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SUMMARY

Outer retinal degenerative diseases, such as retinitis
pigmentosa (RP) and age-related macular degenera-
tion (AMD), are among the leading causes of incurable
blindness in theWestern world [1]. Retinal prostheses
have been shown to restore some useful vision by
electrically stimulating the remaining retinal neurons
[2]. In contrast to inherited retinal degenerative dis-
eases (e.g., RP), typically leading to a complete loss
of the visual field, in AMDpatients the disease is local-
ized to themacula, leaving the peripheral vision intact.
Implanting a retinal prosthesis in the central macula in
AMD patients [3, 4] leads to an intriguing situation
where the patient’s central retina is stimulated electri-
cally, whereas the peripheral healthy retina responds
to natural light stimulation. An important question is
whether the visual cortex responds to these two con-
current stimuli similarly to the interaction between two
adjacent natural light stimuli projected onto healthy
retina. Here, we investigated the cortical interactions
between prosthetic and natural vision based on visu-
ally evoked potentials (VEPs) recorded in rats im-
planted with photovoltaic subretinal implants. Using
this model, where prosthetic and natural vision infor-
mation are combined in the visual cortex, we
observed striking similarities in the interactions of nat-
ural and prosthetic vision, including similar effect of
background illumination, linear summation of non-
patterned stimuli, and lateral inhibition with spatial
patterns [5], which increased with target contrast.
These results support the idea of combinedprosthetic
and natural vision in restoration of sight for AMD
patients.

RESULTS

This work focuses on the interactions between natural and pros-

thetic vision. We have previously shown that the subretinal
implant results in local degeneration of photoreceptors above

the implant, while leaving the inner retina intact and the sur-

rounding retina unaffected [6] (Figure 1B). Therefore, this model

offers an opportunity to investigate the interactions between

prosthetic vision induced by near-IR (NIR) illumination of the

photovoltaic implant and natural visual responses of the sur-

rounding intact retina elicited simultaneously.

Effect of Background Illumination on Cortical
Responses to Prosthetic and Natural Vision Flash
Stimuli
As a first step, we studied the effect of visible light background

on cortical responses to prosthetic retinal activation and

compared it with natural visual stimulus of a similar shape pre-

sented to normally sighted animals (Figure 1A). To this end,

visible flashes with varying intensities were projected onto

healthy rat retina at three background illumination levels. Stim-

ulus size, pulse duration, and repetition rate were comparable

to those used for activating the retinal prosthesis. As shown in

Figure 1C, cortical responses to pulsed visible stimuli decreased

with increasing background illumination similarly to prosthetic

visual responses (Figure 1D). The effect of the background illumi-

nation on prosthetic visually evoked potential (VEP) amplitude

was found to be statistically significant (one-way ANOVA; p <

0.005) for NIR irradiance exceeding 0.25mW/mm2. This result in-

dicates similarities between the cortical processing of pulsed

natural and prosthetic stimuli on top of background illumination

and are in agreement with previous reports about such interac-

tions for natural [7] or combined natural and prosthetic vision [8].

Interactions of Cortical Responses to Combined
Prosthetic and Natural Vision Non-patterned Stimuli
The next step was investigating the interactions induced by

spatially uniform pulsed stimuli: flashes or contrast steps.

Thus, flash stimuli consisting of the 1-mm central disk and a

3.5-mm peripheral annulus (Figures 2A and 2B) were presented

at a repetition rate of 2 Hz. In rats with an implant, a central disk

was presented using NIR, whereas in normally sighted controls,

it was presented using visible light with similar temporal param-

eters. The response to the combined stimulus was compared to

the linear summation (LS) of the waveforms induced by the NIR

and visible stimuli presented separately (Figures 2C and 2D).
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Figure 1. Effect of Background Illumination

on Cortical Responses to NIR and Visible

Flash Stimuli

(A) Fundus image of a rat with an illustrated 1-mm-

diameter disk projected onto the retina using green

light-emitting diode (LED) (top left) or onto a sub-

retinal implant using NIR light (top right). Bottom

row: the same experiment with a uniform white

background illumination is shown.

