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PURPOSE. Subretinal electrical stimulation (SES) from micropho-
todiode arrays protects photoreceptors in the RCS rat model of
retinitis pigmentosa. The authors examined whether merkd

mice, which share a Mertk mutation with RCS rats, showed
similar neuroprotective effects from SES.

METHODS. Merkd mice were implanted with a microphotodiode
array at postnatal day (P) 14. Weekly electroretinograms
(ERGs) followed by retinal histology at week 4 were compared
with those of age-matched controls. RT-PCR for fibroblast
growth factor beta (Fgf2), ciliary nerve trophic factor (Cntf),
glial-derived neurotrophic factor (Gdnf), insulin growth factor
1 (Igf1), and glial fibrillary acidic protein (Gfap) was per-
formed on retinas at 1 week after surgery. Rates of degenera-
tion using ERG parameters were compared between merkd

mice and RCS rats from P28 to P42.

RESULTS. SES-treated merkd mice showed no differences in ERG
a- and b-wave amplitudes or photoreceptor numbers compared
with controls. However, the expression of Fgf2 and Cntf was
greater (6.5 � 1.9- and 2.5 � 0.5-fold, respectively; P � 0.02)
in SES-treated merkd retinas. Rates of degeneration were faster
for dark-adapted maximal b-wave, log �, and oscillatory poten-
tials in merkd mice than in RCS rats.

CONCLUSIONS. Although SES upregulated Fgf2 in merkd retinas,
as reported previously for RCS retinas, this was not accompa-
nied by neuroprotection of photoreceptors. Comparisons of
ERG responses from merkd mice and RCS rats across different
ages showed inner retinal dysfunction in merkd mice but not in
RCS rats. This inner retinal dysfunction and the faster rate of
degeneration in merkd mice may produce a retinal environ-
ment that is not responsive to neuroprotection from SES. (In-
vest Ophthalmol Vis Sci. 2011;52:4223–4230) DOI:10.1167/
iovs.10-6750

Retinal degenerative diseases, such as retinitis pigmentosa
(RP) and age-related macular degeneration (AMD), are ma-

jor causes of blindness caused by progressive photoreceptor
cell death. Many of these diseases share abnormalities in the

retinal pigment epithelium (RPE),1–7 a tissue critical for main-
taining photoreceptor outer segment (OS) integrity and func-
tion and, thus, critical for normal vision. The RPE mediates the
visual cycle by converting all-trans-retinal into its photoreac-
tive cis-isomer and participates in the circadian phagocytosis of
shed OS discs. The receptor tyrosine kinase Mertk is necessary
for triggering the ingestion of shed OS discs in the RPE,8 and
mutations in the gene encoding Mertk lead to an accumulation
of cellular debris, the breakdown of OS, and the eventual death
of photoreceptors.9–13 Mutations in this gene have been im-
plicated in RP.7

The Royal College of Surgeon (RCS) rat is a commonly
studied animal model of retinal degeneration14,15 and is known
to have a spontaneously occurring null mutation of the Mertk
gene.16 A functional knockout mouse, called the merkd mouse,
with a truncated cytoplasmic tail of the Mer receptor tyrosine
kinase17 displays a retinal phenotype similar to that of the RCS
rat.13 Although both animals share a mutation in the same gene
and experience retinal degeneration caused by RPE dysfunc-
tion, they are known to have differences in morphology with
the progression of disease. Photoreceptor degeneration in RCS
rats begins at approximately postnatal day (P) 12 and is nearly
complete by P77.12 The degeneration is also graded and pref-
erential, with more cell loss in the inferior portion of the
retina12 and greater loss of rod photoreceptors than cones.18 In
these rats, OS debris can remain for several months after
photoreceptor cell death.13 Merkd mice, on the other hand,
exhibit a more rapid degeneration than do RCS rats and lose OS
debris and photoreceptor nuclei concomitantly.13

Although there is no cure for retinal degeneration, many
treatments for retinal degenerative diseases are being devel-
oped, such as gene therapy,19–21 use of neurotrophic fac-
tors,22,23 retinal cell transplantation,24,25 retinal prosthe-
sis,26–29 and electrical stimulation.30,31 Low-level electrical
stimulation is being pursued as a neuroprotective treatment of
the eye using either an external (transcorneal) or a subretinal
approach. Some of these studies have found benefit in retinal
degeneration (Morimoto T, et al. IOVS 2005;46:ARVO Abstract
B157),32 retinal artery occlusion,33 optic neuropathy,34 and
axotomized ganglion cells.35,36 Our previous studies have
shown that subretinal electrical stimulation with an implanted
microphotodiode array had a neuroprotective effect in RCS
rats30 and that this effect was associated with an upregulation
in fibroblast growth factor beta (Fgf2) expression.37

