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Adult Cortical Plasticity Studied with Chronically Implanted
Electrode Arrays
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The functional architecture of adult cerebral cortex retains a capacity for experience-dependent change. This is seen after focal binocular
lesions as rapid changes in receptive field (RF) of the lesion projection zone (LPZ) in the primary visual cortex (V1). To study the dynamics
of the circuitry underlying these changes longitudinally, we implanted microelectrode arrays in macaque (Macaca mulatta) V1, eliminating the possibility of sampling bias, which was a concern in previous studies. With this method, we observed a rapid initial recovery in
the LPZ and, during the following weeks, 63– 89% of the sites in the LPZ showed recovery of visual responses with significant position
tuning. The RFs shifted ⬃3° away from the scotoma. In the absence of a lesion, visual stimulation surrounding an artificial scotoma did
not elicit visual responses, suggesting that the postlesion RF shifts resulted from cortical reorganization. Interestingly, although both
spikes and LFPs gave consistent prelesion position tuning, only spikes reflected the postlesion remapping.
Key words: cortical plasticity; experience-dependent plasticity; primary visual cortex; retinal lesions; topographic remapping

Introduction
The adult cortex adapts to alterations in sensory experience (Gilbert and Li, 2012). Such experience-dependent plasticity in the
sensory cortex is associated with perceptual learning (Crist et al.,
2001; Schoups et al., 2001; Li et al., 2004, 2006) and functional
adaptation to CNS damage. Experience-dependent reorganization of adult cortex has been documented in many sensory and
motor cortical areas, including somatosensory cortex (Kalaska
and Pomeranz, 1979; Merzenich et al., 1984; Calford and
Tweedale, 1988; Clark et al., 1988; Cusick et al., 1990; Allard et al.,
1991; Jones, 2000; Kaas et al., 2008; Chen et al., 2012), motor
cortex (Sanes et al., 1988), auditory cortex (Robertson and Irvine,
1989; Schwaber et al., 1993; Mühlnickel et al., 1998), and visual
cortex (Gilbert et al., 1990; Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992; Darian-Smith and Gilbert,
1994, 1995; Chino et al., 1995; Das and Gilbert, 1995; Schmid et
al., 1996; Calford et al., 2000, 2003; Baker et al., 2005; Giannikopoulos and Eysel, 2006; Baker et al., 2008; Keck et al., 2008; Dilks
et al., 2009; Masuda et al., 2008; Botelho et al., 2014). For the
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primary visual cortex (V1), when a circumscribed area of the
cortex is functionally deafferented by focal binocular retinal lesions, this area, called the lesion projection zone (LPZ), is initially
unresponsive to visual stimuli but over time regains visually
driven activity.
The circuit underlying the reorganization is likely to involve
the intrinsic long-range horizontal connections formed by the
axons of cortical pyramidal cells. The extent of these connections
matches the area of reorganization (Gilbert and Wiesel, 1979),
and after the lesion they undergo sprouting and synaptogenesis
(Darian-Smith and Gilbert, 1994; Yamahachi et al., 2009). Axonal sprouting could explain the recovery of visually driven activity of neurons inside the LPZ and the remapping of cortical
topography occurring months after the lesion. Indeed, studies
using two-photon microscopy and genetically engineered viruses
that label targeted cell populations revealed a massive reorganization in the horizontal connections of excitatory neurons projecting into the LPZ and inhibitory cells located within the LPZ
after sensory loss (Yamahachi et al., 2009; Marik et al., 2010;
Marik et al., 2014).
The shifts of receptive fields (RFs) after focal binocular retinal
lesions have been documented for time points immediately
after the retinal lesion and at 2 months after lesion (Gilbert
and Wiesel, 1992). To quantify the prevalence, extent, and
time course of cortical reorganization, we used chronically
implanted microarray electrodes for an unbiased approach to
examine the LPZ and surrounding cortical topography. We
designed an experimental approach that can systematically
assess the return of visually driven activity to multiple cortical
sites after retinal lesions, on a daily basis, and over an extended
period of time.
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Materials and Methods
Animal preparation and electrophysiology. Four adult male macaques
(Macaca mulatta) were used in this study. Retinal lesion experiments
were conducted on Monkey 1 and 2, whereas Monkey 3 and 4 were only
used for an experiment to measure V1 activity within an artificial scotoma. Each animal was implanted with a head post. After the animal
learned to fixate a fixation point on the computer monitor, we implanted
2 6 ⫻ 8 arrays of microelectrodes (Blackrock Microsystems; impedance:
100 – 800 k⍀ at 1 kHz; interelectrode spacing: 400 m) on the opercular
surface of the striate cortex in one hemisphere (see Fig. 1A). The length of
the electrodes was ⬃500 m, allowing for recordings from the superficial
layers. Neural signals were band-pass filtered (154 – 8.8k Hz for spikes
and 0.7–300 Hz for LFPs) and recorded using a multichannel signal
acquisition processor (Plexon). Multiunit activity was sorted manually
immediately before daily data collection using the waveform template
function of an online sorting program (Plexon) with the aid of an audio
monitor. To compare RF sizes between single and multiunits (see Fig.
1F ), an offline sorting algorithm [named single unit–multiunit (SUMU);
see Tankus et al., 2009; Fried et al., 2011; Chen et al., 2014] was used to
classify the recorded spike waveforms. This algorithm takes advantage of
the fact that single units have less variation in their spike waveforms than
those from multiunits and quantifies the amount of the variation
(smaller SUMU values are exhibited by single units). Based on their
SUMU distribution, the units with SUMU values that were ⬍3.0 were