(B) Fundus photo and optical coherence tomog-

raphy (OCT) image of a normal retina implanted

with subretinal prosthesis, which induced local

loss of photoreceptors above the implant.

(C) Natural vision. Top: representative cortical

signals in response to a visible flash stimulus

without the background (solid line) and with a light

background at two luminance levels (dashed and

dotted lines) are shown. Middle: normalized

average VEP amplitudes in response to visible

flash stimuli at various luminance levels, without

the background (solid line), and for two levels of

light background luminance (dashed and dotted

lines) are shown. The horizontal dashed line rep-

resents the noise level. Bottom: normalized VEP

amplitude as a function of the background illumi-

nation for a constant flash irradiance is shown.

Error bars represent the SEM.

(D) Prosthetic vision. Top: representative VEP

signals in response to NIR flash without the back-

ground (solid line) and with the background at two

luminance levels (dashed and dotted lines) are

shown. Middle: normalized average VEP ampli-

tude in response to NIR flash stimuli for varying

irradiance levels without the background (solid

line) and with the background at two luminance

levels (dashed and dotted lines) is shown.

The horizontal dashed line represents the noise

level. Bottom: normalized VEP amplitude as a

function of the background illumination for con-

stant NIR flash irradiance is shown. Error bars

represent the SEM.
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The deviation from linear summation, termed the ‘‘second order’’

response, was calculated by subtracting the linear summation

from the response to the combined stimuli, similar to [5].

As shown in Figures 2E and 2F, the amplitude of the cortical re-

sponses tocombinedstimuliwas similar to the linear summationof

the separate responses to natural vision and prosthetic stimuli (p >

0.5; one-wayANOVA) for bothprosthetic-visibleandvisible-visible

control. The ‘‘second order’’ (Figures 2C and 2D, right lower plot)

did not exceed the noise level, suggesting that neither facilitation

nor inhibition occurred between the responses to the central pros-

thetic and the surrounding natural stimuli. These results are in

agreement with previous studies of such interactions in natural

vision [8] and demonstrate the similarity of these interactions in

combined natural and prosthetic vision.

To investigate visual interactions for luminance steps, we pro-

jected solid stimuli of approximately 10 mm2 diameter in the pe-

riphery and 1 mm2 in the center, alternating between two levels

of irradiance. The VEP signals in response to an increase and

decrease in irradiance represent the ‘‘ON’’ and ‘‘OFF’’ responses

of the visual system, respectively [9]. The irradiance levels of the
2 Current Biology 30, 1–7, January 6, 2020
projected pair of stimuli were chosen to achieve luminance steps

of 100%, 50%, 25%, and 12.5% (Figures S3A and S3B), as

described in STAR Methods. As expected, a higher luminance

step resulted in an increase in the VEP amplitude for both natural

(Figure S3C) and prosthetic stimuli, with the latter saturating at a

lower step (Figure S3D) for ‘‘ON’’ and ‘‘OFF’’ responses. OFF re-

sponses were significantly smaller than ON responses for both

prosthetic and natural vision (Figures S3E and S3F). Furthermore,

the prosthetic response was significantly lower than the response

to the natural-light luminance step. The ON response step

threshold was 25% and 6% for prosthetic and natural vison,

respectively, revealing the significantly lower luminance step

sensitivity of prosthetic vision. Further analysis of the interactions

thus focused on the ON responses to luminance steps of 25%,

50%, and 100%. Figures 3C and 3D shows representative VEP

signals in response to stimuli with visible center, surrounding

annulus, calculated linear summation, and the ‘‘second order’’—

the difference between the combined response and LSof its com-

ponents. Figure 3D shows the same for the NIR stimulus in the

center. Signal amplitude in response to the combined center



Figure 2. Interaction of Cortical Responses

to Combined Natural and Prosthetic Flash

Stimuli

(A) Green light stimulation sequence consisting of 6

pulses (10ms, 2 Hz) for a 1-mmdisk, a surrounding

annulus, and two of them combined.