To address the generalized applicability of these neuropro-
tective treatments to the large family of mutations that cause
RP and other types of photoreceptor degeneration, it is impor-
tant to examine several mutant models. Equally important is
the need to determine whether the phenotype of a mutation is
conserved across species. In this study, using electroretinogra-
phy, photoreceptor cell counts, and real-time PCR, we inves-
tigated whether subretinal electrical stimulation (SES) would
have the same neuroprotective effect and growth factor ex-
pression change in merkd mice as it does in RCS rats. We also
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compared the rates of degeneration in the RCS rats and merkd

mice to determine whether there are phenotypic differences in
retinal function over the course of the degeneration between
the two animal models.

METHODS

Animals and Experimental Design

Merkd mice13 and dystrophic RCS rats were obtained from Douglas
Vollrath (Stanford University) and Matthew LaVail (University of Cali-
fornia at San Francisco), respectively, and were maintained as homozy-
gous breeding colonies at the Atlanta VA Medical Center. Animals were
housed on a 12-hour light (fluorescent lighting, 25–200 lux)/12-hour
dark cycle and were provided food and water ad libitum. SES was
provided by an implanted active microphotodiode array (MPA) as
previously described.38,39 Eighteen merkd mice underwent monocular
implantation surgery40 at P14, near the beginning of the retinal degen-
eration; 13 merkd mice served as unoperated controls. Of those mice,
eight implanted and four control animals had ERG recordings 1 week
after surgery and were killed 2 days later for gene expression analysis.
Weekly ERG recordings were performed on the remaining mice for 4
weeks, beginning 1 week after surgery (P21, P28, P35, P42). Mice were
immediately killed after the last ERG, and eyes were enucleated for
histologic processing and photoreceptor cell counts.

For data analysis, the mouse eyes were divided into active
(implanted eye), opposite (contralateral eye), and control (eyes of
naive unoperated control animals) groups. For comparison of reti-
nal function between merkd mice and RCS rats, a group of unoper-
ated mice (n � 10) and rats (n � 10) was also studied. Weekly ERGs
were recorded, and three test ages were analyzed (P28, P35, P42).

All animal procedures were approved by the Institutional Animal
Care and Use Committee of the Atlanta Veterans Administration and
were in full compliance with the standards of the ARVO Statement
for the Use of Animals in Ophthalmic and Visual Research.

Subretinal Implant Description

The active MPA consisted of a silicon disc (25-�m thick, 0.5-mm
diameter) covered by 1200 microphotodiodes (9 � 9 �m) on one side
and coated with iridium oxide on the other side, as previously de-
scribed.38,39 These diodes are sensitive to incident light ranging in
wavelength from 500 to 1100 nm.39 Most of the wavelengths in the
animals’ environment fell between 500 and 650 nm, with a mean
irradiance of 0.1 to 10 �W/cm2. Within this range, the MPA responds
at �0.3 amp/W, thus producing currents estimated to range from
several nA/cm2 to 1 �A/cm2.30 The electrical activity of the implant
was confirmed in each animal during ERG recordings when the im-
plant spike appeared in the ERG trace immediately after flash onset at
the brightest flash intensities (Supplementary Fig. S1, http://www.
iovs.org/lookup/suppl/doi:10.1167/iovs.10-6750/-/DCSupplemental).

Implantation Surgery

MPAs were monocularly implanted into the subretinal space of 18
merkd mice as previously described.40 Briefly, the mice were anesthe-
tized with a mixture of ketamine (80 mg/kg) and xylazine (16 mg/kg)
and were placed in a sterile surgical area on a water-filled heating pad
to maintain body temperature. A traction suture was placed in the
superior conjunctiva at the edge of the limbus to pull the eye down-
ward and to expose the superior portion of the conjunctiva. The
mouse eye at P14 is approximately 2.5 mm in diameter. A small
incision was made in the globe through the sclera into the vitreous,