defined as single units and the remaining signals were classified as multiunits (see Fig. 1F ). All procedures were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and with the approval of the Institutional Animal Care and Use Committee at the Rockefeller University.
Retinal lesions. Retinal lesions were made as described previously (Gilbert et al., 1990; Gilbert and Wiesel, 1992; Yamahachi et al., 2009). To
guide the placement of the lesions, we used an audio monitor to check
visually driven activity from electrodes of the implanted array while a
guide light from the opthalamic laser (Iridex) was pointed at the retina.
Once retinal lesions had been made in the appropriate locus, cortical cells
within the LPZ immediately became unresponsive to visual stimulation.
Typically, the diode laser delivered 300 mW for 800 –1000 ms.
Stimulus and behavioral protocols. Throughout a trial, the animal was
required to maintain fixation within an invisible circular window (1°
radius) centered on a 0.08° white fixation dot to obtain a liquid reward at
the end of the trial. Visual stimuli were presented by a VSG2/5 stimulus
generator (Cambridge Research Systems) and the experiment was controlled by a custom-made Windows program. Eye position was monitored by an infrared tracking system (Matsuda et al., 2000). To map the
RFs of V1 cells, black and white square-wave drifting gratings (3 Hz, 3
cycles/degree; 100% Michelson contrast) were presented inside an aperture on a gray background. The aperture, with its size 0.3° ⫻10° (width ⫻
height) and 10°⫻0.3° for horizontal and vertical position mapping, respectively, pseudorandomly changed its position across trials over the
clusters of RFs being recorded. After the lesion, a smaller aperture (typically 0.3°⫻1.5– 4°) was also used to map the RF location more accurately
by reducing possible contextual interaction. If a recording site had a
significant orientation tuning ( p ⬍ 0.05, ANOVA), the orientation of the
small aperture was matched to the preferred orientation for a more accurate measure of the RF position. The orientation preference was determined by using a circular patch of drifting gratings (10° diameter; 3 Hz,
3 cycles/degree) before the lesion, and an optimally oriented small aperture (0.3°⫻1.5– 4°) after the lesion. Nine equally spaced grating orientations between 0° and 180° were used. Each stimulus condition was tested
5–30 times. For natural scene stimulation, we used a database of 4000
uncompressed black and white pictures (van Hateren and van der Schaaf,
1998). One picture was randomly chosen for each trial. The visual stimuli
were presented for 600 ms, except for the grating stimuli to Monkey 1
(1000 ms was used).
Behavioral examination of visual scotoma. While the animal was fixating at a central white dot (0.08° diameter; 81% Michelson contrast), a
green dot (0.15° and 0.3° diameter for Monkey 1 and 2, respectively; 81%
contrast) was presented as a target after a uniformly random delay of
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391–1346 ms. The target appeared at a random location within an annular zone centered on the fixation point. This annular zone had an inner
radius of 1° and an outer radius of 10° for Monkey 1 and of 5° or 8° for
Monkey 2. A trial was defined as a hit and was rewarded if the animal
made an eye movement into a 1.5° circular region around the target
within 600 ms; if the animal did not make any saccadic eye movement
within this time window, a trial was regarded as a miss; the other cases
were excluded from further analysis. During a trial, the central white dot
remained on the screen so that it did not give any information about the
timing of the saccadic target. To determine the area of visual scotoma, a
miss rate [Nmiss/(Nmiss ⫹ Ncorrect)] was calculated for each nonoverlapping small visual field area (0.5°⫻0.5° and 0.2°⫻0.2° for Monkey 1 and 2,
respectively). A 2D map was constructed based on the miss rates at each
visual field location, which was then smoothened by a 2D Gaussian filter
(SD ⫽ 0.5° and 0.2° for Monkey 1 and 2, respectively). The area where the
miss rate was ⬎50% in the map was estimated using a MATLAB function
(contour.m).
Data analysis. All the analyses were performed using MATLAB. RF
position was tested by ANOVA and considered significant if the p-value
was ⬍0.05. Tuning curves were created by calculating the average firing
rates during the entire period of visual stimulation for each tested condition. The optimal RF position was determined by Gaussian fitting of
the tuning curve. A recording site was considered having a reliable RF
only if both the azimuth and elevation position tuning were significant.
The LFP signals during visual stimulation were analyzed by discrete Fourier transform and their power in the gamma range (30 – 80 Hz) was
calculated. For all peristimulus time histograms (PSTHs), the baseline
activity (average of 100 ms period before visual stimulus onset) was
subtracted, except Figure 3, B and C, for which baseline and visually
driven activities were compared. Comparisons of the position tuning
between prelesion and postlesion spike signals and between postlesion
spike and LFP signals were conducted only for the sites with a good
Gaussian fit, which was defined by the sum of squared residual of the fit
being ⬍300; to accommodate differences in firing rates between electrodes and those in numbers of tested positions between recordings, the
range of firing rate (and LFP power) was normalized to be 100 and the
sum of squared residual was divided by the number of the tested positions (because the residual would be larger if the data were bigger). How
this residual corresponds to the actual fit to the tuning curves can be seen
in Figure 7. The stability of postlesion RF positions (Fig. 8) was estimated
from azimuth position tuning experiments, which used the same stimuli
in both prelesion and postlesion. This analysis was conducted with electrodes (n ⫽ 39, 13, 18, and 4 electrodes for arrays 1– 4, respectively) that
had significant azimuth position tuning ( p ⬍ 0.05, ANOVA) with good
Gaussian fit (see above) in at least 3 recording sessions ranging from the
postlesion first to 13 th (Monkey 1) or 10 th week (Monkey 2).