(B) A similar sequence with the disk illuminated by

NIR flashes.

(C) Representative VEP signals in response to 3

visible stimuli, as well as linear summation of the

two cortical responses and the ‘‘second order’’—

the difference between the responses to the

combined stimulus and linear summation (LS) of its

components. The horizontal dashed line repre-

sents the noise level.

(D) Representative VEP signals in response to NIR

and visible flashes, to their combination, a LS of the

two cortical responses, and the second order. The

horizontal dashed line represents the noise level.

(E) Average VEP amplitude as a function of the

center stimulus intensity at a constant intensity of

the surrounding annulus (10 mW/mm2), relative to

their LS. Error bars represent the SEM.

(F) Average VEP amplitude as a function of the NIR

flash intensity, with a constant intensity of the

surrounding visible annulus (10 mW/mm2), relative

to the amplitude of their linear summation (black

line). Error bars represent the SEM.
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and surround stimuli was found to be similar (p > 0.5; one-way

ANOVA) to linear summation of the responses to such stimuli pre-

sented separately for both visible (Figure 3E) and combined pros-

thetic and visible stimuli (Figure 3F). As with flash stimuli (Figures

2E and 2F), this result indicates the lack of lateral facilitation or in-

hibition for either natural or prosthetic targets in the center.

Interaction of Cortical Responses to Combined
Prosthetic and Natural Vision Patterned Stimuli
To investigate interactions between prosthetic and natural visual

responses to more complex stimuli, we applied alternating grid

patterns (Figures 4A and 4B; see STARMethods). Such patterns

are used to evaluate visual acuity in non-communicating sub-

jects [10–12]. Using these patterns in rodents, we have recently

demonstrated that grating acuity matched the 70-mm pixel pitch

of the photovoltaic arrays [9]. We also observed that prosthetic

vision with subretinal implants preserves many features of natu-

ral retinal signal processing, including center-surround antago-

nism [13] and non-linear summation of sub-units in receptive

fields of the ganglion cells [14].

We studied the interactions between the 1-mm-diameter

target and 1-mm-wide square flankers stimuli consisting of grat-

ings (Figures 4A and 4B), as described in [15] and [5]. Spatial

contrast of the target pattern varied from 6% to 100%, whereas

contrast of the flankers was always maintained at 100%.

To serve as a comparison basis, we first studied the interac-

tion between target and flankers in normally sighted animals in

response to natural light stimuli. Representative cortical signals

obtained with 100% target contrast and flankers, simultaneously

and apart, as well as their linear summation are shown in Figures

4C and 4D. As shown in Figure 4C for the natural stimuli, the
combined stimulus elicited a significantly smaller response

than did the linear summation of the responses to target and to

flankers separately. This apparent deviation from linear summa-

tion increased with the target contrast, as shown in Figure 4E

(trend analysis p < 0.001). Thus, at the 100% target contrast

level, the deviation from the linear summation was 35% ± 10%

and it gradually decreased with decreasing target contrast level

(7% ± 3% for the 6% contrast).

A similar trend was observed with prosthetic vision in the

target (Figure 4D). The presumed lateral inhibition increased

with increasing target contrast, reaching 40% ± 3% deviation

from linear summation at the 100% contrast level (Figure 4F).

The deviation from linear summation was statistically significant

(p < 0.05) for contrast levels exceeding 50%, and the deviation

gradually increased with increasing target contrast (p for trend <

0.05). Comparison of the non-normalized response amplitudes

of prosthetic to natural stimuli showed smaller prosthetic re-

sponses to the combined target and flicker stimuli (Figure S4);

the difference, however, was not statistically significant (one-

way ANOVA; p > 0.5) due to inter-animal variation.