FIGURE 1. Measured (A, B) and de-
rived (C, D) ERG parameters. Mea-
sured ERG parameters, (A) maximal
dark adapted b-wave amplitude, and
(B) maximal light adapted b-wave
amplitude showed no differences be-
tween groups at any time point. (C)
Vmax, derived from Naka-Rushton fit
to b-wave amplitude, was signifi-
cantly higher in control eyes (gray
squares) than in active eyes (orange
circles) 1 week after surgery. (D) Log
�, a postreceptoral sensitivity mea-
sure derived from Naka-Rushton fit,
did not differ between groups for any
time point. *P � 0.001.
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and a drop of 0.9% sodium chloride was placed at the incision site to
facilitate creation of a local retinal detachment. After 5 minutes, the
implant was gently inserted between the retina and the RPE, and the
position was confirmed by fundus examination.

Electroretinography

ERGs were recorded under both dark- and light-adapted conditions,
as previously described.30,37 Animals were dark adapted overnight
or for at least 4 hours andFig. 2 were prepared under dim red
illumination. After anesthesia with ketamine (mice, 80 mg/kg; rats,
60 mg/kg) and xylazine (mice, 16 mg/kg; rats, 7.5 mg/kg), the
cornea was anesthetized (0.5% tetracaine) and pupils were dilated
(1.0% cyclopentolate, 1.0% tropicamide). Body temperature was
maintained at 37°C on a homeothermic heating pad. Responses
were recorded binocularly with a nylon fiber embedded with silver
particles laid across the corneal surface41 and wetted with 1%
methylcellulose to maintain corneal moisture. Platinum needle elec-
trodes serving as reference and ground were placed in the cheeks
and tail, respectively. Under dark-adapted conditions, a series of
full-field flash stimuli ranging from �3.4 to 2.1 log cd � s/m2 were
presented to both eyes by a Ganzfeld dome. With increasing inten-
sity, the interstimulus interval increased from 2 to 70 seconds, and
3 to 10 flashes were averaged to generate a waveform for each flash
intensity. Eyes were then light adapted for 10 minutes (30 cd � m�2

background), and a series of cone-isolating stimuli (�0.8 to 1.9 log
cd � s/m2) was presented at 2.1 Hz in the presence of the adapting
field. Each photopic waveform was an average of 25 flashes. Re-
sponses were filtered (1–1500 Hz) and stored on a commercial ERG
system (UTAS 3000; LKC Technologies, Gaithersburg, MD).

Details about the ERG analysis can be found in the Supplementary
Methods (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-6750/
-/DCSupplemental). Briefly, ERG waveform measurements consisted of
b-wave amplitudes for both dark- and light-adapted conditions. The
Naka-Ruston stimulus-response function was fitted to the dark-adapted
b-wave amplitude to assess postreceptoral function and the activity of
the rod bipolar cells.42–45 Dark-adapted oscillatory potentials (OPs)
were extracted from raw traces using a fifth-order Butterworth filter46

(MatLab; The MathWorks, Natick, MA) with bandpass 65 to 300 Hz for
mice46 and 65 to 235 Hz for rats.47,48 The amplitudes and implicit times
of individual OP1 through OP6 were determined, as were summed OP
amplitude and implicit time.48 A discrete Fourier transform was also
used to analyze the OPs in the frequency domain.49

Rates of degeneration, defined as the loss of amplitude (�V) or
sensitivity (log cd � s/m2) per week, for the different ERG parameters
were also examined. Because of the small number of test ages, the rate
of degeneration was calculated as the slope of a linear fit between the
measures at postoperative week 1 and 4. To determine the effect of SES
on the progression of disease, the rates of degeneration between active
and opposite eyes were compared. For a comparison of rates of
degeneration between naive control merkd mice and RCS rats, rates of
degeneration were calculated as the slope of a linear fit for matching
ages between P28 and P42.

Histologic Examination

Four weeks after surgery, animals (10 implanted, 9 control) were
euthanatized by an overdose of anesthesia. Eyes were prepared and
analyzed as previously described.30 Briefly, eyes were enucleated and
fixed overnight in 2% paraformaldehyde and 2.5% glutaraldehyde, after

