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Figure 2A-D. Prchminary experimental series: cortical visual evoked potential (VEP) and retinal electroretinogram (ERG) responses (o light
in ummplanted rabbits: A before and B after retrobulbar injection of 4% lidocaine; C after retrobulbar injection of 99% alcohol, and ) after

transecting the optic nerve. A strong positive component at approximately 20 ms was observed i the VEPs from contralateral visual cortex
(arrow): recordings Irom the ipsilateral cortex were within noise level. VEPs of similar shape were reported before.™ * Retrobulbar injection of

% lidocaine did notalter this cortical response, corresponding to the clinical observation thal retrobulbar injection of local anesthetic sometimes
cannot eliminate the patient’s light sensation during ocular surgery After 99% alcohol ijection, the contralateral VEP response disappeared.

Transection of the optic nerve extinguished ipsi- and contralateral responses. The b wave of the corneal ERG was unaltered after retrobulbar

imection of 4% hdocaine. but decreased somewhat after injection of 99%

ERG response. Flash intensity: 0.2 cdis/m*: . 2.0 ed¥s/m

Preliminary Series

To discriminate biological responscs from the small and
artifact-laden responses following electrical stimulation, we
characterized normal retinal and cortical responses from
animals without subretinal implantation in a preliminary
scries in iwo rabbits. VEPs and ERGs were recorded before
and after the following two experimental conditions in two
rabbits: (1) retrobulbar injection of either 1 ml of 4% lido-
caine or 1 mi of 99% ethyl alcohol to exclusively block optic
nerve transduction while sparing retinal responses, and (2)
transcction of the optic nerve to disrupt retinal as well as
cortical responses. Results are shown in Fig. 2.

Preparation for Histology

o : of frrmaldahudea
lobe was immersed in 10% formaldehyde,

Then, tissue blocs corresponding to the area of the implan-

alcohol. Transection of the optic nerve completely extinguished any

L 20.0 cd¥s/m?,

tation channel and the area overlying the foil strip were
dissected and embedded in paraffin for light microscopy.
and then stained with H&E. For immunohistochemistry,
6-um sections were stained with a rod photoreceptor cell
specific marker against the N-terminal region of rhodopsin
(mouse hybridoma monoclonal antibody Rho 4D2; gener-
ously provided by Professor R. S. Molday, Department of
Biochemistry and Molecular Biology, Faculty of Medicine,
University of British Columbia, Vancouvar, Canada). In
brief, deparaffinized tissue sections were washed for 5 min
in phosphate-buffered saline (PBS), blocked for 30 min in
PBS plus 10% serum plus 1% bovine serum albumin (BSA),
then incubated with the primary antibody overnight, dilu-
tion 1:60. After three washings in PBS/BSA for 5 min each
time, incubation with a secondary antibody for 1 h (fluores-
cein isothiocyanate-conjugated sheep anti-mouse Ab: 1:50.
F6257-1ML: Sigma. St. Louis. MO, USA). the specimens
were rinsed again, equilibrated (MP cqu-buffer) and exam-
ined under a fluorescence microscope (Leica DMBR. Leica,
Wetzlar, Germany).
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Results
Transchoroidal Surgery

Transchoroidal surgery was performed unevendully in all
four rabbits through the same subretinal implantation
channel. The implant was successfully inserted into the sub-
retinal space in ali 16 procedures in all animals, No sienificant
choroidal bleeding occurved at the entry site. In one eye,
retinal perforation occurred ai the site of the choroidal inci-
sion during onc surgical session. In that case, the protruding
vilreous was pushed back by an additional [lexible plastic {oil.
Thereafter, the subretinal implaniation was successful.

Rabbits | and 2

Rabbits 1 and 2 were implanted with a subretinal MPDA
proiotvpe (diameter. 2.5 mm: thickness, 50 pm) as described
before.™ and the prototype was bonded onto the tip of a
polvimide foil sirip (thickness, 30 um: width, 2.7 mm: length,
20 mm; Fig. 3A). The device was explanted 4 weeks later.
The animals were cuthanized 2 weeks after explantation for
histological asscssment of the retina. Eaplantation revealed
conjunctival scarring and attachment of the conjunctiva to
the underlying scleral lap. The implant could be removed
uninjured without encountering bleedings or retinal com-
plications. The retina remained attached both  during
implantation of the device and after removal. At all exami-
nation dates the outer aspect of the eyes remained well
preserved. the conjunctiva was closed, and no signs of
atrophy. infection. or wound dehiscence were detectable.
Details are shown in Fig. 4A-C and in Table 1. Histology
showed a well-preserved neurosensory retinal architecture
across the implantation (not shown).

Rabbhit 3

Rabbit 3 underwent iwo implantations and two eaplanta-
tions and functional cvaluation. In the primary surgical
session. it received the same implant as rabbits 1 and 2,
which was exchanged after 13 months for an electrically
functioning foil strip (Fig. 3B) for subretinal electrical stim-
ulation and to record retinal and cortical potentials. Between
the two surgeries. the outer aspeet of the operated eve
remained without any signs of infection, atrophy. or wound
dehiscence. Funduscopy revealed stable positioning of the
subretinal implani in the ¢ve. No reiinal detachment or
proliferative reaction. but some retinal pigment epithelium
(RPE) degeneration was observable in the region around
the implant. In the second surgical session the degree of
conjunctival/scleral scarring was not remarkably higher
than in rabbits | and 2 (after 4 weeks). The stimulation foil
was then introduced after removal of the first implant
through the previous implantation channel and advanced
some millimeters further to ensure its position under
untouched retinal regions. Transchoroidal access to the sub-
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retinal space was uncventful, as was water-tight wound
closure of the scleral flap.