Results
To measure the stability in RF size and position at identical cortical sites, we monitored neurons recorded with the electrode
arrays for a period of time before making retinal lesions in Monkey 1 and 2. The RFs were located in lower visual field and, for the
two arrays, were distributed into two distinct clusters (Fig. 1 B, C).
The average RF size, estimated as full-width-half-maximum
(FWHM) of a Gaussian fit to a position tuning curve (Fig. 1 D, E)
was ⬃0.5° in diameter (0.56 ⫾ 0.01°, mean ⫾ SEM), in agreement with previous studies examining superficial layers of macaque V1 at similar eccentricities in the visual field (Crist et al.,
2001; Chen et al., 2014). In this and subsequent results, we analyzed both single and multiunit recordings. Single units were
characterized by SUMU analysis (Tankus et al., 2009; Fried et al.,
2011; Chen et al., 2014), which takes into account variation of
spike waveforms. Using a criterion SUMU maximum value of
3.0, we were able to include 86 single units to establish baseline
values of RF size and position, as well as 95 multiunit recordings.
The RF size was not significantly different between single and
multiunits ( p ⫽ 0.06, two-sided t test; single-unit: 0.590 ⫾ 0.02°,
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Figure 1. ImplantedelectrodesandRFs.A,Twoimplanted6⫻8microelectrodearraysinV1oftherighthemisphereofMonkey2.A,Anterior;R,right.B,C,CentersofthereceptivefieldsofprelesionV1cells
are shown for each animal. Each circle corresponds to the average RF center of each electrode across days. Dotted lines indicate horizontal and vertical meridians. For Monkey 1, the arrays were implanted in the
left hemisphere. D, E, Azimuth position tuning. Each plot corresponds to each electrode of the arrays (D: Monkey 1, E: Monkey 2), showing the average firing rates (across trials) to an aperture of gratings as a
function of its azimuth position. Black-filled tuning curves are statistically significant (1-way ANOVA with a factor of position, p ⬍ 0.05). The boxes indicate electrodes without spiking activity. The arrows at
bottomleftindicatethedistributiondirectionsoftheprelesionRFsinthevisualfield.F,UnitclassificationandRFsize.Top,HistogramshowingSUMUvaluesfortheunitspresentedinDandE.Thedistributionwas
bimodal (p ⫽ 0.001, Hartigan’s dip test). Single units were defined as those with SUMU ⬍ 3.0. The rest were as multiunits. Bottom, Relationship between SUMU and RF size.

n ⫽ 86; multiunit: 0.542 ⫾ 0.01°, n ⫽ 95), indicating the lack of
scatter in RF position at each recording site. The similarity between multiunit and single unit data indicated that there was little
RF scatter caused by signal isolation itself; therefore, we pooled

the data. The mapped RF locations were stable for the period
between the implantation of the array and the placement of the
lesion, which was 5 weeks for Monkey 1 and 3 weeks for Monkey
2 (Fig. 2). For each electrode, the variation in RF location mea-

Abe et al. • Adult Cortical Plasticity after Retinal Lesion

Elevation (deg)

A

-3.4
-3.5
-3.6

-3.50 ± 0.043
1.57 ± 0.073
1.5

1.6

1.7

Azimuth (deg)
Monkey 1

B

0.04 0.07
40

Frequency

Azimuth (N=86)
Elevation (N=86)

0
0

0.3
0.1
0.2
Standard deviation (deg)
Monkey 2

C

0.05 0.06
40

Azimuth (N=95)
Elevation (N=95)

Frequency

sured at multiple time points over this period was quantified as
SDs separately for the azimuth and elevation (Fig. 2A). The median SD of RF position was 0.04 – 0.07° (Fig. 2 B, C), indicating
high stability in measured RF position over extended periods
of time.
To assess the baseline extra-RF influences before making retinal lesions, we measured the responses of neurons to visual stimuli when a portion of the visual field including the RFs was
occluded acutely. The stimuli included gratings and natural
scenes within which a gray occluder overlapping with the neurons’ RFs obscured a portion of the stimulus (Fig. 3 A, D). This
gives a sense of the distance from the RF center where different
kinds of stimuli can activate the neurons and allows one to differentiate between preexisting lateral inputs and those involving
reorganization. In the absence of an occluder, V1 neurons were
strongly activated when a drifting grating was presented at their
preferred locations. For example, in Monkey 2, the average firing
rate of the recording sites during 1000 ms of visual stimulation
period was 61.0 ⫾ 3.2 spikes/s (mean ⫾ SEM), whereas the average firing rate during the preceding 100 ms presentation of a
uniform gray field was 17.4 ⫾ 1.6 spikes/s (Fig. 3B, gray curve
before time 0). The firing rates were significantly different ( p ⫽
5.8 ⫻ 10 ⫺22, Mann–Whitney U test, n ⫽ 90). We then measured
the responses of neurons when we placed an occluder consisting
of a gray circular patch (2.5° radius), with luminance matched to
the background, centered on the RF locations. When this artificial scotoma was present, the drifting grating produced no significant change in activity above spontaneous levels (Fig. 3B, red
curve; 19.1 ⫾ 1.9 spikes/s stimulating with the grating surrounding the occluder vs 17.7 ⫾ 1.6 spikes/s with a uniform gray field;
p ⫽ 0.87). We repeated this analysis in the same animal after
placing a retinal lesion (see below). In addition, we obtained
results in one nonlesioned animal (Monkey 3, Fig. 3C) to confirm
the absence of responses when the RF is placed within the occluder (18.4 ⫾ 2.0 spikes/s grating with occluder vs 21.5 ⫾ 1.9
spikes/s with the uniform gray field; p ⫽ 0.20, n ⫽ 44).
The definition of the RF, and the measure of its extent, is
dependent on the stimulus used. A simple stimulus such as short
oriented line segment or a grating patch gives a measure referred
to as the minimum response field. Beyond that region, there are
modulatory effects that influence a neuron’s response, but cannot by themselves activate the neuron above threshold. However,
certain stimuli with multiple components or extended contours
flanking the RF could activate a neuron. Such interactions may
mediate perceptual fill-in. One may ask whether more naturalistic stimuli with rich stimulus context could activate a neuron
even when its minimum response field is contained within an
occluder. To test this idea, we examined the responses of neurons
to natural scene images as an occluder was placed in different
positions relative to the RF (Fig. 3D–F ). For Monkey 2 and another nonlesioned animal (Monkey 4), the evoked activity (the
average firing rates during the 600 ms period of stimulation subtracted by those during 100 ms preceding the stimulation) was
highly dependent on the position of the RF within the occluder
(Figure 3E: p ⫽ 4.16 ⫻ 10 ⫺34, F(6,317) ⫽ 37.3, ANOVA; Figure 3F:
p ⫽ 1.22 ⫻ 10 ⫺13, F(5,132) ⫽ 18.1). When the occluder covered
the RFs the firing rates were significantly reduced ( p ⬍ 0.05,
Tukey’s HSD test). Notably, when the RFs were centered within
the occluder, the responses were not significantly different from
the baseline.
Having established the degree to which neurons can be activated when their RFs are placed acutely within an occluded region of the visual field, we next turned to monitor the changes in
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Figure 2. Stability of prelesion RF locations. A, Stability of RF location of a single electrode across days. Each dot indicates the RF center of an electrode from Monkey 1 examined on a particular day. The cross indicates the average location and ⫾1 SD for azimuth
and elevation. B, C, Distributions of the SDs of the RF locations for individual electrodes
across weeks of recordings. The medians of the distributions were indicated by the triangles and the numbers at top.
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Figure 3. Visual stimulation with an artificial scotoma in normal animals. A, D, Examples of visual stimulation using grating aperture (A) and natural scene (D) stimuli with an occluder. A gray
filled circle (2.5° radius, same luminance as background) was positioned at a single or multiple locations in the visual field. The dotted circle in A indicates that the occluder was invisible and is shown
for an illustrative purpose. B, Average PSTHs across electrodes in Monkey 2 when a grating aperture (10° ⫻ 0.3°, height ⫻ width) with upward drifting gratings (3 cycles per degree, 3 Hz) was
presented with (red) or without (black) the occluder. Before averaging across the electrodes, the PSTHs were computed for each electrode from the trials where the grating aperture was presented
at the preferred location, which was determined from the position tuning curve when the occluder was absent. Shown in left are the RF centers of the recorded V1 sites (black dots) and the occluder
location (red dotted circle) relative to the animal’s fixation spot (top right corner). One tick on the axes is one degree. C, Same as in B except that each of the two implanted arrays was tested separately
by centering the occluder on either of the two RF clusters (red and blue) when testing under the occluded condition. This experiment was done on Monkey 3. E, F, Average PSTHs to natural scene
stimuli with or without an occluder obtained from Monkey 2 (E) and Monkey 4 (F ). In these experiments, the occluder was placed at several locations. The PSTHs were computed for each electrode
and for each occluder location and averaged separately depending on the distance (d) between the RF and occluder centers. OUT and IN indicate the groups of RFs outside or inside of the occluder,
respectively. The average activity during a 100 ms period before stimulus onset was subtracted. The PSTHs were smoothened by applying a Gaussian kernel (SD ⫽ 20 ms). Shade indicates ⫾1 SEM.

