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Stimulation via a Subretinally Placed Prosthetic Elicits
Central Activity and Induces a Trophic Effect on

Visual Responses

Paul J. DeMarco, Jr,"* Gary L. Yarbrough,” Christopber W. Yee,*> George Y. McLean,?
Botir T. Sagdullaev,”* Sherry L. Ball,” and Maureen A. McCall>®

Purposk. Subretinal prosthetics are designed to electrically
stimulate second-order cells, replacing dysfunctional photore-
ceptors in diseases such as retinitis pigmentosa (RP). For func-
tional vision to occur, this signal must also reach central visual
structures. In the current study, a subretinally implanted pros-
thetic was evaluated in the Royal College of Surgeons (RCS) rat
model of RP, to determine its capacity to activate the retino-
tectal pathway.

MEeTHODS. Prosthetic implants were placed in RCS and wild-
type (W) rats at 4 weeks of age and evaluated 3 months later.
Control rats underwent sham surgery, implantation with inac-
tive prosthetics, or no treatment. Implant- and visible-evoked
responses were isolated and evaluated in the superior collicu-
lus (5C).

ResuLts. In WT and RCS rats with active prosthetics, implant-
driven responses were found in 100% of WT and 64% of RCS
rats and were confined to a small SC region that corresponded
to the retinal sector containing the implant and differed from
visible-evoked responses. In addition, visible-evoked responses
were more robust at sites that received implant input com-
pared to sites that did not. These effects were not seen in WT
rats or RCS control animals; although a general trophic effect
on the number of responsive sites was observed in all RCS rats
with surgery compared to untreated RCS rats.

Concrusions. Direct activation of the retina by a subretinal
implant induces activity in the SC of RCS rats, suggesting that
these implants have some capacity to replace dysfunctional
photoreceptors. The data also provide evidence for implant-
induced neurotrophic effects as a consequence of both its
presence and its activity in the retina. (Invest Ophthalmol Vis
Sei. 2007;48:916-926) DOI:10.1167/iovs.06-0811
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In the human population, diseases such as retinitis pigmen-
tosa (RP) and age-related macular degeneration (AMD) result
from a loss of photoreceptor cells causing visual impairment
and blindness. Animal models are available for many of these
diseases and have been used to develop therapeutic strate-
gies."? One popular small mammal model of RP is the rat, with
three frequently used strains: Royal College of Surgeons (RCS)
and the S334ter and P23H transgenic lines. For all, both the
etiology and the time course of photoreceptor degeneration
differ. The RCS phenotype results from defective gene expres-
sion in the MERTK gene in the pigment epithelium,” whereas
the transgenic models cause expression of two mutant forms of
the rhodopsin pigment.*

Treatment strategies to ameliorate photoreceptor degener-
ation are diverse and include exploration of survival or growth
factors,””” gene therapies® ''; somatic cell, tissue, "' or stem
cell transplantation therapies'*'%; and modification of retinal
metabolism.'® Each approach shows promise but has limita-
tions. Gene therapy with recombinant adenoviral or adenovi-
ral-associated viral vectors has arrested degeneration and loss
of visual function in animal models of RP.'”"%” However, the
genetic heterogeneity that underlies the diverse mechanisms
that cause photoreceptor degeneration limits the feasibility of
this strategy to the most common genetic forms of the disease.
Although there are many other approaches that have success-
fully slowed or arrested photoreceptor cell death,>2®2%-45
functional rescue has had more mixed results.****~%* In addi-
tion, for some transplantation approaches there are ethical
issues involving the procurement of human tissue.'>#?:5°

A different strategy that has the potential for more universal
application and circumvents ethical issues is the replacement
of dysfunctional or degenerated photoreceptors by sub- and/or
epirctinal prosthetic devices. Electrical stimulation has been
shown to produce phosphenes when applied externally to the
eye in normal human subjects.’' ~>* More recently, intraocular
electrical stimulation of the retinal nerve fiber layer has also
been shown to evoke phosphenes and/or perception of pat-
terns in RP patients.>*~>® In vitro and in vivo animal studies
also show that electrical activity in the retina can be induced
by electrical stimulation of the outer retina,’”~®* the eye
globe,®® or ganglion cell/nerve fiber layer.®*~%7 As a conse-
quence, various retinal prosthetic designs are under develop-
ment,**®? including epiretinal,**5%7°-7 suprachoroidal,
and subretinal devices.>””" 77 All are designed to produce an
electric current in response to light stimulation, either directly
or via an external power supply or to change the membrane
potential of neurons to replace or augment their synaptic
activation. Thus, epiretinal designs are able to provide stimu-
lation of the ganglion cells and/or their nerve fibers that appear
to remain viable until late in the degenerative process.” In
contrast, subretinal designs use the remaining retinal circuitry
to shape the transmitted signal, making it more similar to the
native signal.