These striking similarities between cortical responses to com-

plex prosthetic and natural stimuli strongly suggest that basic in-

teractions between prosthetic and natural vision are preserved in

the cortex.

The observed summation effect was not dependent on the

orientation (orthogonal or collinear) of the target and flankers

(Figures S1A and S1B). Lateral inhibition was observed to the

same extent with both orientations for both natural and pros-

thetic targets. These results further illustrate the similarity of

cortical interactions between natural and prosthetic vision to

that observed with natural vision alone [16].
Current Biology 30, 1–7, January 6, 2020 3



Figure 3. Interaction of Cortical Responses to Combined Natural and Prosthetic Luminance Steps

(A and B) Illustration of the combined center and surround luminance step stimuli, with visible (A) or NIR (B) center.

(C) Representative VEP signals in response to visible stimuli: 1 mm center, surrounding annulus, calculated linear summation (LS), and the second order—the

difference between the combined response and LS of its components. The horizontal dashed line represents the noise level.

(D) Same for the NIR stimulus in the center. The horizontal dashed line represents the noise level.

(E) Average VEP amplitude for various luminance steps (25%, 50%, and 100%), relative to the linear summation (black line).

(F) Same for prosthetic stimulus in the center. Error bars represent the SEM.

See also Figure S3.
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TheEffect of aGABAAAntagonist on Lateral Interactions

To validate our hypothesis that the mechanism underlying the

differences between the combined response and the linear sum-

mation for the target and flankers’ stimuli is lateral inhibition

mediated by GABAA [17, 18], we compared the VEP signals

before and after injecting bicuculline, a GABAA antagonist. As

shown in Figures S2A and S2B for natural vision and in Fig-

ure S2C for combined prosthetic and natural vision, the inhibition

was eliminated following the injection, suggesting that GABAA is

involved in the underlying mechanism. 72 h later, the same

experiment was performed after the complete drug washout,

showing that the extent of inhibition was similar to the one

observed prior to applying the blocker for both natural (Figures

S2A and S2B) and combined vision (Figure S2C).

DISCUSSION

Restoration of central vision in age-relatedmacular degeneration

(AMD) patients through electronic retinal prostheses [19],
4 Current Biology 30, 1–7, January 6, 2020
optogenetics [20], or photo-switches [21] requires the visual cor-

tex to process the visual information arising from two very

different sources: the natural healthy retina in the periphery

and prosthetic vision in the center. Despite the preservation of

some of the features of retinal signal processing with subretinal

stimulation, such as flicker fusion [9], adaptation to static im-

ages, antagonistic center-surround organization [13], and the

non-linear summation of sub-units in receptive fields [22], pros-

thetic retinal signaling is far from normal due to indiscriminate

stimulation of various cell types in the inner nuclear layer (INL).

Encouraging is the fact that, with partial cochlear implants, the

auditory cortex successfully integrates the prosthetic input

from the high-pitch areas and natural signals coming from the

low-pitch part of the cochlea [23]. In this study, we utilized a

unique animal model of local retinal degeneration to investigate

the cortical summation of the prosthetic and natural retinal

signals.

Our results show that cortical responses to both natural and

prosthetic flash stimuli decreased similarly with increasing



Figure 4. Lateral Inhibition in Natural and Prosthetic Vision

(A and B) Target with varying contrast and flankers with a 100% contrast presented either separately or simultaneously for natural vision (A) and for combined

natural and prosthetic vision (B).

(C and D) Representative VEP signals with a target contrast of 100% in response to visible (C) or combined NIR and visible (D) stimuli: target, flankers, combined

target and flankers, calculated LS, and the second order.

(E and F) VEP amplitude in response to combined stimulation as a function of the target contrast, relative to the calculated LS, for normal vision (E) and for

combined normal and prosthetic vision (F). The horizontal dashed line represents the noise level. Error bars represent the SEM.