Comparison of the b-wave amplitudes of the ERGs
showed a reduction by approximately 20% in the implanted
versus the unimplanted eye. whercas VEPs from the
implanted and the unimplanted eyes were identical (in
agreement with rabbit 4, see Fig. 5). VEPs from the contra-
lateral visual coriex disappeared after alcohol injection.
ERGs did not change in shape between before and after
alcohol injection, as was to be expected from the prelimi-
nary experimenis. but disappeared after transection of the
optic nerve.

Figure 3A-C. Photographs of the subretinal impiants used in this study.
A The ymplant of rabbit | and 2 consisted ol a microphotodiode-array
which was glued onto a polyimude for! (2 inm wide. ca 20 um thick)
The array compnised 12 inactive electrodes cach with 4 surrounding
microphotodiodes (S0um  thickness, diameter ca. 2mm; enlurged
photo). B The final mplant was used [or subretinal electrical stmula-
ton in the final surgery mn rabbis 3 and 4. The polvinude foil strip
(thickness 12 um. width 2 4 mm, length 48.0 mm) with 32 gold connce-
iion fanes terminating in a 3 > d array with 32 titanium mtride electrodes
(30 active cleetrodes 30 umn diameter and two larger reference elec-
trodes) at the end ol the strip as has been described before.™ Each
clectrode can be connected to an external stimulus generator. C The
complex implant used m rabbit 4 with extraocular parts (thickness up
to 2 mm. width 3 mm, length 22 mm) The stmulating and photodiode
array 1s on the right. the infrared-sensitive energy-receiving photodiode
is i the center, and the electronic units are on the left. It stayed in place
for S weeks and was the sccond implant used in this rabbit.
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Table 1. Summary of cxperiments
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Implant siz¢ max.

Rabbit Time 1o next thickness < width < Tyvpe of function
no. Surgeny surgery length (mm) testing, Figures
Fand 2 I Implantation 4 weeks 0082 x 1> VEPERG Operation: 4A
2: Explimtahion 2 weeks Fundus: 4B.C
A Luthanized [Function westing Electrophysiology: 2
3 1: Implantation 13 months 0.08 2 - 15 VEP ERG eLRG, Histology: 7TAB
21 Explantation, remiplamtation, Acute stimulation  0.012 < 48 - 2.4 (Fig. 3B) cECP Electrophysiology: 6.
cuthanized experiment ’
4 1 Implantation 3 weehs 008 215 VEP ERG, cERG.  Fundus: 4D.E.F
2: Explantation. reimplantation 5 weeks 2,30 22 (Fie 3A) ¢ECP Histology: 7C.D
3 Explantation. reimplantation 7 months 00372 17 Electrophysiology. .08
+: Explantation. reimplantation. Acute stimulation  0.012 .- 2.4 » 48 (Fig 3B)
cuthamzed cxperiment
VEP visually cvoked poteniial: ERG. cleciroretunogram to light stimulation: ¢ERG, clectroretinograms 1o subretinal electrical stimulaton:
cECP electrically evoked cortical potential.
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Figure 5. Cortical (VEP) and retinal (ERG) responses of the implanted and unimplanted eye in rabbit 4 immediately before the fourth and
{inal implantation aiter 10 months. A strong positive component at approximately S0 ms was obscerved in the VEPs from contralateral visual
cortex. While b-wave amplitudes in the ERG were reduced by approximately 20% in the implanted eye. similar VEPs [rom both cyes were
recorded with tull-ficld flash sumulation from both cyes.demonstratmg good prescrvation of the retina alter multiple implantations and explan-

lations. Flash intensity 02 cdsim’:

¢xchanged in the sccond surgery for a larger, more complex
implant with estraocular parts (Fig. 3C), which stayed sub-
retinally for 5 weeks (Fig. 41). In the third surgery it was
cxchanged for a polyimide foil strip with a large permanent
extraocular part (thickness, approximately 0.03 mm; width,
2 mm:length, 17 mm: Fig. 4F2), which stayed subretinally for
7 months. In the fourth and final surgery an clectrically
functioning polyimide foii strip (Fig. 3B) was implanted for
recording of retinal and cortical potentials after subretinal
clectrical stimulation (Fig. 4F).

As in the previous experiments, the eye was well pre-
served during the entire period of 10 months (Fig. 4D-F).
The retina remained avached and no siens of cither inflam-
mation or adverse reactions were noticed on cither external
inspection or funduscopy. The retina at the region of the
implant on the posterior pole. however, showed several
atrophic holes, and in some arcas a fibrous tissue rcaction
was observed. Despile tissue scarring as described above,
we found it feasible in all surgeries to expose the implant,
prepare the scleral flap, open it and access the subretinal

2.0 ed s sims ——, 2000 eds/m’.

space transchoroidally to cxplant the old device and implant
a new one. No complications occurred during any surgery.
Entry sites of the sclera and the choroid werce in such a state
that access was possible without further incision.

From the implanted and the unimplanted eye, identical
VEPs were recorded at the beginning of the final acute
implantation as well as immediately after completing the
surgery. ERG amplitudes at the time were reduced by
approximately 20% (Fig. 5). VEPs and ERGs showced anal-
ogous behavior to those in rabbit 3 after alcohol injection.
Transection of the optic nerve was possible in this animal
and led to extinguished ERGs and VEPs.

eERGy showed analogous results to those in rabbit 3,
proving intact retinal function and susceptibility to subreti-
nal electrical stimulation after multiple surgeries (Fig. 6B).
No discernible response was obtained, however, in the
¢ECP recordings in this rabbit. ¢eERGs and ¢ECPs were
rerecorded after cuthanizing the animal and extinction of
the ¢eERG was demonstrated (Fig. 6B).