One subretinal implant, the Artificial Silicon Retina (ASR:
Optobionics, Inc., Palo Alto, CA),”” is a self-powered device
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that consists of a microphotodiode array. As used in rodents,
the ASR is 1 mm in diameter and 25 pm thick and contains
approximately 1200 electrodes. Its long-term biocompatibility
has been demonstrated in humans, cats, and rodents (Faulkner
A et al. JOVS 2005:46:ARVO E-Abstract 1518).””"%' The im-
plant is designed so that each microphotodiode can transduce
light into an electric current independently at each electrode,
although other factors, such as distance to the target tissue,
also are relevant. Introduction of this design created a contro-
versy in the literature regarding its ability to generate sufficient
current to produce a biologically relevant signal.**"** How-
ever, there has been no empirical evaluation of the perfor-
mance of such a device design. To this end, we implanted the
ASR device in RCS rats and evaluated its ability to produce a
signal in the superior colliculus (SC) when the device was
stimulated in situ. The SC was chosen because it receives a
direct synaptic input from the retina that is topographically
mapped onto its dorsal surface.

In the present study, the data show that full-ficld retinal
stimulation created a current in a subretinally implanted device
and evoked a neural response in the SC. Further, there was
both a general effect of surgery on overall visual responsive-
ness in the SC and a specific effect of the presence of an active
implant on the characteristics of visual responses. These data
represent an important characterization of the direct output of
a subretinally placed implant, as well as the separation of its
direct effects from more indirect, trophic effects on the retinal
circuit. Further, they are a crucial first step in the refinement of
subretinally placed prosthetic devices to replace dysfunctional
and/or degenerated photoreceptors.

METHODS
Experimental Animals

All experiments were approved by either the University of Louisville or
the Cleveland VA Medical Center (VAMC) Institutional Animal Care and
Safety Committee and were in compliance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research. Pigmented
RCS and Long Evans rats were used as the experimental model of RP
and wildtype (WT) controls, respectively (http://ucsfeye.net/
mlavailRDratmodels.shtml/ and Harlan Sprague-Dawley, Inc., http://
www.harlan.com). Table 1 delineates the experimental and control
groups that were used in these experiments. In the two experimental
conditions, RCS (n = 14) and WT (n = 5) rats’ eyes were implanted
with active devices. In the control conditions, RCS rats received inac-
tive devices, underwent implant surgery without implant placement,
or received no treatment. All implant surgeries were performed at the
Cleveland VAMC, and the rats were shipped to the University of
Louisville for functional evaluation.

Subretinal Implant Placement

Rats were implanted with ASR devices between 28 to 35 days of age.
as described previously.®™* Anesthesia was induced with an IP injec-
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tion of ketamine-xylazine (37.5; 5 mg/kg). The pupil of the eye was
dilated with 1% tropicamide and 2.5% phenylephrine HCI eye drops,
and the ocular surface was anesthetized with 1% proparacaine HCL. A
suture, placed in the superior limbus of the eye was used to rotate and
expose the back of the eye. A 1.5-mm incision was made through all
layers in the superior/nasal orbit and once the retina detached at the
incision site, the ASR was slid gently into the subretinal space. After
placement was complete, ophthalmic antibiotic was applied, the su-
ture was removed, and the eye was rotated back to its original position.
Table 1 describes the age of postsurgical assessment for each group.

Light Stimulation

Light stimuli were presented in the presence of room lighting, which
produced a background luminance of 2.3 cd/m* and were delivered via
a custom-designed device containing interleaved arrays of either blue
(A = 469 nm) or infrared (IR: A,,,, 851 nm) light-emitting diodes
(LEDs). The LED array was covered with diffusing glass, and light
exited through an aperture 2.5 cm in diameter, producing a spatially
uniform field that subtended approximately 80° of visual angle, with
the device positioned 0.5 cm in front of the rat’s eye. Stimulus duration
(200 ms) and intensity were controlled by a voltage-to-current driver
interfaced with a data acquisition system (National Instruments, Austin,
TX).