See also Figures S1, S2, and S4.
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natural background illumination. In natural vision, such a

decrease is expected due to adaptation processes arising

from the photoreceptors and horizontal cells [7, 24] or due to

cortical processes associated with reduced contrast between

the local stimulus and the surroundings [25]. A similar decrease

(up to 30%) observed in the prosthetic response in the presence

of background illumination suggests that AMD patients with a

retinal prosthesis are likely to be affected by the background illu-

mination, and hence, the ambient lighting conditions should be

balanced with the brightness of prosthetic vision.

VEP amplitudes also increased similarly in response to

increasing luminance steps for both natural (Figure S3E) and

prosthetic (Figure S3F) stimuli, albeit with a higher luminance

step threshold (25%) for prosthetic than for natural vison (6%).

In the earlier behavioral measurements, however, the thresholds

were about twice lower: 12% and 2.3%, respectively [26].

With simple non-patterned prosthetic and natural visual stimuli

(flashes or contrast steps), the response to the combined stim-

ulus was well approximated by linear summation of the
responses to the two different stimuli presented separately, as

also noted earlier by Lorach et al. [8].

With patterned prosthetic and natural vision stimuli, however,

the response to a combined (target and flankers) stimulus was

significantly smaller than the linear summation of the responses

to each stimulus presented separately (Figure 4). This result

indicates the involvement of lateral inhibition, which was

enhanced with higher target contrast. Both of these observa-

tions exhibit remarkable similarities in the cortical integration

of the responses originating from adjacent areas on the retina,

elicited either naturally or by combined natural and prosthetic

stimuli.

Numerous studies have already reported the non-linear inter-

actions between the target and flankers in humans [27–30], pri-

mates [5, 31], and rats [16, 32, 33] for natural vision. Our results,

demonstrating the inhibition of the retinal response to a central

target when natural flankers are introduced, are in agreement

with the behavioral studies in rats [16, 32, 33]. We show here,

for the first time, the same interactions with the central target
Current Biology 30, 1–7, January 6, 2020 5
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representing prosthetic vision, suggesting that cortical aspects

of prosthetic vision utilize, at least partially, similar visual pro-

cessing. For both natural vision and combined natural-prosthetic

stimuli, the inhibitory effect increased with the target contrast, in

agreement with previous reports in humans [27], cats [34], pri-

mates [5], and rats [16, 32, 33].

Our results showing that, for both prosthetic and natural

vision, the inhibitory effect of the flankers was not orientation se-

lective are in agreement with Kurylo [16] and in line with the lack

of structured orientation-selective columns in rodents [35–37].

This is in contrast with observations in humans [15], cats [38],

and primates [31]. Interestingly, recent behavioral studies with

rats [32, 33] did report the orientation-dependent inhibitory effect

of the flankers, thus calling for further research on the underlying

neural circuits.

Our observations that injection of the GABAA antagonist, bicu-

culline, brought the response to pattern stimuli to a similar level

to that of the linear summation confirmed that the mechanism

underlying the lateral inhibition is mediated by GABAA receptors.

Such interactions in normal vision have been observed earlier in

the visual cortex of rats [17, 18, 36]. Nevertheless, because the

GABAA antagonist was administered systemically in our study

rather than locally to the cortex, the reduced inhibition could

arise from the retina or subcortical areas [39].

Our study has several limitations. First, VEP measurements in

anesthetized animals, used in our study, have lower sensitivity

than in behavioral experiments [40]. Future studies should focus

on behaving animals using mobile projection systems (e.g., [41]).

Second, the VEP signals reflect the cumulative activity of the

visual cortex induced by retinal stimulation and they lack the

specificity of the individual cell responses, which is important

for understanding the underlying visual processing. Another po-

tential limitation is the use of stimuli in the linear range response,

which is not always the case in visual scenes. Future studies

should focus on responses to complex and natural stimuli at a

higher resolution, based on optical or multi-unit electrical

recordings.