RF position and size during chronic conditions of local functional deafferentation. We made binocular retinal lesions at corresponding retinotopic locations in the two eyes. A postmortem
examination of Monkey 2 revealed that, within the lesion, the retinal
photoreceptor layer was confirmed to be destroyed. The retinal ganglion cell layer was intact toward the periphery of the lesion, but was
destroyed toward the center (Fig. 4A). The extent of the lesion
was initially mapped by back-projecting retinal landmarks and
points along the lesion boundary through a fundus camera. On
subsequent days, we made a more precise map of the lesion by
having the animals perform a behavioral test (see Materials and
Methods), which revealed a clear visual scotoma in each monkey
(Fig. 4 B, C). The visual scotomas were oval in shape and their
sizes were ⬃6° by 4°. As shall be seen later, array 2 in Monkey 1
and array 4 in Monkey 2 were well inside the LPZ, array 1 in
Monkey 1 was immediately outside the LPZ boundary, and array

3 in Monkey 2 was just inside the LPZ boundary. These placements provided internal controls when examining the visual activity in the LPZ over time.
Recordings were made on a daily basis after the placement of
the lesions. When neurons could be activated by visual stimuli,
we determined the RF positions along the horizontal axis (azimuth position, Fig. 5). For the arrays centered in the LPZ, 89%
(34/38; array 2 in Monkey 1) and 63% (25/40; array 4 in Monkey
2) of the electrodes had visually driven responses with significant
azimuth position tuning ( p ⬍ 0.05, ANOVA). Similarly, for the
array in peri-LPZ and that on LPZ boundary, 100% (39/39; array
1 in Monkey 1) and 89% (41/46; array 3 in Monkey 2) of the
electrodes, respectively, had significant azimuth position tuning.
Using the SUMU index (see Materials and Methods), most of the
postlesion units with significant position tuning were classified as
single units (39/39, 29/34, 41/41, and 25/25 for arrays 1– 4, re-
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Figure 4. Retinal lesion and visual scotoma. A, Cross-section of retina showing the lesion
(Monkey 2). The lesion extends between the arrows, which indicate the boundary between the
intact photoreceptor layer and the lesioned zone. Within the lesion, a portion of the retinal
ganglion cell layer is intact, but is destroyed toward the center of the lesion. The thick black
tissue on top is the choroid and one can see photoreceptor outer segments extending between the
outer nuclear layer and the choroid. B, C, Visual scotomata in Monkey 1 (B; n ⫽ 4623) and Monkey 2
(C;n⫽24352)revealedbyabehavioraltest.Thedotsindicatethetargetlocationswheretheanimals
made correct eye movements (black) and failed to respond (red), respectively.