Figure 1 is a plot of the spectral responsivity of the ASR and the
three rat photopigments. The graph illustrates that the implant was
only slightly less sensitive to blue (visible) than to IR stimuli, and rat
photoreceptors were very insensitive in the IR stimulus range. The
relative spectral profiles of the visible and IR LED stimuli used in this
study also are shown in Figure 1. Stimulus irradiances of the IR and
visible stimuli are 87 mW - cm ™2 and 2.7 mW - cm ?, respectively. Our
calculations (Table 2) suggest that our IR stimulus produces a pho-
tocurrent in the implant that is approximately 50 times greater than the
current produced using our visible stimulus. Because the visible stim-
ulus also excites photoreceptors, we report its luminance, taking into
account its duration (200 ms), which is 92 cd + s/m*.

Electrophysiological Assessment of Stimulation-
Induced Responses in the Superior Colliculus

The preparation for electrophysiological assessments has been de-
scribed previously,*”*® as has the rationale for evaluating responses in
the SC. Briefly, the SC is a central visual structure that receives a direct
retinal input across its dorsal surface that contains an orderly retino-
topic map.** Thus, one can correlate areas of SC activity with the
location of the implant in the retina (in these experiments, the supe-
rior-nasal quadrant).

Anesthesia was induced, as described for implant surgery, and the
rat was placed in a stercotaxic apparatus. A cone (Stoclting Co.,
Chicago, IL) was placed and sealed over its nose, and a gas inhalant
anesthetic (1.0%-2.0% halothane in 40% 0,/60% N,0) maintained
anesthesia throughout the remainder of the experiment. A craniotomy
was performed, and the overlying cortex removed to expose the SC.
Extracellular multiunit responses to full-field visual stimulation were
recorded systematically across the dorsal surface of the SC, using

TaBLE 1. Overview of Animals Used in the Experiments

Recording Age (mo)

Experimental and Control Groups n Range Mean
WT rats, untreated 9 1.1-5.9 2.7
WT rats, active implants 5 3.1-6.6 5:1
RCS rats, active implants with infrared responses 9 4.0-7.4 4.9
RCS rats, active implants without infrared responses 5 3.0-5.1 4.1
RCS rats, untreated 9 3.4-5.9 5.0
RCS rats, sham surgery 7 2.1-4.8 38
RCS rats, inactive implants 1 3.0-6.2 4.4
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FIGURE 1.

Profiles of the spectral sensitivities of rat photoreceptors, the ASR device, and the IR and

visible stimuli. The spectral sensitivities of rat rod and UV- and M-cone photoreceptors normalized to
their own peak sensitivities are plotted as a function of wavelength. The responsivity of the ASR device
at 635 nm was measured directly in an in vitro preparation, and the responsivity at all other
wavelengths was estimated by interpolation, using measurements of two test structures fabricated on
the same substrate as the ASR device: (1) a large photodiode and (2) a pixel array with the same
geometry as ASR devices and a direct electrical connection to the front surface electrodes. The
emission spectra of the IR and visible LED stimuli also are shown, and the corresponding output at the
face of the stimulator is 87 and 2.7 mW/cm?, respectively (see also Table 2). The y-axis is unlabeled
because three different sets of units are represented in the plot: the normalized sensitivities of the
photoreceptors, the ASR device responsivity (A - W ') and the emission spectra (mW - cm ™% - am ™ );

however, its numerical values apply to all six curves.

parylene-coated tungsten microelectrodes (World Precision Instru-
ments, Sarasota, FL) with tip impedances of 1.0 to 1.5 MQ maximum,
at 55 sites on the dorsal surface of the SC, sampled with an intersite
spacing of approximately 300 wm. Sampling began at the lateral-rostral
corner of the SC and progressed systematically to the medial- caudal
edge. Sites were skipped only when access was precluded by large
blood vessels or the central sinus.

Quantification of Neural Activity in the SC

At each site, both the spontaneous activity and the evoked multiunit
activity to IR and visible stimuli were recorded. At each site and for
cach stimulus and each blank trial (ambient illumination), 16 responses
were recorded, and an average response poststimulus time histogram
(PSTH) was generated from these raw data (Spike2, ver. 4.02; Cam-
bridge Electronic Design, Cambridge, UK). The average PSTH was used
in an analysis program (Labview; National Instruments Inc.) to quantify
the response characteristics (the input from retinal ganglion cells to
the 5C). The analysis program rectified and then smoothed the average
waveform, using a triangular moving-average filter (half-width of 2.4
ms; see Fig. 2A).