In conclusion, cortical summation of the signals arising from

different areas on the retina exhibits striking similarities

between the responses to natural vision and combined pros-

thetic-natural stimuli. Our results suggest that, despite the

marked differences in the retinal encoding of prosthetic sig-

nals compared to natural vision, some of the basic interactions

in the cortex are preserved and enable integration of the visual

information arising from the prosthetic retina and the adjacent

normal retina. These observations support the feasibility of

restoring central vision in patients with age-related macular

degeneration, where central prosthetic and peripheral natural

vision should co-exist.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects and surgery
All animal experiments and procedures were approved by the Bar Ilan University animal care committee and are in accordance with

the ARVO guidelines for animal research. Experiments were conducted on Long Evans rats (n = 5), males, age 4-8 months.

Photovoltaic implants, 1 mm in diameter, composed of 140mm pixels were fabricated at Stanford University, as described previ-

ously [42]. The implants were inserted into the subretinal space following a protocol reported earlier by our group [43]. Experiments

were performed at least 4weeks following implantation of the photovoltaic implant. For the recording of the cortical responses, screw

electrodes were implanted into the scull above V1, as described in [43].

METHOD DETAILS

Stimulation system
Natural and prosthetic visual stimulation were performed using a customized projection system integrated with a fundus camera

(Phoenix Research Laboratories, Micron IV system). This system enables the imaging of the retina and the implant, as well as direct

the projection of the stimulus pattern onto the desired location on the retina. The projection system engine (Texas Instruments Light-

Crafter 4500DLP Platform) is based on a Digital Micromirror Device with a display resolution of 9123 1140 and a 10.8 mmmicromirror

pitch. This system includes both visible (green LED 525nm) and NIR light (910nm diode laser) sources, and provides full control of the

shape, duration, and intensity of the patterned stimuli projected onto rat retina.

The effect of background luminance on cortical responses to natural or prosthetic flashed stimuli
To investigate the effect of background luminance on responses of the visual cortex, 10ms flasheswere projected at 2Hz either on the

subretinal photovoltaic implant using a NIR laser (0.25-4mW/mm2) or onto normal retina using a green LED (0.05-30mW/mm2) (Fig-

ure 1A). The retinal spot size for both stimuli was 1 mm in diameter. Background illumination was provided by uniform white light

covering 50 degrees of the retinal plane at either 20 or 100nW/mm2, which was projected through the same imaging system contin-

uously (Figure 1A). Cortical responses to NIR or green flashes with varying background illuminations (0, 20, and 100 nW/mm2) were

then compared.

Cortical interaction between natural and prosthetic flash stimuli
Three types of the flash stimuli were applied to investigate the interactions of cortical responses to natural and prosthetic visual stim-

ulation: a 1mm central prosthetic stimulus, (910nm, 4mW/mm2, 10ms, 2Hz), a peripheral visible stimulus (525nm, 250nW/mm2,

10ms, 2Hz), and a combined visible and prosthetic stimulus (Figure 2B). In order to neutralize the effect of the physiological state

of the animal (e.g., the depth of anesthesia, body temperature), stimuli were projected at 2Hz in a random sequence, with a total

of 300 repetitions. The average cortical response to each stimulus type was then calculated. The response to the combined central

prosthetic with a peripheral natural stimulus was compared to a similar natural pattern composed of a central 1mm disk, encircled by

a peripheral ring (Figure 2A).
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Natural and prosthetic responses to contrast steps
To study the response to luminance steps with natural or prosthetic stimuli, irradiance wasmodulated to generate a 100, 50, 25, 12.5,

6, and 3 percent luminance change. This was calculated according to the Michelson contrast formula: (Imax - Imin)/ (Imax + Imin) (1),

where Imax is the highest intensity (4mW/mm2 for NIR and 0.25mW/mm2 for visible light) and Imin is the lowest (Figures S3A and S3B).

Irradiancewasmodulated every 500ms in a sequence of 300 repetitions, while recording cortical responses to both the increase (‘‘ON

response’’) and the decrease (‘‘OFF response’’) of the light intensity, similar to [9].