Histology in rabbit 4 is shown in Fig. 7C, D.
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Figure 6A. B. Electrically evoked cortical potential (¢ECP) and retinal responses (¢ERG) following subretinal electrical stimulation in rabbits
3and 4.4 eECPs m rabbit 3 with a positive component (arrow) at approximately 20 ms in the recordings from the contralateral visual cortex
immediately after the final implantation. After 99% alcohol mjection into the retrobulbar space, the response disappeared. Recordings from
the ipsilateral cortex remained within noise level. The positive component (arrow) in the eERG at approximately 15 ms observed in the record-
ings immediately after implantation as well as after optic nerve block disappeared after the ammal was cuthanized. Transeciion of the optic
nerve could not be performed as planned withoui endangering the stability of the subretinal fo1l duc 1o the surgical situation. B ¢ERG record
ngs in rabbit 4 show a clear positivity of approsimately 20 uV with a latency of 20 ms. In the ewthari=ed animal (lower trace) no such response

was observed. Stimulation strength: 2V 25V L300V

Figure 7A-D. Histological preparation of retinas. H&E stained retinal
sections are shown o the left, and immunohistochemical rhodopsin-
stained sections on the right (scale bars = 50 um), immediately after
repeated implantation/explantation sureeries and subretinal electrical
stimulation in rabbits 3 (A. B) and 4 (C. D). A The retina shows « small
degree of disorganization and retinal edema in the area overlying the
stimulation foil after short-term stimulation in the final acute experi-
ment. B The immunohistochemical staining for rhodopsin shows
evenly distributed, well-preserved rhodopsin in all arcas over the elec-
trode foil even after repeated subretinal electrical stimulation. C H&E
staining of the retina showed atrophic alterations and disorganized
retinal structure at the area of the subretinal channel utilized eight
times for multiple implantation and explantation procedures. I Local-
ized lack of rhodopsin staiming at the area of the implantation channel
is cvident (right), whereas posilive immunohistochemical staining for
rhodopsin is observed just outside the channel (left).

Discussion

All our surgeries, eight implantations and eight explanta-
tions, were performed as planned without any major com-
plications. The implants could be placed subretinally and

stayed at the intended position for the entire examination
period in each case. Ouly one retinal perforation occurred
during implant surgery (rabbit 1), an encouraging low rate
in light of previously reported series.”™ However. even in this
last case the implant could be placed safely in the subretinal
space. Neither retinal detachment., nor implant movements,
nor any proliferative vitreoretinal alterations over the
implant were observed, but in one case retinal atrophy over
the implant was seen (rabbit 4). The conjunctival, scleral,
and choroidal entry sites were repeatedly usable through-
out all surgical procedures and did not show marked signs
of atrophy, dchiscence. or infection that would interfere
with surgery. As was to be expected. however, repeated
surgery required some additional care because of scarring,
located mainly within the conjunctiva and connected tissues
around the implant material. The operation sites neverthe-
less always presented with tissue circumstances that allowed
safe surgery.

Degeneration of the RPE was observed in rabbits 1 and
2 in the area of the implant 4 weeks after surgery, and also
in rabbit 3 where the implant had been left subretinally for
13 months. After subretinal electrical stimulation in rabbit
3. light microscopy showed edema and small degrees of
retinal reorganization (Fig. 7A): however, immunohisto-
chemical staining showed intact rhodopsin distribution (Fig.
7B). In rabbit 4 in the area of repeated long-term implanta-
tion (approximately after 10 months and cight surgical pro-
cedures) the neurosensory retina was disorganized with
fibrous tissue formation (Fig. 7C) and defective rhodopsin
staining (Fig. 7D, right). However, immediately next to the
implantation channel intact rod photoreceptors were found



474

(Fig. 7D, left), which allowed successtul electrical stimula-
tion. in no case did we obscrve any ccll proliferation—espe-
cially not in any Miiller cells—between the device and
overlying neurosensory retina or between the device and
the underlying RPE. reported in other studies.” * Several
tactors can account for this, such as the different animal
specics, the different surgical procedures (in our case
without an intraocular procedure), and the differences in
the coating and clectrode material.

Preserved global retinal function after multiple subreti-
nal implantation and explantation surgery was shown by
means of intact full-field VEP and ERG in rabbits 3 and 4.
A reduction of 20% in the ERG b-wave amplitude dees not
seem sienificant considering the typical repeatability and
interindividual variability of ERGs. However. it could point
te Jocal retinal destruction in the area of the implant, since
blockage of nutricnt exchange with the RPE inescapably
damages the parvangiotic retina in rabbits. VEP recordings
showed similar waveforms and amplitudes in the implanted
and the unimplanted cye as described before.”

Intact retinal susceptibility to electrical stimulation after
multiple implantation and explantation procedurcs—cven
after up to 13 months-—was shown by the positive ¢cERG in
rabbits 3 and 4, where a clear positive deflection al approxi-
matcly 20 ms was scen (Fig. 6B). The ¢ERG (Fig 6B) did
not resemble the ERG response to the light flash in terms
of shape and impliait time. However. we believe it reflects
a biological retinal response cvoked by electrical stimula-
tion since it was obtained both before and after pharmaco-
logical blockage of the optic nerve by alcohol. but was

completely extinguished after the amimal was cuthanized.

¢ERGS arc inhcrently difficult to record because the tem-
poral proximity ol stimulus application and a recording site
such that the large stimulus artifacts heavily interfere with
the much smaller biological signals. The response time
course in rabbits 3 and 4 was slower than that observed in

vitro,” where the retinal ganglion cell response consisted of

a single burst with an implicit time of approximately 13 ms.

Implicit time was shorter than for full-field light stimulation,

“which is in accordance with previous reports {or subreti-
nal"™ and epiretinal implants,” where the authors postu-
late that electrical stimulation surpasses the relatively slow
phototransduction cascade. The disercpancy in shape
between the recordings following light and clectrical stimu-
lation can possibly be attributed to differences in the char-
acteristics of the input encrgy and stimulus intensitics and
to the different retinal cell populations excited.