TaBLE 2. Effectiveness of Each Stimulus

IR Visible
Subretinal power density (mW/cm?®) 6.5 0.2
ASR device responsivity (A/W) 0.34 0.2
Photocurrent density (mA/cm?) 2.2 0.04

To quantitatively determine which sites had responses significantly
above spontancous activity and to characterize those responses, we
defined two threshold metrics. A high threshold (high) was defined as
the mean plus 6 SE above the spontaneous activity. PSTHs with activity
that reached or were above this threshold were considered an evoked
response. A response duration criterion of >20 ms rejected transient
artifacts in the activity. The responses represented by these PSTHs (See
Fig. 2B) were characterized using a low threshold (low), defined as the
mean plus 2 SE above the spontancous activity. Response onset latency
(onsct) was defined as the time after stimulus onset when the activity
reached the low threshold criterion. Response duration (1) was de-
fined as the point at which the activity no longer exceeded the low
threshold, and the total response was computed as the area under the
curve above the low-threshold criterion and defined by the onset
latency and the response duration. Total response was used to create
color-coded surface response maps across the SC for each animal
(MatLab, ver. 6.5; MathWorks, Inc., Natick, MA).

Statistical Analyses

All statistical comparisons were made with either a Student’s #test or
analysis of variance. Significant differences are reported when P =
0.05. Since [R-evoked responses were recorded only in WT and RCS
rats with active implants, these data were compared by Student’s ftest.
When we compared the IR and visible response characteristics re-
corded in these rats at sites with IR-evoked responses, we used a paired
ttest and combined the data from WT and RCS rats, since no differ-
ences were noted in their IR response characteristics. Sites that had a
response to IR stimulation but no response to the visible stimulus were
excluded from the analyses so that all comparisons between responses
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FiGuRE 2. Quantification of stimu-
lus-evoked responses. characteriza-
tion of individual response character-
istics, and evidence of direct input
from an active subretinal implant in
RCS and WT rats. (A) Boxes with a
white background show average
multiunit responses at six individual
sites in the SC of an RCS control rat
to retinal stimulation with a 200-ms
full-field flash. A range of responses is
illustrated from very responsive (fop
left) to unresponsive (bottom right).
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Boxes with a black background
show averaged multiunit responses
that were rectified and smoothed.
Responses were assigned colors
based on their total response area.
Red: sites with the largest response
in that animal; black: sites unrespon-
sive to the stimulus. Responses were
normalized to the largest response
within an animal and color-coded ac-
cordingly and a color-coded map (55
sites maximum) of the SC was con-
structed (C) for both IR and visible
stimuli for each animal. (B) To deter-
mine whether each site had a signif-
icant stimulus-evoked response, peak
amplitude at each site was compared
to a criterion level defined as the
mean spontaneous activity +6 SEs

(High) at that site. Responses that
met this criterion were characterized
by measuring their onset latency, du-
ration, and total response area. For
these computations a baseline crite-
rion was defined as the mean spon-
taneous activity +2 SEs (Low). Onset

latency was defined as the time after
stimulus onset when the response
exceeded the low threshold. Re-
sponse duration was the time from
onset latency until the response no
longer exceeded the low threshold.
Total response area was the area un-
der the curve that was bounded by
onset latency, duration, and the Low

Controls

threshold. (C) A color-coded SC map documents the spatial distribution of responses to a visible stimulus. (D) IR-evoked SC response maps from
three representative RCS rats and (E) from three WT rats with active implants, along with the average of all animals tested in these two groups.
IR responses were evoked in a small area that corresponded to the surgical placement of the ASR in the retina. Response maps are normalized
within an animal and do not reflect differences between WT and RCS rats, which are shown instead in Table 3. (F) The homogeneous black 5C
map illustrates the absence of IR-elicited responses at any SC site in any control rat (WT, RCS inactive implant, RCS sham surgery, RCS untreated).

to IR and visible were from matched sites. This excluded only seven
IR responsive sites out of a total of 39 in RCS rats. We used Student’s
t-tests (paired and unpaired) to determine whether the presence of
implant activity altered visible responses. We compared visible
response characteristics at sites with and without IR-evoked activity
in WT and in RCS rats. To compare the distribution of visual activity
across the SC, we computed the percentage of sites recorded in
each rat that had responses to the visible stimulus. An overall mean
for RCS with active implants and for each RCS control group (with
inactive implants, with sham-surgery, or untreated) was computed,
and group means were compared using a one-way ANOVA with post
hoc Tukey tests. For comparisons across the three RCS control
groups, we defined two SC regions: one corresponding to a region
most likely to contain the inactive implant site or surgical site and
a second region least likely to contain these sites. To compare
across the three RCS controls and these two arcas, we used a
two-way ANOVA with post hoc Tukey tests to analyze differences
across control conditions.