FIGURE 2. OP parameters. (A) Aver-
age maximal OP amplitude for all
OPs 1–6 across time (1–4 weeks af-
ter surgery) for active (orange bars)
and control (gray bars) groups.
Numbers at the bottom of each bar
indicate the OP number. At weeks 1
and 2 after surgery, control eyes had
significantly larger maximal OP am-
plitudes for OP2–6 than active eyes.
Responses from opposite eyes did
not differ from those of control eyes.
(B, C) Average maximal summed OP
amplitude (SOPAmax) and maximal
OP energy (Emax). Control eyes
(gray squares) had significantly
larger responses than active eyes (or-
ange circles) at weeks 1 and 2 after
surgery for both parameters. *P �
0.04.
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which the cornea and lens were removed. The posterior eyecup was
dehydrated with a graded series of alcohols and embedded in resin
(Embed 812/DER 736; Electron Microscopy Sciences, Fort Washing-
ton, PA). Vertical sections (0.5 �m) were cut through both the retina and
the implant and were stained with toluidine blue. Photoreceptor nuclei
were counted using an image analysis computer program (ImagePro Plus;
Media Cybernetics, Inc., Bethesda, MD) in four 0.5-mm regions of the
retina on either side of the optic nerve.

Growth Factor Expression Analysis

Two days after the first ERG (P23), animals (8 implanted, 4 control)
were euthanatized with an overdose of pentobarbital. Tissue prepara-
tion and growth factor expression were performed as previously de-
scribed.37 Briefly, eyes were enucleated, the cornea and lens were
removed, and a 1.8-mm-diameter portion of the retina over the implant
(or an equivalent location in nonimplanted eyes) was harvested.

Total mRNA was recovered (RNeasy Micro kit with DNase Treat-
ment; Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. mRNA (100 ng) was converted to cDNA (Quantitect Reverse
Transcriptase; Qiagen). The cDNA was diluted 20-fold, and 5 �L di-
luted cDNA was used in real-time PCR reactions with 100 nM (Gdnf) or
200 nM (Fgf2, Cntf, Igf-1, Gfap, and 18S) each forward and reverse
primer (see Supplementary Table S1, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.10-6750/-/DCSupplemental). Samples were
run in triplicate, and the average Ct was calculated. With 18S as an
internal standard, relative growth factor expression was calculated
from the average PCR cycle thresholds using the 2-��Ct method.50 The
expression ratio (treated eye/opposite eye) was computed to minimize
between-animal variability in gene expression.

Statistical Analysis

For intensity series data (a-wave, b-wave, OP amplitudes, and implicit
times) and ERG parameters (maximal dark- and light-adapted b-wave,
Vmax, log �, OP1max-OP6max, SOPAmax, and Emax), statistical compar-
isons were made with two-way repeated-measures ANOVA. Rates of
degeneration were compared with a two-tailed paired Student’s t-test
for merkd active and opposite eyes and with an unpaired Student’s
t-test for species. Post hoc comparisons were performed between
groups when appropriate. Photoreceptor cell counts across retinal
locations were compared using two-way repeated-measures
ANOVA. Gene expression in the different treatment groups was
analyzed using one-way ANOVA. The significance level for all tests
(�) was P � 0.05. All statistical analyses were made using statistical
software (SigmaStat 3.5; Systat Software, Inc., Point Richmond, CA).
All graphs include �SEM.

RESULTS

Electroretinographic Assessment of Merkd

Retinal Function

Merkd mice in all groups showed a rapid decline of function
with age. Representative dark-adapted ERG waveforms elicited
by the brightest flash intensity (2.1 log cd � s/m2) from active,
opposite, and control eyes for all 4 weeks of follow-up are
shown in Figure S1. At P35 (week 3 after surgery), merkd mice
exhibited a negative ERG with a prominent slow negative
potential interfering with the a-wave, and by P42 (week 4
after surgery) the b-wave was barely measurable in any
group. These findings are in agreement with previous re-
ports by Duncan et al.13

At P21 (week 1 after surgery), control eyes had significantly
larger a-wave (F18,379 � 3.944; P � 0.001) and b-wave (F18,379 �
2.248; P � 0.003) responses than active eyes, but this differ-
ence disappeared by the second week, and no differences
between groups for amplitude were seen at any other age (see
Supplementary Fig. S2, http://www.iovs.org/lookup/suppl/

doi:10.1167/iovs.10-6750/-/DCSupplemental). Implicit times
did not differ between the groups at any age for any measure
(data not shown). Vmax was the only postreceptoral param-
eter that differed between groups, with active eyes having
smaller responses than control eyes at week 1 after surgery
only (F6151 � 4.540; P � 0.001; Fig. 1). Maximal dark- and
light-adapted b-wave and postreceptoral sensitivity (log �)
showed no differences between groups at any age (Fig. 1).
There were no differences in rates of degeneration between
active and opposite eyes for a- and b-wave parameters (data not
shown).