Intact visual pathway function in terms of susceptibility to
electrical stimulation was shown in rabbit 3 by a positive
component of the cECP culminating between 10 and 20 ms
(Fig. 6A). The responsc Lo flash stimuli appeared between 30
and 70 ms. The time difference in response to these different
stimuli can again be readily attributed to the bypass of the
time-consuming  phototransduction cascade by electrical
stimulation. Amplitudes of the eECPs were much smaller
than those of VEPs. probably because ol the size of the
stimulated arca: with full-ficld flash stimuli the entire retina
is stimulated simultaneously (approximately 1000 mm”), but

Jpn J Ophthalmaol
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the clectrodes on the tip of the foil had an area of less than
0.06 mm™. Unlike in rabbit 3, no discernible response was
obtained following ctectrical stimulaton of the eve in rabbit
4, although global retinal function was well preserved as
shown by full-ficld ight ERGr and VEDP (Fig. 5). Considering
that the success rate of detecting eECP in our previous exper-
iments in rabbits™ was 70% (seven of ten eyes). other factors
that affected ocular function could be responsible: the par-
ticular localization of the clectrodes under the retina and
their projection to the visual cortex, the position of the
recording electrodes over the cortex. or the influence of anes-
thetics. An alternative explanation could be that previous
surgery led to retinal degenerative processes that hindered
electrical stimulation. A major factor here is that the rabbit
retina is parvangiotic, that is. it depends mostly on diffusion
of nutrients from the RPE and not on retinal vessels. Block-
age of this diffusion mechanisin inevitably leads to degenera-
tive processes in the retina and might damage the nerve fibers
in more central arcas around the visual streak. thereby
lcaving the focal retinal response intact but disrupting the
conduction of any signals via ganglion cell (GC) (ibers (o the
optic nerve. We were able to interrupt transduction of signals
through the optic nerve to the brain (electrically or visually
evoked) by retrobulbar alcohol injection. sparing retinal
responses. The extinction of signals after blockage or transec-
tion of the optic nerve (Fig. 6A. B) shows that the responses
observed upon clectrical stimulation resemble biological
responses. In contrast. the positive fast initial responses neai
0 ms (Fig. 6) do not reflect physiological responses. first
because they appeared immediately after stimulation onset
around 0 ms, which is too carly for a physiologic responsc
second, because these responses showed a too-high fre-
quency. and third, because they were present after optic
nerve biock and euthanizing the animal.

Several drawbacks of our study must be acknowledged.
First, the rabbit is certainly not the ideal animal in terms of
retinal anatomy since its retina is parvangiotic, which makes
it pronc to more severe retinal degeneration than animals
(such as humans) with holoangiotic retinas, where at least
the inner retina is nourished by proprietary retinal vessels
and should remain intact even in the presence of a subreti-
nal implant (e.g.. Gekeler et al.™ 7). Second. the number of
animals in our study was very small. and cach animal was
treated differently, which does inhibit statistical analysis.
However, we chose rabbits because they are readily avail-
able and the surgery procedure is well established, espe-
cially the transchoroidal part.”?" Further experiments
should also make use of modern clinical equipment such as
high-resolution optical coherence tomography. Neverthe-
less. we believe that our findings can constitute a basis for
future experiments and hope that they are a stimulus for
and promote ongoing discussions regarding human trials.

In summary. our principal finding that repeated transcho-
roidal surgery for subretinal implants can be safcly per-
formed without significant complications and that function
in these eves is maintained demonstrates the feasibility of
the transchoroidal approach for implantation, explantation.
and reimplantation of retinal prostheses. We believe that
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this result will contribute to discussions concerning long-
term human trials, when the explantation or exchange of an
implant must be dealt with, such as when adverse events
oceur (e.g., endophthalmitis or retinal detachment), when
the device is malfunctioning, or when more advanced
implants become available and are demanded by patients.
Since several groups are currently using a transchoroidal/
transscleral access (o the vitreous cavity or the subretinal
space'*! "™ we hope our findings are relevant for subretinally
as well as cpirctinally placed implants.
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Purpose. To compare the photopic negative response (PhNR) of the full-field electroretinogram (ERG) to the PhNR of the focal
ERGs in detecting glaucoma. Methods. One hundred and three eyes with glaucoma and 42 normal eyes were studied. Full-field
ERGs were elicited by red stimuli on a blue background. The focal ERGs were elicited by a 15° white stimulus spot centered on
the macula, the superotemporal or the inferotemporal areas of the macula. Results. In early glaucoma, the areas under the receiver
operating characteristic curves (AUCs) were significantly larger for the focal PhNR (0.863-0.924) than those for the full-field
PhNR (0.666-0.748) (P < .05). The sensitivity was significantly higher for the focal PhNR than for the full-field PhNR in early
(P < .01) and intermediate glaucoma (P < .05). In advanced glaucoma, there was no difference in the AUCs and sensitivities
between the focal and full-field PhNRs. Conclusions. The focal ERG has the diagnostic ability with higher sensitivity in detecting

early and intermediate glaucoma than the full-field ERG.

1. Introduction

It has been generally believed that the activity of retinal gan-
glion cells (RGCs) contributes little to shaping the corneal
electroretinogram (ERG) elicited by ganzfeld stimuli (full-
field ERG). However, a response has been newly identified to
originate from RGCs that receive signals from cones [1]. This
response was termed the photopic negative response (PhNR)
[2], and it consists of a negative-going wave that follows the
photopic cone b-wave.

The PhNR is strongly attenuated in primate’s eyes
with experimentally induced glaucoma and also in eyes
intravitreally injected with tetrodotoxin [2], a blocker of
the neural activity of retinal ganglion cells, their axons,
and amacrine cells [3, 4]. In addition to this experimental
evidence, it has been demonstrated that the PhNR was
reduced in patients with optic nerve and retinal diseases that
affect mainly the RGCs and retinal nerve fiber layer [5-16].
We have shown that the amplitudes of the PhNR of the
full-field cone ERG (full-field PhNR) were correlated with

visual sensitivity, disc topography, and retinal nerve fiber
layer thickness in eyes with open angle glaucoma (OAG)
[16]. These results indicate that the full-field PhNR can be
used as an objective functional measure of the RGCs in
glaucomatous eyes.