RESULTS

IR Stimulation Evokes ASR-Mediated Signals in
RCS Rats with Active Implants

We assessed the ability of the implant to elicit activity under
high mesopic conditions using a full-field IR stimulus. This
stimulus selectively activates the implant and not native pho-
toreceptors (see Figs. 1, 2F). Figures 2D and 2E plot SC re-
sponse maps, using the total response area, evoked by the
full-field IR stimulus for three representative animals in each
group and the overall average maps of RCS and WT rats with
active implants. We observed an IR-evoked response only in
rats with active implants. Among them, all WT (5/5) and 64%
of RCS (9/14) show sites with IR-evoked activity. In contrast,
none of the RCS or WT controls showed evidence of any
[R-evoked activity (Fig. 2F). In the five WT rats with active
implants, we found 51 IR responsive sites and 39 sites were
recorded in nine RCS rats with active implants. To verify that
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this activity originated in the retina with the active implant, we
located and characterized the IR- and visible-evoked responses
in an RCS rat with an active implant, then sectioned the optic
nerve of the eye with the implant. In the absence of retinal
output, neither IR nor visible responses could be evoked (data
not shown). Thus, we conclude IR stimulation induces a cur-
rent selectively in the implant, which evokes retinal activity.
This excitation translates into a neural response in the SC.

In both WT (5/5) and RCS (8/9) rats with active implants,
IR-evoked activity was found within the retinal representation
of the superior nasal quadrant of the retina corresponding to
the retinal site of implant placement. There was, however, one
exception. In RCS 7747, the IR-evoked response was localized
in the lateral edge of the SC, the representation of the inferior
nasal retina. Because an unrecoverable mistake was made in
processing these retinas, histologic verification of exact im-
plant locations was not possible and thus the exact cause of
this anomalous response cannot be traced. The small and
consistent location of the IR-evoked activity (13/14 WT and
RCS rats) in the SC corresponding to the implant placement in
the retina further supports our conclusion that these responses
are implant evoked.

Finally, we compared the response characteristics evoked
by IR stimulation between RCS and WT rats with active im-
plants (Table 3). We found that all characteristics that we
quantified (onset latency, duration and total response) were
similar across the WT and RCS rats with active implants, indi-
cating further, that IR-evoked responses are produced via im-
plant activation.

Altered Visible-Evoked Response Characteristics
in RCS Rats with an Active Implant

In addition to activity evoked by IR stimulation, we character-
ized responses in the SC of WT and RCS rats with active
implants using visible stimuli. In these rats, 92% (83/90) of sites
that had an IR response also showed a visible response, the
remainder of the sites had only an IR response. When sepa-
rated by genotype, 100% of the sites in the WT and 82%
(32/39) of the sites in RCS rats that had IR responses also had
visible responses.

To examine the potential effects of the presence of the
active implant on visible responses, we compared the charac-
teristics of the IR-elicited responses in both WT and RCS rats
with active implants with responses evoked by the visible
stimulus at all 83 matched sites. For each response character-
istic, the IR-evoked response was significantly different from
the visible-evoked response (Table 4; paired ftests; P <
0.0001). The visible responses had longer onset latencies and
times to peak, longer durations, and greater total areas. Figure
3 illustrates two of these significant differences, plotting onset
latency as a function of response duration. Each of these
differences between the IR and visible response characteristics

TaBLE 3. Infrared-Evoked Response Characteristics

Response Onset Total
Characteristic Latency Duration Response
WT: active implants
Mean 0.020 0.096 0.019
SD 0.016 0.090 0.024
n 51 51 51
RCS: active implants
Mean 0.024 0.083 0.013
SD 0.044 0.11 0.028
n 39 39 39
P (t-test) 0.615 0.513 0.286
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TaBLE 4. Matched Infrared- vs. Visible-Evoked Response
Characteristics

Onset Total
Response Characteristic Latency Duration Response
IR-evoked
Mean 0.02 0.10 0.018
SD 0.017 0.10 0.027
n 83 83 83
Visible-evoked
Mean 0.075 0.37 0.055
SD 0.071 0.21 0.049
n 83 83 83
P (paired rtest) <0.0001 <0.0001 <0.0001

parallels the differences between the IR and visible stimuli,
where the IR stimulus produces an implant current with a
shorter duration, as well as a shorter onset latency and
smaller total area. Thus, the IR-evoked response character-
istics were more similar to the characteristics of the implant
output.