All OP amplitude parameters (OP2max � OP6max; [F6151 �
2.307; P � 0.04], SOPAmax [F6151 � 3.626; P � 0.003], and
Emax [F6150 � 2.423; P � 0.031]) were significantly attenu-
ated in active eyes at weeks 1 and 2 after surgery compared
with control eyes (). Opposite eyes were not different from
control eyes. By week 3 after surgery, differences between
the groups disappeared. Rates of degeneration between ac-
tive and opposite eyes were significantly different for max-
imal OP amplitudes, with active eyes having significantly
lower rates of degeneration (data not shown). However, this
reduction on the degeneration rate was likely a result of
attenuated OP amplitudes in the active eyes 1 week after
surgery.

Photoreceptor Morphology

Morphologic assessment at week 4 after surgery (P42) showed no
differences between any of the merkd groups (see Supplementary
Fig. S3, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-
6750/-/DCSupplemental). Retinas of merkd mice had normal
inner retinal layers but reduced outer nuclear layer thick-
ness (3– 4 layers of photoreceptor nuclei) and a debris layer
in subretinal space. Photoreceptor nuclei counts were sim-
ilar for all three treatment groups. Photoreceptor numbers
were significantly reduced in the inferior compared with the
superior retina (F7143 � 7.22; P � 0.001) in all merkd mice.

Growth Factor Expression

At P23, real-time PCR expression analysis showed a 6.5- and a
2.5-fold upregulation of Fgf2 and Cntf, respectively, in active

FIGURE 3. Growth factor RNA expression determined with RT-PCR in
merkd mice after implantation. Active implanted eyes had significantly
higher Fgf2, Cntf, and Gfap levels than control eyes (Student’s t-test,
*P � 0.02).
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eyes compared with control eyes (Student’s t-test, P � 0.02; Fig.
3). Upregulation of Fgf2 expression in active eyes ranged from 1-
to 18-fold, with 4 of the 11 animals having expression levels above

10-fold. Gdnf and Igf1 showed no significant change. Gfap, a
marker of retinal injury, was upregulated 4.6-fold in active im-
planted eyes.

FIGURE 4. Rates of degeneration for
measured (A, B) and derived (C, D)
ERG parameters in merkd mice (red
diamonds) and RCS rats (blue trian-
gles). Rates of degeneration were cal-
culated as a linear fit (dashed lines)
between P28 and P42. Rates of de-
generation (�SEM) are listed at the
bottom of each graph. (A) Maximal
dark-adapted b-wave degenerated
significantly more quickly in merkd

mice than in RCS rats. (B) Maximal
light-adapted b-wave and (C) Vmax

were not significantly different be-
tween merkd mice and RCS rats. (D)
Log � degenerated more rapidly in
merkd mice than in RCS rats. *P �
0.03.

FIGURE 5. Rates of degeneration in
merkd mice (red diamonds) and RCS
rats (blue triangles) for OP parame-
ters. Rates of degeneration were calcu-
lated as a linear fit (dashed lines) be-
tween P28 and P42. (A) Rates of
degeneration for SOPAmax (top) and
maximal OP amplitudes for OP1–6max

(bottom). See Figure 2 for OP bar la-
bels. Merkd mice have a more rapid
rate of degeneration of SOPAmax than
RCS rats. (B) Rates of degeneration for
late OPs (OP4max-OP6max) for RCS rats
(top, blue and green triangles) and
merkd mice (bottom, red and orange
diamonds). Late OPs in merkd mice
degenerated more rapidly than in RCS
rats. (C) Rates of degeneration (�SEM)
for all OPs. *P � 0.003.
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Comparison of Merkd Mouse and RCS Rat Rates of
Retinal Degeneration

To better characterize differences between the two animal mod-
els and possible sources of differences in neuroprotective effects
of SES, rates of degeneration (calculated P28-P42) for naive con-
trols of both species were compared. The first difference ob-
served between the ERG responses of RCS rats and merkd mice
was the absence of a negative ERG in RCS rats at any age tested.
RCS rats and merkd mice showed similar rates of degeneration for
maximal light-adapted b-wave and Vmax, but merkd mice had
significantly greater rates of degeneration for maximal dark-
adapted b-wave (merkd, �156 � 18 �V per week; RCS, �95 � 15
�V per week; P � 0.03) and postreceptoral sensitivity log �
(merkd, 0.73 � 0.10 log cd � s/m2 per week; RCS, 0.39 � 0.01 log
cd � s/m2 per week; P � 0.02; Fig. 4).