spectively). We compared RF sizes prelesion and postlesion (cf.
Fig. 1 D, E, Fig. 5) for recordings sites with a good Gaussian fit (see
Materials and Methods). The same grating stimulus was used for
RF mapping and thus permitted a direct comparison. The postle-

sion RF sizes were approximately doubled (median, prelesion vs
postlesion: 0.50 vs 1.03, 0.53 vs 2.11, 0.63 vs 0.93, and 0.58 vs 1.15
for arrays 1– 4 respectively; p ⬍ 10 ⫺12, p ⬍ 10 ⫺5, p ⬍ 10 ⫺6, and
p ⫽ 0.14, Mann–Whitney U test, n ⫽ 37, 19, 34, and 10). We also
compared the prelesion and postlesion orientation tuning for
those units with significant tuning curves ( p ⬍ 0.05, ANOVA)
and with RF shifted by ⬎1° (arrays 2 and 4). This included eight
recording sites. The preferred orientations were similar at prelesion and postlesion RF locations. The changes in the preferred
orientations were 5.0 ⫾ 12.7° (mean ⫾ SEM), which were not
statistically different from zero ( p ⫽ 0.72, two-sided t test). These
results suggest that, after the lesion and subsequent recovery of
visually driven activity, RFs maintained their original orientation
preference. In addition, the tuning width measured as the SD of
fitted Gaussian was unchanged. They were 22.5 ⫾ 2.7° (prelesion) and 21.7 ⫾ 4.7° (postlesion), which were not significantly
different ( p ⫽ 0.90, two-sided paired t test).
In addition to azimuth position tuning, we measured the elevation position tuning of recording sites and tested the statistical
significance with ANOVA ( p ⬍ 0.05). For neurons located within
the LPZ, their RFs shifted to visual field positions above and
below the LPZ (Fig. 6). The average extent of the shift was 3.79 ⫾
0.17° and 2.03 ⫾ 0.18° for array 2 in Monkey 1 and array 4 in
Monkey 2, respectively. Importantly, for each animal, the extents
of these postlesion shifts were significantly larger than the prelesion session-by-session fluctuations (SD) of the RF positions at
the same V1 sites ( p ⬍ 10 ⫺15 and p ⬍ 10 ⫺7 for Monkey 1 and 2,
respectively, paired t tests; Figs. 2, 6; for prelesion, the SD in radial
distance from the mean position was calculated for each site).
Some of the recording sites had two RFs located on either side of
the LPZ, as reported in previous studies (Gilbert and Wiesel,
1992; Calford et al., 2000), regardless of single or multiunits. This
is also evident in azimuth position tuning (Figs. 5, 7) in which
some electrodes from array 2 had clear bimodal peaks. Therefore,
the great majority of neurons originally located within the LPZ
shifted their RFs to positions outside the LPZ. One of the shifted
RFs from array 4 still resided in the LPZ, which is likely due to a
small region that was spared by the lesion, as reflected in the
behavioral mapping (Fig. 4C). The size of the RF shifts were
smaller for array 3 in Monkey 2 located just inside the LPZ
boundary (average shift: 0.52 ⫾ 0.04°; Fig. 6B) than for array 2 in
Monkey 1 and array 4 in Monkey 2 located at the LPZ center ( p ⫽
5.3 ⫻ 10 ⫺12, Mann–Whitney U test). The RFs of the array located
immediately outside of the LPZ (array 1 in Monkey 1) showed a
small shift toward the LPZ (average shift: 0.37 ⫾ 0.02; Fig. 6A),
which may reflect retinal contraction due to the lesion. Alternatively, the shift of RFs to locations just within scotoma boundary
(array 1) may be accounted for by short distance migration of
photoreceptors into the lesion (Sher et al., 2013). As a consequence, the outward shifts seen in the other arrays may represent
an underestimate of the degree of the actual magnitude of RF
shifts and of the degree of cortical reorganization.
To examine the nature of the RF shifts, we studied the dynamics of the postlesion RFs. The postlesion RF positions were stable
as in prelesion experiments (Fig. 7) over the period of postlesion
recording (up to 13 weeks, median of SD: 0.08°, 0.11°, 0.08° and
0.08° for array 1– 4; Fig. 8A) and remained in the same shifted
positions once visually driven activity returned, even though the
postlesion RFs sometimes appeared and disappeared during the
period of recovery (Fig. 7). We found no relationship between
the time elapsed postlesion and the position of the shifted RFs in
any of the arrays (Fig. 8B). Among the sites with significant azimuth position tuning across 3 weeks or more (n ⫽ 74), only 6
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Figure 5. Postlesion azimuth position tuning. A, B, Same format as in Figure 1, D and E, but for postlesion. The boxes indicate electrodes without spiking activity; the single traces indicate that
the tuning curve was not statistically significant (ANOVA, p ⬎ 0.05). These activities were recorded 8 –13 weeks (arrays 1 and 2) or 5–10 weeks (arrays 3 and 4) after the lesion.
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Figure 7. Postlesion position tuning showing stability of RF position after recovery. Azimuth position tuning curves are shown for individual weeks for three sample V1 sites (A–C, respectively)
within LPZ. The recorded week and p-value from 1-way ANOVA with a factor of position are shown at the top of each panel. The red and gray curves indicate the tuning curves (mean across trials)
with the color indicating its statistical significance of the ANOVA (red if p ⬍ 0.05, gray otherwise). The shading indicates ⫾1 SEM. The blue curves indicate Gaussian (Figure legend continues.)
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sites had significant correlation between the time elapsed and the
shifted positions ( p ⬍ 0.05). This number was not significantly
different from that expected by chance ( p ⫽ 0.17, binomial test).
Before making the lesion, for the 600 ms period of natural
scene stimulation, neurons responded with an initial transient
burst of activity that rapidly peaked within 100 ms after stimulus
onset, followed by a gradual decay (Fig. 9A, left column). For
Monkey 1 (with array 1 just outside the LPZ boundary and array
2 inside the LPZ), after the retinal lesion, the PSTHs of V1 neurons showed a distinct time course: the initial transient activity
largely diminished in the first and second weeks after the lesion
and the delayed component was stable (Fig. 9A, right column).
For neurons in the LPZ (array 2 in Fig. 9A), the delayed component largely disappeared by the third and fourth weeks, then
recovered over the subsequent weeks, but left the initial transient
activity still greatly reduced. For neurons located outside the LPZ
boundary (array 1 in Fig. 9A), the delayed component also decreased to a minimum by the third and fourth weeks and then
recovered and the initial transient activity recovered over time as
well. For Monkey 2 (with arrays 3 just inside the LPZ boundary
and array 4 well within the LPZ), the V1 activity peaked slightly
later and showed a triphasic activity pattern different from the
prelesion activity.
Similar recovery patterns were seen in response to the grating
stimulus. For the neurons in the LPZ of Monkey 1 (array 2 in Fig.
9B), the initial transient activity was clearly seen before making
the lesion, but it was lost after the lesion. Instead, there was a
delayed activity after stimulus onset, which gradually diminished
and was almost lost at 7 and 8 weeks postlesion, emerged again at
9 and 10 weeks, and was maintained afterward. For the neurons
located at peri-LPZ (array 1 in Fig. 9B), the initial transient response was retained. But even here, the activity markedly fluctuated during the recovery, similar to those neurons in the LPZ. For
Monkey 2 (with arrays 3 and 4 within the LPZ), the population
PSTHs from both arrays showed reduced delayed components
compared with the prelesion activity; the fluctuation of the PSTH
across weeks was also increased.
After the lesion, LFP signals also showed marked changes. A
drifting grating stimulus evoked an initial transient negative peak
(⬃50 ms) before making the lesion (Fig. 10A), whereas it was lost
or largely diminished after the retinal lesion in arrays that were
located within the LPZ (arrays 2, 3, and 4 in Fig. 10B). Conversely,
the delayed positive and negative components were still present,
but diminished. Importantly, the relationship between spiking
activity and LFP signals changed. This was evident in the position
tuning of these signals. The azimuth position tuning curves of
spikes and LFP signals recorded from an identical electrode are
shown in Figure 10C. Before making the retinal lesions, there was
a close correspondence between the positional tuning of spikes
and of gamma band (30 – 80 Hz) activity of LFP signals. However,
4
(Figure legend continued.) functions fitted to the tuning curves with four parameters corresponding mean, SD, amplitude, and offset. The black curves show the average Gaussian functions fitted to the prelesion tuning curves (Gaussian mean and SD were averaged across days),
with its peak matched to each tuning curve by changing the amplitude and offset proportionally. The numbers in blue in each panel (except for the data having obvious bimodal peaks)
indicate the center and FWHM (in parentheses) of the fitted Gaussian function and the sum of
squared residual (SSR) of the fit after normalizing the range of the data to 100 and dividing by
the number of fit points; smaller value corresponds to better fit. The boxes with X’s indicate the
absence of spiking activity. D–F, Examples of spike waveforms (left; mean ⫾ SEM) and interspike interval histograms (right; 1 ms bin) with SUMU values (top) recorded in postlesion 11 th,
eighth, and first week for the same V1 sites shown in A–C, respectively.