When the full-field PhNR amplitude was used as a
diagnostic tool, the sensitivity and specificity to discrimi-
nate glaucomatous from normal eyes were 77% and 90%,
respectively [16]. However, at the early stage of glaucoma, the
sensitivity was reduced to 57%, indicating that the full-field
PhNR is not suitable for diagnosing early glaucoma. This is
not surprising because the early glaucomatous changes begin
with localized neuronal loss in the retina and optic nerve
head that could not be detected by the full-field ERG.

The focal ERG system originally developed by Miyake
et al. [17] is now commercially available in Japan. Recently,
we have recorded focal ERGs from patients with glaucoma
[18-20] and optic nerve diseases [21]. We found that the
PhNR of the focal ERG (focal PhNR) was also selectively
attenuated in patients with OAG. In addition, we investigated



correlation between the focal PhNR and corresponding
retinal sensitivity obtained by standard automated perimetry
(SAP). A curvilinear relationship was found between the
focal PhNR amplitude and retinal sensitivity (decibel),
in which a reduction of the focal PhNR amplitude was
associated with a small decrease of retinal sensitivity at the
early stage of glaucoma [18]. This suggests that the focal
PhNR may be used for detecting functional loss at the early
stage of glaucoma. This focal ERG system allows us to record
focal retinal responses from the paramacular regions of the
retina that are preferentially affected at the early stage of
glaucoma. In our recent study, we recorded focal ERGs from
three retinal loci including the macular region, the supero-
temporal and infero-temporal areas of the macula. The

sensitivity and specificity of the focal PhNR to discriminate

early glaucoma were >90%. These findings were made with
the combined criterion in which eyes were classified as being
glaucomatous when the focal PhANR amplitudes were less
than the optimal cut-off values in either retinal locus [19].

From these results, it appeared that the focal PhNR is
better than the full-field PhANR to discriminate glaucomatous
from normal eyes. However, a direct comparative study
comparing the diagnostic values of full-field and focal PhNRs
obtained from the same eyes has not been reported although

“studies using different patient populations for the full-field
and focal PhNRs have been done [16, 18, 19].

Thus, the purpose of this study was to compare the ability
of the full-field and focal PhNRs to detect glaucomatous
eyes at different stages. Importantly, the full-field and focal
PhNRs were recorded from the same eyes.

2. Methods

2.1. Patients. One hundred and three eyes of 103 patients
with OAG were studied. Their ages ranged from 37 to
83 years with a mean * standard deviation of 68.2 + 9.1
years. The diagnosis of OAG was based on the presence of a
glaucomatous optic disc associated with visual field defects
measured by SAP. The presence of glaucomatous optic
disc was determined by the guideline of Japanese Society
of Glaucoma developed in 2005 (http:/www.nichigan.or
Jp/member/guideline/glaucoma2. jsp). According to the
diagnostic criterion for minimal abnormality of the visual
field [22], the visual field defect was determined to be
glaucomatous when it met one of three criteria. (1) The
pattern deviation plot showed a cluster of three or more
nonedge points that had lower sensitivities than those in 5%
of the normal population (P < .05), and one of the points
had a sensitivity that was lower than 1% of the population
(P < .01), (2) the value of the corrected pattern standard
deviation was lower than that of 5% of the normal visual
field (P < .05), or (3) the Glaucoma Hemifield Test showed
that the field was outside the normal limits.

Forty-two eyes of 42 age-matched normal volunteers,
ranging in age from 53 to 78 years with a mean of
67.6 = 7.3 years, were studied. We selected normal eyes
from patients with macular hole in the fellow eye which
was treated by vitrectomy. They underwent comprehensive

Journal of Ophthalmology

Ficure 1: Ocular fundus photogfaph showing retinal areas which
were stimulated by focal spots with a diameter of 15 degrees.

ophthalmological examiriations including measuring visual
acuity by a Snellen chart and observing the ocular fundus
by an indirect ophthalmoscope as well as a biomicroscopic
slit lamp. In addition, we performed optical coherence
tomography and SAP to rule out macular and optic nerve
diseases.

This research was conducted in accordance with the
Institutional Guidelines of Iwate Medical University, and the
procedures conformed to the tenets of the Declaration of
Helsinki. An informed consent was obtained from all sub-
jects after a full explanation of the nature of the experiments.

2.2. ERG Recordings. The pupils were maximally dilated to
approximately 8 mm in diameter following topical applica-
tion of a mixture of 0.5% tropicamide and 0.5% phenyle-
phrine HCL. The recordings of the full-field and focal ERGs
were made on the same eye on the same day. The stimulus
conditions for the recordings of the full-field cone ERGs and
focal ERGs have been reported in detail [16, 18].

The full-field cone ERGs were elicited by red stimuli of
1 600 cd/m? (Amax = 644 nm, half-amplitude bandwidth =
35nm) on a blue background of 40 cd/m? (A = 470 nm,
half-amplitude bandwidth = 18 nm). The duration of the
stimulus was 3 msec. The stimulus and background lights
were produced by light emitting diodes (LEDs) embedded
in the contact lens.

Focal ERGs were recorded from the macular area and -
from the supero-temporal and infero-temporal areas of the
macula. Responses from these areas are designated as the
center, superior/temporal, and inferior/temporal responses,
respectively (Figure 1). The stimulus system was integrated
into the infrared fundus camera (Mayo Co., Nagoya, Japan),
which had been developed by Miyake et al. [17]. The stimulus
spot was 15 degrees in diameter and was placed on the
retinal area of interest, and the position was confirmed by
viewing the ocular fundus on a monitor. The intensity of
the white stimulus and background lights was 165 cd/m? and
6.9 cd/m?, respectively. The stimulus duration was 10ms.
The focal ERGs were recorded with a Burian-Allen bipolar
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FiGURE 2: Representative full-field cone and focal electroretinograms recorded from a normal subject and a glaucoma patient with advanced

visual field defects.

contact lens electrode (Hansen Ophthalmic Laboratories,
Towa City, IA).

