 and P2 components showed similar effects
to the negative C1, being more negative (less positive)
after the deprivation in the deprived eye and showing an
opposite pattern for the other eye. The change in the P2
component amplitude reported here confirms previous
studies interpreting the P2 mainly as re-entrant activity in
V1 (Di Russo et al. 2002, 2003).
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Figure 3. Average C1 component waveform,
topography and source analysis
A, grand average (from −50 to 400 ms) of the VEP
waveforms on the medial central (Cz) electrode,
where the C1 component showed the maximum
peak. The waveforms from the pre- (dotted lines) and
post- (continuous lines) deprivation experimental
sessions are superimposed for the deprived (red lines,
top panel) and non-deprived (blue lines, bottom
panel) eye. B, topographical map of the C1
component. C, the source model of the C1
component projected on a realistic 3-D model of the
brain. LH, Left Hemisphere.
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Secondly, psychophysical studies only reported
increased perceptual dominance during binocular rivalry
(Lunghi et al. 2011, 2013) and increased apparent contrast
(Lunghi et al. 2011) for the deprived eye relative to
non-deprived eye, without distinguishing the separate
contribution of the two eyes to the effect of monocular
deprivation. Here we show that monocular deprivation
affects early cortical activity differently for the two eyes,
revealing that the increase in perceptual eye dominance
demonstrated by Lunghi et al. (2011, 2013) is due both to
a concurrent strengthening of the deprived eye and to a
weakening of the non-deprived eye activity. In their first
study, Lunghi et al. (2011) reported that after monocular
deprivation not only the perceptual predominance of the
stimulus presented to the deprived eye increased during
binocular rivalry, but also that the apparent contrast was
changed: visual stimuli presented to the non-deprived
eye needed to be 36% higher in contrast compared with
stimuli presented to the non-deprived eye in order to be
perceived as equally contrasted (Lunghi et al. 2011).

Previous studies reported modulation of C1 amplitude
in adults during different forms of learning, such as
affective conditioned learning (Stolarova et al. 2006) and
perceptual learning (Bao et al. 2010), which induced visual
cortical plasticity. In particular, C1 amplitude evoked by
visual stimuli (gratings), which subjects previously learnt
to be associated with threatening stimuli, were found
to be more negative (Stolarova et al. 2006), indicating

experience-dependent visual cortical reorganization. Bao
et al. (2010) demonstrated that after 24 days of perceptual
learning, performance in a contrast discrimination task
was improved and the amplitude of the evoked C1
component increased (Bao et al. 2010). Importantly,
the increase in C1 amplitude was specific both for the
trained grating orientation and location, indicating early
cortical plasticity (Bao et al. 2010). Our results confirm the
amplitude of the C1 component as being a sensitive probe
for visual plasticity and show, for the first time, adaptation
of the primary visual cortex after a short period of mono-
cular deprivation, which followed an opposite trend for the
deprived and non-deprived eye, indicating homeostatic
ocular dominance plasticity in the adult human primary
visual cortex.

Other studies reported that the amplitude, but not
the latency, of the C1 component could be decreased
by low frequency (1 Hz) repeated transcranial magnetic
stimulation (rTMS) over the primary visual cortex
(Schutter & van Honk, 2003); in this case, the
visual information processing is inhibited by transiently
reducing the cortical excitability of the primary visual
cortex, without altering visual perception (Kosslyn et al.
1999). This result (Schutter & van Honk, 2003) confirms
and reinforces the evidence indicating the primary visual
cortex as the generator of the C1 component, and suggests
the amplitude rather than the latency of the C1 as
a sensitive indicator of early visual cortical excitability
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Figure 4. Average P1, N1 and P2 waveforms
and topography
A, grand average (from −50 to 500 ms) of the VEP
waveforms on the parietal–occipital (POz) site,
where the considered components showed the
maximum peak. The waveforms from the pre-
(dotted lines) and post- (continuous lines)
deprivation experimental sessions are superimposed
for the deprived (red lines, top panel) and
non-deprived (blue lines, bottom panel) eye. The
components are labelled in the figures. B,
topographical maps of the VEP components: P1,
top; N1, middle; P2, bottom. Please note that the
maps are obtained by collapsing all the data, since
no differences can be appreciated in the
topography across eye and time.
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(Schutter & van Honk, 2003). In this light, our findings
indicate a deprivation-induced change in interocular
excitability.