this correspondence was largely lost after the lesion, as seen in the
correlation coefficient between the spike and LFP tuning curves.
The correlation coefficient for the example shown was 0.75 prelesion ( p ⬍ 10 ⫺3) and 0.15 postlesion ( p ⬎ 0.3). We calculated
correlation coefficients between the spike and LFP tuning curves
for each electrode in each recording session. Figure 10D shows
the histogram of the correlation coefficients for the population of
recording sites over time. As with the example site, before the
lesion, LFP tuning curves were highly correlated with the spike
tuning curves (median r: 0.90, 0.79, 0.71, and 0.53 for arrays 1– 4,
respectively). The postlesion correlations became substantially
weaker (median r: 0.65, 0.19, 0.25, and 0.20; significantly smaller
than prelesion values, p ⫽ 1.3 ⫻ 10 ⫺49, 3.0 ⫻ 10 ⫺95, 3.5 ⫻ 10 ⫺71,
and 9.2 ⫻ 10 ⫺49, Kormogolv–Smirnov test), with a prominent
reduction in LPZ (arrays 2– 4). The decreased correlations between spike- and LFP-based position tuning curves were mainly
due to a loss of tuning in the postlesion LFP signals. For the V1
sites that had significant position tuning both in spike and LFP
signals ( p ⬍ 0.05, ANOVA; Fig. 5), we compared Gaussian function fitting with the tuning curves. The tuning curve was significantly broader in the LFP signals in the arrays 2 and 4 located well
within LPZ ( p ⫽ 0.11, p ⬍ 0.001, p ⫽ 0.09, p ⬍ 0.01 for arrays
1– 4, respectively, Mann–Whitney U test; FWHM in degree, spike
vs LFP: 1.03 vs 0.85, 1.35 vs 3.35, 0.93 vs 1.56, and 1.15 vs 2.09;
n ⫽ 39, 21, 34, and 10 for spike; n ⫽ 37, 14, 4, and 21 for LFP).

Discussion
Using chronically implanted electrode arrays, we were able to
provide a quantitative and longitudinal measure of the functional
recovery in the cortical LPZ after retinal lesions. The great majority of sites within the LPZ showed recovery of visually driven
responses, indicating the extent, prevalence, and robustness of
the recovery. One concern about the previous studies using extracellular recording was the possibility of sampling bias toward a
subpopulation of neurons with RFs outside the lesioned area
(Smirnakis et al., 2005). Here, there was no such sampling bias
because we used implanted microelectrode arrays and the extent
of reorganization within the LPZ was consistent with previous
studies. In addition, the placement of the electrode arrays allowed
us to establish internal controls and to differentiate effects occurring at V1 sites recorded in the peri-LPZ, those located just inside
the LPZ boundary, and those more centrally located within the
LPZ (Figs. 4, 6). The boundaries of the lesions, and their cortical
representations, were established by combining behavioral mapping of the scotoma and prelesion and postlesion array recordings. The lack of scatter of RF position measured before the lesion
and the absence of responses when RFs are placed acutely within
an occluder demonstrate that the large RF shifts resulting from
the lesion represent genuine plasticity. Further, the visually
driven activity observed after recovery could not be attributed to
the survival of a small number of V1 cells with very large RFs
because the limit of RF size measured from single and multiunit
activity is too small to account for the observed RF shifts in the
LPZ.
Another intriguing aspect of our findings is the time course of
recovery. Within the first week after the lesion, there is a transient
recovery of visually driven activity in the LPZ, followed by a
period of a decrease in activity lasting a few weeks and then a
return to visual responses with clearly shifted RFs. By the final
time point, 2–3 months after the lesion, 60 –90% of the sites had
significant position tuning. The time course of the PSTHs also
showed a distinct signature in which the recovery was seen in the
delayed component of the visual responses and the early compo-