To investigate the interaction between cortical responses to natural and prosthetic luminance steps, we used the same central disk

and peripheral annulus, as in flash stimuli (Figures 2A and 2B). Irradiance was modulated every 500ms in a sequence of 300 repe-

titions, with luminance steps of 100, 50, and 25% (Figures 3A and 3B). Cortical responses for increasing luminance (‘‘ON response’’)

were analyzed.

Lateral interactions between the target and flankers in natural vision
To study the characteristic cortical interactions between the central target and peripheral flankers in the rodent visual system, exper-

iments were first performed on normally sighted rats with no implant. The alternating grid stimuli (2 cycles per mm (CPM), 10ms

pulses at 41Hzwith pattern alteration at 2Hz, similar to [14]) projected using the green light were composed of a central 1mmdiameter

disk and two collinear flankers of the same size and spatial frequency, located above and below the target (Figure 4A), similar to the

stimulus described in [5]. The stimuli in each experiment consisted of either the target, flankers, or a combined stimulus (target and

flankers). These stimuli were projected in a sequencewith a total of 300 repetitions for each type. The contrast level of the targets was

set to 25, 50, 75, or 100%, whereas the flankers’ contrast was maintained at 100%.

Lateral interaction between prosthetic target and natural flankers
The same procedure as described above was performed on wild-type rats implanted subretinally with a photovoltaic array (1mm

diameter) (Figure 4B). Experiments were performed 4 weeks post implantation, after the photoreceptors above the implant have

completely degenerated, as we previously reported [43], whereas the surrounding retina remains normal, as shown in Figure 1B.

The projected image sequence was composed of: target - alternating patterned activation of the implant by NIR illumination

(2 CPM, corresponding to 3-4 pixels); flankers – alternating collinear patterned flankers activation of the region of the natural retina

above and below the target with 532nm light, and a combined prosthetic target with natural collinear flankers (Figure 4B). The

contrast level of the target was set to 25, 50, 75, or 100%, whereas the flankers’ contrast was maintained at 100%.

Pharmacological intervention
To identify the mechanisms underlying lateral interaction, which we hypothesize is mediated by GABAA, we performed the same

experimental paradigm described above (flankers and target) before and after administering the known GABAA antagonist - Bicucul-

line. It was administered intraperitoneally (0.35mg/kg) [44], and the effect on the cortical responses was investigated for both natural

vision and for combined prosthetic and natural stimuli (Figure S2). The same experiments were also performed following a 72hr

washout of Bicuculline.

QUANTIFICATION AND STATISTICAL ANALYSIS

VEP recording and analysis
Visual cortex activity induced by the various visual, prosthetic, or combined stimuli described above was acquired through the crani-

ally implanted screws [43] and recorded using AlphaSnR (AlphaOmega, Ltd.) with a sampling rate of 1375Hz, using x20 amplification,

and 4-200Hz LFP filters. The acquired signals were then analyzed offline using a custom MATLAB program (The Mathworks, Wal-

tham, MA, USA). The visual evoked potential (VEP) signal was the average 300 repetitions for each stimulus type. Each experiment

consisted of several different stimulus types projected sequentially, with each single stimulus type repeated 6 times. To study the

interactions between target and flankers, the average response to each stimulus type excluded the responses to the first two rep-

etitions of each stimulus type in order to mitigate the effect of adaptation to a new type of stimulus. A linear summation of the pros-

thetic and natural responses was calculated through a simple algebraic summation of the corresponding waveforms induced by the

NIR and visible stimuli presented separately. The linear summation was then compared to the signal obtained with the actual com-

bined stimulus (NIR + visible projected simultaneously). The noise level of the recorded signals was calculated from the data seg-

ments where no stimulus was presented.

DATA AND CODE AVAILABILITY

The data supporting the current study have not been deposited in a public repository because it was generated by a customized

software in a non-standard format. The data is available from the lead contact (yossi.mandel@biu.ac.il) on request.
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