We also examined the effects of the presence of the implant
on visible responses by comparing the visible response char-
acteristics of the 51 sites with IR responses to 106 sites without
[R-evoked activity in WT rats with active implants. Similarly,
we compared the 32 sites with IR-evoked responses to 187
sites without IR-evoked activity in RCS rats with active im-
plants. In WT rats, there were no significant differences in
visible response characteristics between sites with and without
IR-evoked input. This indicates, first, that the presence of the
implant over the short post-implantation period (~2-3 weeks)
does not have deleterious effects on the WT retina. In addition,
this result suggests that our visible stimulus does not produce
an implant-evoked output that significantly contributes to
these responses.

In contrast, when we compared response characteristics at
sites with and without IR-evoked input in RCS rats with active
implants, we found several significant differences (Fig. 4). At
sites that received IR input, response onset latencies were
significantly shorter, and total response area was larger than at
sites that did not receive IR input (P = 0.04; 0.05, respectively;
one-tailed ttest). Because our WT comparisons did not show
an effect of implant input on visible response, we interpret
these results in RCS rats with active implants to indicate that
the presence of an active implant has a trophic effect that
results in improved response characteristics.

Comparisons of Visible Responses across RCS
Control Groups

We and others®™®®! have observed previously that there is a
general effect of surgery on visual responses in the SC of RCS
rats that have undergone surgery similar to the one that we use
for implantation. To determine whether the presence of an
inactive implant had an effect different from surgery alone we
compared responses elicited with a visible stimulus across the
three groups of RCS controls. We constructed SC response
maps for each animal in the three groups as well as average
maps for each group (Fig. 5A). In addition, we also computed
and compared the average percentage of sites with visible
responses across these controls and in RCS rats with active
implants. The histogram in Figure 5C plots the results, which
show that only untreated RCS controls have significantly fewer
visible response sites (P < 0.02), similar to our observations in
RCS with fetal retinal transplants.

To investigate further the extent of this effect on the re-
sponse characteristics of visible-evoked responses in control
rats, we compared response characteristics elicited with a
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FIGURE 3. [R-evoked responses were significantly different from visi-
ble-evoked responses in both WT and RCS rats with active implants.
Response duration is plotted as a function of its onset latency for sites
that respond to both IR and visible stimuli in (A) W'T and (B) RCS rats
with active implants. These scatterplots demonstrate that both of these
response characteristics are significantly different when the TR-evoked
response is compared to the visible-evoked response (within each
plob). In addition, the onset latencies for the visible stimulus are longer
when the distribution in the RCS rats is compared to the WT rats
(across plots), although the groups do not differ on this response
characteristic elicited by the IR stimulus. The faster onset latency
elicited with the IR stimulus reflects the rapid response of the ASR
device compared with the slower native retinal response to a visible
stimulus.

visible stimulus across the control RCS groups. The variability
in the locations of sites with IR-evoked responses (in rats with
active implants) meant that we could not pinpoint an exact
area of inactive implant placement or surgery in these controls.
However, we assumed that we could define a region of the SC
in the controls, using the location data from WT and RCS with
active implants where implant/surgical influence would be
most likely and a second region where this influence was least
likely. Figure 5A illustrates these regions. We also assumed that
there is equal variability between experimental and control
groups in the location of sites corresponding to implant place-
ment Or surgery.

We compared the same response characteristics between
these two regions and also as a function of the control condi-
tion: RCS rats with inactive implants, with sham surgery or
without treatment (Table 5). We found that the response
characteristics in the untreated RCS controls were significantly
less robust than in the inactive and sham controls (P < 0.02).
Further, no significant differences were observed when re-
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sponse characteristics were compared between the two re-
gions, as should be expected, because this is an artificial
boundary in the untreated control subjects.

We compared response characteristics between inactive
and sham conditions and found that only response duration
differed (P = 0.02). When responses were compared between
areas in the inactive and sham control subjects, we found no
significant differences between any of the response character-
istics. Thus, although there is a significant effect of surgical
intervention on the overall responsiveness of sites in the SC,
there is no specific effect on the visible responses within the
region corresponding to the site of surgery or the site of the
inactive implant. This is in contrast to our results in the RCS
rats with active implants, where response characteristics were
significantly more robust at sites that received input from the
implant.