Abe et al. • Adult Cortical Plasticity after Retinal Lesion

J. Neurosci., February 11, 2015 • 35(6):2778 –2790 • 2787

A
10

Array 1 (N=39)

Frequency

Array 2 (N=13)
Array 3 (N=18)
Array 4 (N=4)

0

0

0.1

0.3

0.2

0.4

0.5

0.7

0.6

1

0.9

0.8

Standard deviation (deg)

B

Array 1

Array 2

3

Array 3

4

Array 4
-1.4

Azimuth (deg)

-2

-4

-1
1

13

-4
1

13

-2.2
1

9

1

9

Week

Figure 8. Stability of the postlesion position tuning. A, Histogram showing the SDs of postlesion azimuth position tuning. Medians are indicated by the triangles for each array. B, Azimuth
position tuning as a function of postlesion time elapsed. The dots indicate azimuth position tuning estimated in each measurement. The lines are linear regression fit to the measurements for each
electrode. The color of the lines indicates statistical significance of the correlation between azimuth position and time elapsed (red: p ⬍ 0.05, gray: N.S.). Only electrodes that had significant azimuth
position tuning across 3 weeks or more are included in A and B ( p ⬍ 0.05, ANOVA).

A
Array 1
Firing rate
(spikes/s)

week
12
34
56
78
9 10
11 12
13 14

B
Pre-lesion
25

8

0

0
0

Array 2

Post-lesion

600

Firing rate
(spikes/s)

0
Firing rate
(spikes/s)
Firing rate
(spikes/s)

600

0
0

1000

600

0

1000

15

60

25

0

0

0

0

600

0

600

0

30

6

60

0

0

0

0

600

0

600

1000

0

1000

0

0
0

0
20

60

30

0

Array 4

600

0

0

Post-lesion
20

0
0

5

25

Array 3

Pre-lesion
60

600

0

600

0

600

20

0
0

600

Time after stimulus onset (ms)

Figure 9. Changes in time course of neuronal responses over recording period. A, Average PSTHs for natural scene stimulation, shown separately for each array (row) and for prelesion and
postlesion (columns). The PSTHs were constructed and color-coded for groups of electrodes according to the recording period after array implantation or the retinal lesion. All functional electrodes
were analyzed. The PSTHs were smoothened by applying a Gaussian kernel (SD ⫽ 20 ms). Shade indicates ⫾1 SEM. Baseline activity (averaged during a prior 100 ms period) was subtracted. B,
Average PSTHs for grating stimulation. A grating drifting vertically within an aperture (10° ⫻ 3°; height ⫻ width) was presented at each recording site’s preferred azimuth position. Only electrodes
that had activity significantly modulated by grating positions ( p ⬍ 0.05, ANOVA) were included.

Abe et al. • Adult Cortical Plasticity after Retinal Lesion

2788 • J. Neurosci., February 11, 2015 • 35(6):2778 –2790

A

Array 1

Pre-lesion

Array 2

Array 3

Array 4

week
12
34
56

LFP (uV)

300
0
-300
0

B

600

0

600

0

600

0

600

Time after stimulus onset (ms)

Post-lesion

week
12
34
56
78
9 10
11 12
13 14

LFP (uV)

150
0
-150
0

600

0

600

0

600

0

600

Time after stimulus onset (ms)

6

4
0
-1

0

1

2

3

1.8

20

-4 -2

0

2

4

Azimuth (deg)

6

2

1.6
15

LFP power (mV )

-4

10

post-lesion
r=0.15, p>0.3

Frequency
(electrodes x session)

12

Frequency
(electrodes x session)

-4

10

2

Firing rate (spikes/s)

D

pre-lesion
-3
r=0.75, p<10

LFP power (mV )

Firing rate (spikes/s)

C

Array 1

Array 3

0.66 0.90

150

0.25 0.71

100
pre-lesion
post-lesion

0

0
Array 2

0.26

Array 4 0.20 0.53

0.79

100

150

0

0
-1

0
r spike-LFP(gamma)

1

-1

0

1

r spike-LFP(gamma)

Figure 10. LFP and its relation to spike tuning. A, B, LFP time course to grating stimulation. For each electrode, the average LFP time courses were calculated from the trials where a vertical drifting
grating (10°⫻3°; height ⫻ width) was presented at the preferred position, which was determined by the spike tuning curve. Shown are the grand average LFP time courses across electrodes,
calculated for each group of weeks after array implantation (A: prelesion) and after the retinal lesion (B: postlesion). C, Examples of spike and LFP tuning curves of a single electrode. The average firing
rate and LFP power in the gamma range (30 – 80 Hz) are presented as a function of grating position in a recording session before (top) and after (bottom) making the retinal lesion. Correlation
coefficients between the spike and LFP (gamma) tuning curves are also presented. D, Histograms showing the distribution of correlation coefficients between the spike and LFP (gamma) tuning
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nent only returned for sites near the LPZ boundary. This is reminiscent of the time course of contextual influences seen in
normal visual cortex, where responses related to extended contours and texture discontinuities emerge with a delay after the
initial visual response (Lamme, 1995; Roelfsema et al., 1998; Li et
al., 2001, 2006), suggesting that they may come from a common
source. As for the stronger responses in the initial period of recovery, we speculate that these might arise from an altered excitatory/inhibitory balance within V1 circuits, which can affect
contextual interactions (Ozeki et al., 2009; Piëch et al., 2013) as
well as rapid changes in the axonal arbors of excitatory and inhibitory neurons. A two-photon in vivo study showed that a retinal lesion triggered, within the first week, an ⬃2-fold outgrowth
of axons toward the center of the LPZ in monkey V1, followed by a
parallel process of pruning and sprouting, with a net increase relative
to prelesion levels (Marik et al., 2010; Yamahachi et al., 2009).
Although the arrays are subject to limitations of the duration
over which they provide recordable activity, we were able to make