The responses were digitally band-pass filtered from 0.5
to 1000 Hz for the full-field ERG and from 5 to 500 Hz for
the focal ERG. It is often difficult to determine the negative
trough of the PhNR especially in cases with reduced PhNR
amplitudes. Therefore, we measured the PhNR amplitude at
the fixed time points. We determined the time of the maxi-
mum amplitude of the PhNR in normal subjects according to
the method of Rangaswamy et al. [9]. We found that the full-
field and focal PhNRs were the largest at 65 ms and 70 ms
after the flash, respectively. Therefore, we measured PhNR
amplitudes at 65 ms for the full-field PhNR and 70 ms for
the focal PhNR throughout the study (Figure 2).

2.3. Visual Field Analyses. The Humphrey Visual Field
Analyzer (Model 750, Humphrey Instruments, San Leandro,
CA, USA) was used for SAP. The SITA Standard strategy was
applied to program 24-2. From the mean deviation (MD) of
the 24-2 program, we classified patients with glaucomatous
visual fields into three groups: early (MD > —6dB; n = 41,
mean age and SD: 68.6 + 9.8 years), intermediate (—6dB >
MD > —12dB; n = 28, 69.5 + 8.1 years), and advanced (MD
< —12dB; n = 34, 69.4 + 7.4 years) defects of the visual
field. There was no significant difference in the mean age
among the three groups. The intraocular pressures (IOPs) of
all patients were controlled under 21 mmHg by eye drops,
and there was no significant difference in the IOPs among
the groups. The averaged MDs were —3.31 = 1.58, —8.88 =
1.67, and —17.37 = 4.46 dB for the early, intermediate, and
advanced groups, respectively.

When the fixation loss rate is higher than 20%, the field
examination was determined to be unreliable and excluded
from the analysis. In addition, when the false-positive or

false-negative error rates exceeded 33%, the visual field was
not used for the analysis. The interval between the visual field
testing and ERG recording was less than 1 month.

2.4. Statistic Analyses. We used receiver operating character-
istic (ROC) curves to determine the optimal cut-off values
that yielded the highest likelihood ratio. The area under
the curve (AUC) was used to compare the ROC curves.
The comparison between AUCs was made according to the
method reported by DeLong et al. [23]. The sensitivity and
specificity of the focal PhNR were compared to that of
the PhNR of the full-field ERGs using Fisher’s exact test.
Unpaired ¢ tests were used to compare data between groups
with different degrees of the visual field defect. One-way
ANOVA was used to determine the statistical significance
of the ERG changes in eyes with the stage of glaucoma.
These analyses were performed using commercial software
MedCalc 11.3.3 (MedCalc Software, Mariakerke, Belgium)
and Prism 5.1 (GraphPad Software Inc., San Diego, CA).

3. Results

3.1. Representative ERG Waveforms from Normal and Glauco-
matous Eyes. The full-field and focal ERGs recorded from a
normal control and a patient that had advanced glaucoma
with a mean deviation —13.28dB are shown in Figure 2.
Both the full-field and focal PhNRs were reduced in the
patient compared to the normal control although there was
no change in the amplitudes of the a- and b-waves in the full-
field and focal ERGs (Figure 2).

3.2. Averaged PhNR Amplitudes and PhNR/b-Wave Amplitude
Ratios for Different Degrees of Visual Field Defects. We have
plotted the PhNR amplitudes and PhNR/b-wave amplitude
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Frgure 3: The PhNR amplitudes of the full-field (a) and focal ERGs (b) center, (c) superior/temporal, and (d) inferior/temporal) are plotted
for the normal controls (e) and glaucomatous eyes at early (B), intermediate (4 ), and advanced stages (#). Bars represent means of the

PhNR amplitudes.

ratios against stages of glaucoma in Figures 3 and 4,
respectively. In both the full-field and focal ERGs, the PANR
amplitudes and the PhNR/b-wave amplitude ratios were
significantly and progressively reduced with an advance in
the stage of glaucoma (P < .0001). Even at the early
stage of glaucoma, the PhNR amplitude and PhNR/b-wave
amplitude ratio were significantly reduced compared to that
in the normal controls for the full-field (PhNR amplitude:
P < .004) and focal ERGs (all retinal areas: P < .0001).
However, for the PANR/b-wave amplitude ratio of the full-
field ERGs, the data of the normal control considerably
overlapped those from the early glaucoma group resulting in
no significant differences (Figure 4(a)).

The PhNR amplitude and PhNR/b-wave amplitude ratio
of the full-field ERGs gradually decreased as the stage of
glaucoma advanced. On the other hand, the greatest loss of
the PhNR amplitude and PhNR/b-wave amplitude ratio of
the focal ERG was seen at the early stage of glaucoma. For
example, the mean of the focal PhANR amplitude recorded
from the center was reduced from 1.24 4V to 0.69 uV at the
early stage of glaucoma. Then, it slightly decreased to 0.50 uV
at the advanced stage of glaucoma despite considerable loss
of the visual sensitivity of SAP (Figure 3(b)).

The full-field PANR amplitude fell outside the normal
range in 29, 48, and 56% of patients of the early, inter-
mediate, and advanced groups. The focal PANR amplitudes
of the central retinal area fell outside the normal range
in 62, 61, and 76% of patients of the early, intermediate
and advanced groups. The corresponding percentages for
the superior/temporal and inferior/temporal focal PhNR
amplitudes were 49 and 46% for the early, 59 and 57%
for the intermediate, and 85 and 79% for the advanced
groups, respectively. Thus, the focal PhNR amplitude showed
abnormal values in more patients at any stages than the full-
field PhNR amplitude. Similar results were obtained for the
PhNR/b-wave amplitude ratio.