Di1scUSSION

The ultimate goal of subretinal implants is to restore some level
of visual perception in patients with degenerative retinal dis-
eases such as RP or AMD. As such, the implant is designed to
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FiGuRre 4. Visible responses at sites with implant input differed from
responses at sites without implant input in RCS rats and suggest a
trophic effect of the active implant. Total response elicited by a visible
stimulus is plotted as a function of its onset latency for sites that
showed IR-elicited input from the implant and sites that showed no
IR-elicited input. (A) Response characteristics did not differ in WT rats
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FIGURE 5. A general increase in the
number of SC sites with visible re-
sponses is seen in all RCS groups
with surgery. (A) Average SC re-
sponse map from RCS rats with ac-
tive implants used to define a region
with a high likelihood (inside) and
another region with a low likelihood
(outside) of containing the site of
surgery. (B) Three representative SC
response maps and an average re-
sponse map for all rats in the three
control groups and in the active im-
plant group. (C) The proportion of
sites with visible-evoked responses is
similar across all groups except in
untreated RCS rats, which show a
significantly lower proportion of vi-
sually responsive sites.
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TasiLi 5. Visible Responses in RCS Controls within vs. Outside of Potential Implant/Surgical Sites

Onset Latency Duration Total Response
Response Characteristic Within Outside Within Outside Within Outside
RCS untreated
Mean 0.17 0.15 0.14 0.16 0.014 0.019
SD 0.07 0.05 0.15 0.20 0.021 0.025
n 60 19 60 19 60 19
RCS inactive
Mean 0.095 0.1 0.310 0.27 0.042 0.029
SD 0.081 0.07 0.22 0.22 0.036 0.03
n 48 18 48 18 48 18
RCS sham
Mean 0.083 0.11 0.21 0.26 0.034 0.031
SD 0.074 0.065 017 0.15 0.033 0.025
n 94 19 94 19 94 19
P (Tukey's test) <0.0001 0.025 <0.0001

serve as a functional replacement for dysfunctional or degen-
erated photoreceptors. In the best-case scenario, a device
would be stimulated by the visual scene (either directly or via
an external interface), and this stimulation would induce a
spatially and temporally patterned electrical output from the
device to the second-order neurons to substitute for lost pho-
toreceptor function.

Other groups have shown that a subretinal electrode can
induce activity in a central visual structure 3%74-77:83.92-94
However, our results represent the first direct evidence that a
subretinal prosthetic implant, consisting solely of an array of
photovoltaic elements, can provide an implant-evoked signal in
a degenerate retina and from there, to a central visual target,
the SC. Thus, these data provide proof of principle that a
subretinal device can be used to provide some level of visual
transduction in a retina with photoreceptor degeneration and
subsequent stimulation of central pathways. When IR- and
visible-evoked responses were compared at matched sites in
WT rats with active implants, the IR-evoked response charac-
teristics were more similar to the implant output characteris-
tics than were the responses evoked by the visible stimulus.
This difference is consistent with our other results and argues
that the IR light stimulates only the implant.

Although we show empirically that a subretinal photodiode
array is capable of inducing central activity, an important
consideration is the amount of light that reaches the implant in
the subretinal space. To estimate this value for our IR stimulus,
we considered both the output of our stimulator and the
physiological optics of the rat’s eye. Because the sensitivity of
the ASR is different from that of the eye, we used radiometric
measures in these computations. In addition, we used a simple
model of the rat’s eye, which considers its geometrical optics
and the transmittance of the ocular media. In this model, the
irradiance of the retina is related to the irradiance of the cornea
by the factor (T/2) - (r/)*, where r is the pupil radius and f is
the focal length of the rat’'s eye, which we evaluated using a
pupil radius of 1.4 mm, a power of 300 D,°° and a transmit-
tance factor T of 0.75. The IR flash produced by our diffuse
source delivers 87 mW - cm 2 at the rat cornea, and using our
model, we estimate that this flash produces a retinal irradiance
of 5.8 mW - cm ™ ~. The responsivity of the ASR device is 0.34
AW~ at 870 nm. so the resultant photocurrent density is
(034 AW HN58mW - cm %) = 2.0 mA - cm™ °. It should be
noted, however. the proportion of the total photocurrent pro-
duced by the device that is delivered as stimulus current to the
retina depends on several factors, including both the photocur-
rent density and the patency of the interface between the
device and the retina. Thus, our estimate of 2.0 mA - cm ™~ of

photocurrent should be regarded as an upper bound for the
stimulus current produced by our IR stimulus.