RCS rats and merkd mice also displayed different rates of
degeneration for the OPs (Fig. 5). Although all OPs in merkd

mice underwent rapid degeneration, those in RCS rats showed
a slower decline in amplitude, with the later OPs (OP4 and
OP5) declining slowly or not at all (OP6; Fig. 5B). Figure 5C
lists all the rates of degeneration for the OPs of merkd mice and
RCS rats.

DISCUSSION

Postreceptoral Function in Merkd Mice after
SES Treatment

Overall, the data showed no evidence of preservation or tran-
sient neuroprotection in merkd mouse eyes receiving SES from
an MPA device. All differences between active and control
groups were most likely a result of insult to the retina after
surgical injury from implantation. At week 1 after surgery,
active eyes had significantly attenuated Vmax compared with
controls but did not show a significant decrease in overall
maximal b-wave amplitude. It is possible that rod photorecep-
tors were more sensitive to injury from surgery, thus resulting
in attenuated rod-driven responses, whereas mixed rod-cone
responses to the brightest flash intensities were unaffected,
remaining at control amplitudes. The OPs were also signifi-
cantly attenuated in the active implanted eyes and remained
below control levels until the third week after surgery. OPs are
known to be among the most sensitive of ERG components to
changes in the retina; they are often affected before changes in
a- or b-waves can be seen.47,51,52 Finally, Vmax began degener-
ating from the first week tested, but postreceptoral sensitivity
(log �) did not begin declining until the third week after
surgery. The former, Vmax, takes into account the amplification
of a graded signal, which will reflect a change in the number of
cells contributing to the signal. Sensitivity, on the other hand,
is related to the kinetics of phototransduction. Because the
Mertk defect does not directly affect phototransduction, it is
likely photoreceptors retain functionality until structural disin-
tegration causes cell death. If this is the case, then the func-
tional response from the photoreceptors is appropriate for the
intensity of the stimulus; there are simply fewer cells respond-
ing. This could correspond to a change in maximal amplitude
(Vmax) before a change in sensitivity (log �).

Differences in Retinal Function between RCS Rats
and Merkd Mice

Our data showed that merkd mice underwent more rapid
retinal degeneration than RCS rats, which is consistent with
other reported findings.13 Merkd mice began exhibiting a neg-
ative ERG at P35, in which a significant negative wave began
dominating the early portion of the response and obscuring the
b-wave. By P42, there was almost no detectable response in

most animals. In our previous studies, we did not observe a
negative ERG in the RCS rats. In their RCS rats, however, Pinilla
et al.53 reported the appearance of a prominent negative wave
interfering with a predominantly cone-driven b-wave, but not
until approximately P80.

Although these negative waves have inner retinal origins, as
shown through pharmacologic block by Machida et al.54 and a
double-flash protocol by Pinilla et al.,53 the waves we observed
might not have been true scotopic threshold responses (STRs).
The STR, in the absence of background illumination, is seen as
a slow negative potential with the lowest visual threshold of
any ERG component.55 However, in the ERGs recorded from
merkd mice, we were able to observe a prominent negative
potential coinciding with b-waves and OPs at bright flash inten-
sities (Supplementary Fig. S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.10-6750/-/DCSupplemental, week 3). The OPs and
STRs had nonoverlapping light intensity thresholds in the recordings
of healthy eyes, thus bringing into question whether it is possible that
an STR could be seen at light levels that elicit OPs and b-waves, even
in degenerated retinas. To better understand the origins of
this response, further studies with pharmacologic dissection
of the ERG are needed at later stages of retinal degeneration
in merkd mice.

Another difference between merkd mice and RCS rats was
the degeneration of the OPs. Although OPs are known to
originate in the inner retina, they do not all have the same
generators,56–60 and they have both rod-driven and cone-
driven components.46 The OPs in merkd mice were largely
undetectable by P42. In RCS rats, the rates of degeneration for
the early OPs were not different from the merkd mice, indicat-
ing that the generator of early OPs was similarly affected in
both animals. However, the rates of degeneration of the later
OPs were significantly slower in the RCS rats, with OP6 not
showing any degeneration over the ages tested. Previous stud-
ies have shown that the proportion of cones in the RCS rat
retina rises from 3% early in life61 to 10.5% by P35.18 Studies of
rod-driven and cone-driven OPs show that cone-driven OPs are
significantly slower and smaller in amplitude, contributing
more to the amplitude of the later OPs in a mixed rod-cone
response.46 Taken together with other studies showing faster
rod degeneration in the RCS rats,12,15,18 these results provide
further evidence that later OPs generated in response to mixed
rod-cone stimuli are likely cone driven.