A deprivation-induced change in visual cortical
excitability is also suggested by our results in the
frequency domain, showing eye-specific changes in the
amplitude spectrum in the alpha band following mono-
cular deprivation. Occipital alpha rhythm (8–12 Hz) can
be modulated by visual stimulation, attention and inter-
nal tasks performance; further, it is thought to reflect
the synchronization of neuronal populations in both the
visual cortex and inter-regionally (Klimesch et al. 2007;
Muthukumaraswamy et al. 2013). While variations in
the posterior alpha band have been extensively studied,
the underlying neural mechanisms remain controversial
(for review see Palva & Palva, 2007; Thut & Miniussi,
2009; Klimesch, 2012). We have recently demonstrated,
by means of magnetic resonance spectroscopy, that
GABA concentration decreased after transient mono-
cular deprivation in the primary visual cortex of adult
humans (Lunghi et al. 2015); thus, we could speculate
that the changes in the alpha band might reflect changes
in visual cortical inhibition. This hypothesis would be
in line with evidence showing that alpha band activity
can be modulated by pharmacologically manipulating
GABAergic inhibition in humans (Saletu et al. 1988;
Fingelkurts et al. 2004; Ahveninen et al. 2007; Hall et al.
2010; Saxena et al. 2013).

How visual cortical excitability changes during visual
deprivation has been assessed by measuring TMS
phosphene thresholds (Boroojerdi et al. 2000; Pitskel

et al. 2007; Lou et al. 2011). Cortical excitability
rapidly increased after 45 min of binocular deprivation
(Boroojerdi et al. 2000), the increase in excitability
persisted for 48 h and progressively reversed after 5 days of
blindfolding, when a decrease in excitability was found
(Pitskel et al. 2007). However, a different pattern has
been reported for monocular deprivation. Lou et al.
(2011) found a progressive decrease in visual cortical
excitability during 48 h of deprivation. The discrepancy
between these two sets of results probably relies on the
circuit that mediates interocular interactions, which is
differently affected by the type of deprivation. Here,
we found both an increase and a decrease of the
amplitude of the visual evoked response and alpha band
activity induced by monocular deprivation, therefore
from our results it is very difficult to predict how
monocular deprivation would change the probability of
phosphenes being elicited by TMS. The Lou et al. (2011)
results may also appear contradictory to the decrease of
GABAergic inhibition observed after short-term mono-
cular deprivation (Lunghi et al. 2015). However, TMS
generates a strong activity in the visual cortex that
differs from visual stimulation in many properties, being
less noisy, more synchronous, and activating differently
both recurrent inhibition and the excitatory/inhibitory
balance of the local circuitry. The TMS-evoked response
might be reduced after monocular deprivation because
the network excitation is reduced without necessarily
interfering with the GABAergic inhibition. Moreover, the
GABA reduction observed after monocular deprivation
by magnetic resonance spectroscopy (Lunghi et al. 2015)
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was measured in the absence of any stimulation and
is measuring a different aspect of inhibitory circuitry
compared with that evoked by visual or TMS stimulation.

Whatever could be the underlying neural mechanisms,
all these results (Boroojerdi et al. 2000; Pitskel et al.
2007; Kwon et al. 2009; Lou et al. 2011; Lunghi et al.
2011, 2013, 2015; Zhou et al. 2013a) clearly indicate that
adult visual cortical activity can be plastically changed
by transient visual deprivation. Interestingly, it has also
been demonstrated that in adult humans 120 s of tetanic
stimulation (repetitive presentation of a checkerboard at
9 Hz) induces both a potentiation of the N1b component
of the visual evoked response (Teyler et al. 2005) and a
desynchronization of alpha band activity (Clapp et al.
2006) lasting for up to 1 h after the photic tetanus pre-
sentation. These results (Teyler et al. 2005; Clapp et al.
2006) indicate that long-term potentiation mechanisms,
probably reflecting synaptic plasticity, are also preserved
in the adult visual cortex.

Taken together, the present results indicate that
short-term monocular deprivation alters the neural
activity in the adult human visual cortex at the earliest
stages of visual processing. Interestingly, deprivation not
only affects the neural activity of the deprived eye
(strengthening), but also that of the non-deprived eye
(weakening), therefore altering dramatically the balance
between interocular signals, vigorously advantaging the
deprived eye. This process reflects homeostatic short-term
ocular dominance plasticity of the adult human visual
cortex that could be mediated by a change in cortical
excitability, and strongly indicates that the capability of the
primary visual cortex to be modified by visual experience
is not restricted to the critical period (Wiesel & Hubel,
1963; Berardi et al. 2000), but persists through adulthood.
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