Another question is, what brightness would be required for
the visible stimulus to equal the IR stimulus in terms of ASR
output—that is, what is the irradiance of a diffuse visible (470
nm) flash sufficient to elicit an ASR photocurrent equal to that
evoked by our IR stimulus? Taking into account the responsiv-
ity of the device at the relevant wavelengths, we estimate that
150 mW * cm ™ * would be needed. In photometric units, this
corresponds to an illuminance of approximately 10° lux and a
luminance of approximately 3 X 10* cd - m™ 2. It should be
kept in mind, however, that under our experimental condi-
tions, this stimulus would activate both the device and the
remaining photoreceptors and therefore, the SC response
would result from a combination of these inputs.

It is tempting to attempt to relate the intensity of the
equivalent visible stimulus to stimuli encountered under nor-
mal environmental conditions. When doing so, it is important
to remember that the sensitivity of the ASR and the eye are
dissimilar and therefore, to be accurate one must compare
intensity measurements of naturally occurring sources re-
ported in radiometric units. Documented examples, which
bracket our estimates, include (1) The brightest objects viewed
in a sunlit scene under cloudless atmospheric conditions,”®
where the total irradiance of the sun is ~50 mW * cm ™~ ? (where
only wavelengths relevant to excitation of an implanted ASR
device are considered); (2) direct observations of the sun on
the horizon (e.g., at sunset) and (3) reflection of the sun off of
a smooth surface (e.g., a calm body of water). The latter two
produce retinal irradiances in excess of 100 mW + cm™ 277

Our results show that this passive implant design is capable
of signaling visual information to central visual structures in a
degenerate rodent retina. A comparison of the intensity of our
IR stimulus to the intensity of some environmental stimuli
clearly indicate that modifications will be needed to enhance
this intrinsic output, to make implants functional under the
wider range of light levels. These data should be interpreted
with caution when predicting what a patient with such an
implant would experience. First, the retinal degeneration may
have a different underlying etiology and therefore may produce
a different implant-retina interface. Further, the stage of de-
generation when implants are placed in rodents and humans
probably differs and could have a substantial effect on out-
come. Behavioral experiments in this rodent model, using IR
and visible stimuli at and below the intensity used herein, are
needed to determine the answer empirically. In addition, other
experiments are necessary to assess whether the device pro-
vides spatially and temporally meaningful information.
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In addition to the evidence of direct stimulation via the
prosthetic, our results argue that there are two trophic effects
resulting from the active implant and from the surgical proce-
dure. First, we find that surgery (in either sham or inactive
implant) enhances the proportion of visually responsive sites
throughout the SC compared with untreated, age-matched RCS
rats. This effect of surgery is identical with our observations in
RCS rats with fetal retinal transplants.®” It should be noted that
a similar trophic effect was not evident when transgenic
$334terline 3 rats were examined with similar transplants,®®
This difference may be an important factor when predicting
the outcome of implant effectiveness in other models of RP
(e.g., rodent, pig, dog, or human).

The second trophic effect is related to the electrical activity
produced by the active implant. Visible-evoked response char-
acteristics in RCS rats at sites with input from active implants
were significantly more robust than those at sites without this
input. This effect was not evident in either RCS rats with
inactive implants or with sham surgery; thus, it is specifically
related to input from an active implant, a result consistent with
observations that have been made on alterations in retinal
morphology (Kim MK et al. JOVS 20006;47:ARVO E-Abstract
1070).% Further, the effect is not evident in WT rats with
active implants, consistent with the idea that in WT rats a
trophic effect should be difficult to induce and/or demonstrate.
These data do not distinguish the mechanism by which this
effect occurs. The effect could result from current provided by
the implant that supplements the native retinal response. Al-
ternatively, electrical output could induce a trophic effect on
the retinal circuitry.

These experiments were designed to characterize func-
tional changes, but not the morphologic correlates underlying
these changes. However, other studies have noted an increase
in the number of photoreceptor nuclei adjacent to the im-
plant,**?! which could enhance the implant-retina interface
and result in more robust responses. In addition, the presence
of implant activity, itself, could delay or even prevent the
process of retinal degeneration (Kim MK et al. JOVS 2006:47:
ARVO E-Abstract 1070) or reorganization that has been ob-
served in human® and mouse models of RP.*’ Because we
observe two different trophic influences, it is possible that
both processes interact to sustain retinal function.

These data are important because they establish that a
subretinally implanted prosthetic device can make a functional
interface with a degenerate retina and produce a signal that is
transmitted from the retina to a central visual target. This is a
critical first step in understanding the conditions required for a
functional implant-retina interface and begins to define how a
signal from such a device may be used by the retina to produce
a meaningful visual percept.
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