3.3. ROC Curves of Full-Field and Focal ERGs. The cut-off
values were varied by 1.0 4V steps for the full-field PhNR
amplitude, 0.1 4V for the focal PhANR amplitudes, and 0.01
for the focal PhNR/b-wave amplitude ratio for the pooled
data of glaucomatous and normal eyes. The sensitivity and
specificity were obtained for each cut-off value and plotted
to determine the ROC curves from which the AUC was
obtained (Figures 5-7, Table 1).
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Figure 4: The PhNR/b-wave amplitude ratios of the full-field (a) and focal ERGs (b) center, (c) superior/temporal, and (d)
inferior/temporal) are plotted for the normal controls () and glaucomatous eyes at early (B), intermediate (4 ), and advanced stages (§).

Bars represent means of the PhNR/b-wave amplitude ratios.

In early glaucoma, the focal PhANR amplitude curves were
always superior to the full-field PhNR amplitude curves. As
a result, the AUC of the focal PhNR amplitude of the infe-
rior/temporal area was significantly larger than that of the
full-field PhNR amplitude (Figure 5(a), P < .05). The AUCs
of the focal PhNR/b-wave amplitude ratio obtained from all
retinal areas were significantly larger than those of the full-
field PhNR/b-wave amplitude ratio (Figure 5(b), Table 1,
P = .01 for the center, P = .001 for the superior/temporal
area, and P < .001 for the inferior/temporal area).

For eyes with intermediate glaucoma, most parts of the
ROC curves of the focal ERG amplitudes overlapped the
curve of the PhNR amplitude of the full-field ERGs. Thus,
there was no significant difference in the AUCs between
the focal and full-field PhNR amplitudes (Figure 6(a)).
For the PhNR/b-wave amplitude ratio, the curves of the
focal PhNR/b-wave amplitude ratio were always higher
than those of the full-field PhNR/b-wave amplitude ratio,
resulting in significantly larger AUCs for the focal PhNR/b-
wave amplitude ratio than for the full-field PhNR/b-wave
amplitude ratio (Figure 6(b), P < .05 for the center, P < .01
for the inferior/temporal and superior/temporal areas).

In eyes with advanced glaucoma, the ROC curves for
the PhNR amplitude and PhNR/b-wave amplitude ratio of
the focal and full-field ERGs were overlapped (Figure 7).
The differences in the AUCs between the full-field and focal
PhNRs for both the PhNR amplitude and PhNR/b-wave

amplitude ratio were not significant.

3.4. Sensitivity and Specificity of Full-Field and Focal ERG
PENR. The sensitivity and specificity were obtained with
the optimal cut-off values for the PhNR amplitude (Table 2)
and the PhNR/b-wave amplitude ratio (Table 3). Because
the likelihood ratio reveals the sensitivity/false positive
rate, the highest likelihood ratio indicates high sensitivity
and specificity. Eyes were classified as being glaucomatous
when their focal PhNR amplitudes or focal PhNR/b-wave
amplitude ratio were less than the cut-off values in either
retinal areas (combined criterion in Tables 2 and 3). In all
patient groups with different degrees of visual field defects,
no significant difference was found in the specificity between
the full-field and focal PhNRs obtained from all retinal areas
including the combined criteria.
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and focal electroretinograms. Patients with intermediate glaucoma (n = 28, —6 dB = mean deviation = —12 dB). PhNR: photopic negative
response.
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TasLE 1: Area under the curve of the PhNR amplitude and PhNR/b-wave amplitude ratio.

PhNR amplitude PhNR/b-wave amplitude ratio
AUC 95% CI AUC 95% CI
Early (n = 41)
Full-field ERG 0.748 0.638-0.839 0.666 0.551-0.768
Focal ERG
Center 0.866 0.759-0.925 0.863 0.767-0.930
Sup/temp 0.863 0.767-0.930 0.886 0.795-0.947
Inf/temp 0.874 0.780-0.938 0.924 0.841-0.971
Intermediate (n = 28)
Full-field ERG 0.865 0.758-0.937 0.789 0.670-0.880
Focal ERG
Center 0.906 0.808-0.964 0.938 0.849-0.982
Sup/temp 0.929 0.838-0.978 0.946 0.860-0.987
Inf/temp 0.959 0.878-0.992 0.942 0.854-0.984
Advanced {n = 34)
Full-field ERG 0.954 0.875-0.989 0.910 0.817-0.965
Focal ERG
Center 0.951 0.871-0.988 0.930 0.842-0.977
Sup/temp 0.968 0.895-0.995 0.953 0.874-0.989
Inf/temp 0.972 0.902-0.996 0.972 0.901-0.996

PhNR: photopic negative response; AUC: area under the curve; CI: confidence interval; sup/temp: superior/temporal; inf/temp: inferior/ temporal.
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F1GURE 7: Receiver operating characteristic (ROC) curves for the PANR amplitude (a) and PhNR/b-wave amplitude ratio (b} of the full-field
and focal electroretinograms, Patients with advanced glaucoma (n = 34, mean deviation < —12 dB). PhNR: photopic negative response.
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TaBLE 2: Sensitivity and specificity of the PANR amplitude to discriminate glaucomatous eyes.