Differences in Effect of SES between RCS Rats and
Merkd Mice

Our previous work has indicated that SES produces temporary
preservation of photoreceptor function and morphology in
RCS rats.30 Furthermore, there appears to be a dose response
to SES in that decreased frequency of ERG testing and, there-
fore, decreased current output from the implant eliminated the
neuroprotective effect.62 Furthermore, the neuroprotective ef-
fect is associated with the selective upregulation of FGF2.37

Although SES showed significant neuroprotection in RCS
rats,30 SES did not produce neuroprotective effects in merkd

mice. This could have been because merkd mice have a
different mechanism of degeneration, resulting in more
rapid degeneration than in RCS rats, as suggested. In our
previous studies, comparisons of retinal function between
eyes implanted with active rather than inactive devices indicated
that the active implant had some positive effects, even in the
initial postsurgery decline in retinal function,30 but this was not
seen as a response greater than that in controls until the
retina had degenerated further and the treatment groups
could separate. Thus, in merkd mice, the positive effects of
SES may not be visible at the time points we examined in
this study.
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It is also possible that RCS rats are hypersensitive to neuro-
protection. Previous studies have shown a neuroprotective
effect in RCS rats with sham surgery that was not present in
S334-ter transgenic rats given the same treatment.63,64 In an-
other study, RCS rats responded to neuroprotection by light
stress that was not measurable in the P23H transgenic rats.65 In
our studies with normal animal models, subretinal implants
caused a local photoreceptor degeneration in the area overlay-
ing the implant,66,67 but RCS rats implanted with the device
showed preservation of photoreceptors both over the implant
and in more distal areas.30 Further studies of an animal model
with a slower rate of retinal degeneration, similar to that of RCS
rats and caused by an RPE defect, would be needed to deter-
mine whether neuroprotection by subretinal electrical stimu-
lation is a feature unique to RCS rats. The ideal rat model would
have the truncated Mertk gene found in merkd mice, and not
the null mutation found in RCS rats, to examine potential
differences in mechanisms of degeneration between the two
types of mutations in the same species.

Alternatively, the mechanism of degeneration may be simi-
lar between RCS rats and merkd mice, but the acute effect of
SES is different in these models. In this scenario, it is possible
that the current generated by the implant in response to am-
bient light and weekly ERG flashes was insufficient to provoke
a neuroprotective response from the retina in the merkd mice.
Further studies would be needed to show whether the lack of
neuroprotection in these mice resulted from an ineffective
dose of SES. However, it should be noted that similarly in-
creased expression in FGF2 (�6.5�) was measured in both the
RCS rats37 and the merkd mice described here after SES, sug-
gesting that the dose of SES used here was sufficient for growth
factor upregulation.

Another possibility for the difference in effect of SES on RCS
rats and merkd mice is that mice and rats are not as similar as
commonly thought. One study showed that laser photocoagula-
tion therapy causes preservation of photoreceptors in RCS rats
but not in rds mice.68 Mounting evidence shows that mice and
rats have different reactions to growth factors. One study using
RAAV.CNTF treatments in rds mice and S334-ter and P23H trans-
genic rats showed no effect on retinal function in mice but a
marked decrease in function for rats.69 In our studies, both RCS
rats and merkd mice showed an elevation in Fgf2 growth factor
expression 9 days after surgery.37 This upregulation, however,
was associated only with neuroprotection in the RCS rats. Further
supporting species differences in responsivity to growth factors is
a study by LaVail et al.70 of neuroprotection in albino mice and
rats after light damage. Similar to the differences we have noted
between mice and rats treated with SES, his study found that
bFGF (i.e., Fgf2) showed significant preservation of photorecep-
tors in rats but not in mice. The differences in response to Fgf2
upregulation in these two species could be attributed to differ-
ences in the availability and location of Fgf2 receptors. Given
these differences in similar animal model reactions to similar
treatments, it is prudent to use caution when testing therapies in
only one animal model.
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