observations over ⬃4 –5 months after implantation. For the two
arrays in the LPZ in both animals, 63– 89% of the V1 sites showed
recovery of visual responses, with significant azimuth position
tuning after the lesion (Fig. 5). Within the time window allowed
by the array recordings, we also identified their vertical position
tuning, which, together with the azimuth measurements, enabled
us to determine the magnitude and direction of shift in RF position induced by the lesion. About half of the V1 sites recorded
from the functional electrodes located near the center of the LPZ
(24/35 sites from array 2 in Monkey 1 and 16/33 sites from array
4 in Monkey 2) had shifted RFs (Fig. 6). The extent of such RF
shifts was ⬃3°. These were significantly larger than those of the
V1 sites recorded from the array slightly inside the LPZ (⬃0.5°;
array 3).
The extent of the shifts in RF position is consonant with the
extent of the horizontal connections. For array 3 in Monkey 2,
which was located around the LPZ boundary, the observed mean
shift was ⬃0.5°. This might indicate that the recorded V1 sites
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received visual inputs from V1 sites ⬃1.5 mm away, based on the
V1 magnification factor (estimated as 2.9 mm/degree at the eccentricity of the array, ⬃3°; Van Essen et al., 1984). This cortical
distance is well within the spread of horizontal connections (⬃4
mm in radius in normal V1, Stettler et al., 2002). However, for
longer shifts, there may be multiple scenarios. For example, the
upward RF shifts seen from array 2 in Monkey 1 were ⬃4°. Using
a similar calculation, the cortical distance between the prelesion
RF location of a V1 site and its postlesion location would be ⬎6.5
mm, given the magnification factor (1.62 mm/degree at 5° eccentricity) and that the magnification factor should be larger in the
shifted RF locations at smaller eccentricities. This would suggest
either that the reorganization is mediated by multiple nodes in
the network of horizontal connections or that the area covered by
the horizontal connections might enlarge.
After the retinal lesion, the initial transient activation in response to both natural scenes and to drifting gratings was lost in
the LPZ (Fig. 9), likely reflecting the loss of direct visual input
from the damaged part of the retina via feedforward interlaminar
cortical connections. Because the horizontal connections in normal V1 tend to connect neurons with a similar orientation preference (Stettler et al., 2002), the preservation of orientation
preference after retinal lesions seen here and previously (Das and
Gilbert, 1995; Calford et al., 2000) suggests again the involvement
of layer 2/3 horizontal connections in cortical reorganization in
V1. Computational simulations show that V1 reorganization mediated by horizontal connections can engender perceptual fill-in
across scotomas (McManus et al., 2008), which may account for
perceptual fill-in reported by subjects with retinal lesions. By
strengthening preexisting connections that are involved in contour integration, the reorganization may entail a change of horizontal connections from a subthreshold to a suprathreshold role
and the consequent shift in RF position.
Both the short- and long-term recovery of visually driven activity cannot be accounted for by normal RF organization and
therefore requires cortical plasticity and topographic reorganization. First, the RFs at any recording site show little scatter and are
remarkably constant from day to day (SD ⬃0.05°; Fig. 2). Second,
they are limited in extent and, at the eccentricity studied, their
activation requires stimulation within an area a half degree in
diameter. The occluder experiment shows that, for both the grating and natural stimuli, cells do not respond when the RF is
acutely occluded (Fig. 3). The extent of RF shifts is therefore
much larger than what one can expect by the normal extent of RF,
even when defined by complex stimuli or by scatter.
The altered relationship between spiking and LFP activity before and after the lesion gives an insight into the source of the LFP
signal. Although the two show similar tuning to stimulus position
before the lesion, the LFP power is reduced and shows little positional tuning after the lesion (Fig. 10C). This may reflect the
idea that the source of the LFP signal in the normal cortex comes
from neuronal inputs (subthreshold activity) rather than outputs
(manifested by spiking activity; Logothetis et al., 2001). This may
also explain some of the discrepancies between fMRI (Smirnakis
et al., 2005; Masuda et al., 2008) and electrophysiological studies
(Eysel, 1982; Gilbert et al., 1990; Kaas et al., 1990; Heinen and
Skavenski, 1991; Gilbert and Wiesel, 1992; Darian-Smith and
Gilbert, 1994, 1995; Chino et al., 1992, 1995; Das and Gilbert,
1995; Schmid et al., 1996; Calford et al., 2000, 2003, 2005; Giannikopoulos and Eysel, 2006; Keck et al., 2008; Botelho et al., 2014)
because fMRI signals have a stronger relationship with LFPs than
with spiking activity (Logothetis et al., 2001). Nevertheless, some
fMRI work shows clear evidence for cortical reorganization after
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retinal lesions (Baker et al., 2005; Baker et al., 2008): parts of visual
cortex including V1 that normally respond only to central visual
stimuli are strongly activated by peripheral stimuli in subjects with
extensive bilateral central retinal lesions due to macular
degeneration.
The reorganization seen after retinal lesions, together with the
changes in cortical circuitry that closely track the functional
changes, suggests that functional recovery after CNS damage recruits a preexisting network of lateral cortical interactions that
play a role in contour integration in the normal visual cortex.
After retinal lesions, these same interactions can be strengthened
and allow neurons to recover visually driven activity, with the
potential benefit of mediating perceptual fill-in across the retinal
scotoma, and may account for the fill-in reported for individuals
with macular degeneration.
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