. Sensitivity (95%CI) Specificity (95%CI) Cut-off value (V)
Early (n = 41)
Full-field ERG 38.1(23.6-54.4) 92.3(79.1-98.3) 22
Focal ERG
Center 69.1 (52.9-82.4) 95.2 (83.8-99.3) 0.7
Sup/temp 63.4 (46.9-77.9) 97.6 (87.1-99.6) 0.5
Inf/temp 56.1 (46.9-77.9) 95.2 (83.8-99.3) 0.7
Combined 88.1 (74.4-96.0) 90.5 (87.7-99.6) .
Intermediate (n = 28)
Full-field ERG 59.3 (38.8-77.6) 92.3(79.1-98.3) 22
Focal ERG
Center 64.3 (44.1-81.3) 95.2 (83.8-99.3) 0.7
Sup/temp 75.0 (55.1-89.3) 97.6 (87.1-99.6) 0.5
Inf/temp 67.9 (47.7-84.1) 95.2 (83.8-99.3) 0.7
Combined 92.9 (87.7-99.6) 90.5 (87.7-99.6)
Advanced (n = 34)
Full-field ERG 66.7 (48.2-82.0) 92.3 (79.1-98.3) 22
Focal ERG
Center 88.2 (72.5-96.6) 95.2 (83.8-99.3) 0.7
Sup/temp 90.9 (75.6-98.0) 97.6 (87.1-99.6) 0.5
Inf/temp 90.9 (75.6~98.0) 95.2 (83.8-99.3) 0.7
Combined 97.1 (87.7-99.6) 90.5 (87.7-99.6)
PhNR: photopic negative response; CL: confidence interval; sup/temp: superior/temporal; inf/temp: inferior/temporal.
TasLE 3: Sensitivity and specificity of the PANR/b-wave amplitude ratio to discriminate glaucomatous eyes.
Sensitivity (95%CI} Specificity (95%CI) Cut-off value
Early (n = 41) )
Full-field ERG 23.8 (12.1-39.5) 97.4 (86.5-99.6) 0.19
Focal ERG
Center 61.9 (45.6-76.4) 97.6 (87.4-99.6) 0.22
Sup/temp 75.6 (59.7-87.6) 97.6 (87.1-99.6) 0.23
Inf/temp 73.1 (57.1-85.3) 95.2 (83.8-99.3) 0.29
Combined 97.6 (87.7-99.6) 92.9 (87.7-99.6)
Intermediate (n = 28)
Full-field ERG 40.7 (22.4-61.2) 97.4 (86.5-99.6) 0.20
Focal ERG
Center 67.9 (47.7-84.1) 97.6 (87.4-99.6) 0.22
Sup/temp 85.7 (67.3-95.9) 97.6 (87.1-99.6) 0.23
Infftemp 78.6 (59.0-91.7) 95.2 {83.8-99.3) 0.29
Combined 96.4 (87.7-99.6) 92.9 (87.7-99.6)
Advanced (n = 34) .
Full-field ERG 69.7 (51.3-84.4) 97.4 (86.5—99.6) 0.20
Focal ERG )
Center 70.6 (52.5-84.9) 97.6 (87.4-99.6) 0.22
Sup/temp 90.9 (75.6-98.0) 95.6 (87.1-99.6) 0.23
Infitemp 90.9 (75.6-98.0) 95.2 (83.8-99.3) 0.29
Combined 97.1 (87.7-99.6) 92.9 (87.7-99.6)

PhNR: photopic negative response; CI: confidence interval; sup/temp: superior/temporal; inf/temp: inferjor/temporal.
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In patients with mild defects of the visual field, the
sensitivities of the focal PhNR amplitudes were significantly
higher than those of the full-field PhNR amplitudes (P <
.01) except for the inferior/temporal area. For the PANR/b-
wave amplitude ratio, the sensitivities of the focal ERG in
both retinal areas were significantly higher than those of
the full-field ERGs (P < .001 for the center, P < .00001]
for the superior/temporal and inferior/temporal areas). The
sensitivities of the PhNR amplitude and PhNR/b-wave
amplitude ratio increased to 88.1% and 97.6%, respectively,
when the combined criterion was used, and they were
significantly higher than the corresponding values of the full-
field PhNR (P < .00001).

In intermediate and advanced glaucoma, the sensitivities
of the focal PhNRs were generally higher than those of
the full-field PhNRs. A significant difference was found
between the focal and full-field PhNRs in the PhNR/b-wave
amplitude ratio obtained from the superior/temporal and
inferior/temporal areas in intermediate glaucoma (P < .01
for the superior/temporal retinal area, P < .05 for the
inferior/temporal area), The sensitivities of the focal PhNR
obtained by the combined criteria were significantly higher
than those of the full-field PhNR in intermediate glaucoma
(P < .05 for the PhNR amplitude, P < .005 for the PhNR/b-
wave amplitude ratio).

In advanced glaucoma, there was no significant differ-
ence in the sensitivity between the full-field and focal PhNRs.

4, Discussion

We compared diagnostic abilities between the full-field and
focal PhNRs in detecting glaucomatous eyes. Our results
demonstrated that the AUCs and sensitivities were higher for
the focal PhNR than for the full-field PhNR at the early and
intermediate stages of glaucoma. This suggests that the focal
PhNR is a good indicator to detect the functional loss in early
and intermediate glaucoma.

4.1. Diagnostic Ability of Full-Field and Focal PhNRs. The
AUCs of the focal PhiNRs were better for identifying eyes
with early and intermediate glaucoma than those of the full-
field PhNRs. On the other hand, there was no significant
difference in the AUCs between the focal and full-field
PhNRs in advanced glaucoma. When the combined criterion
for the focal PhNR was used, the sensitivity increased
to 88.1% and 97.6% for the focal PhNR amplitude and
PhNR/b-wave amplitude ratio, respectively, even in early
glaucoma, while the sensitivities for the PANR amplitude
and amplitude ratio of the full-field ERG were 38.1% and
23.8%. These findings indicate that the focal PhNR is a better
indicator than the full-field PhNR in detecting functional
changes in early and intermediate glaucoma.

We selected the optimal cut-off value with the highest
likelihood ratio which maximally reduces false positive
cases. This then kept the specificity high for both PhNR
parameters. The disadvantage of the combined criterion is

that it lowers the specificity as reported although a high
* sensitivity was obtained [18]. However, the specificity of the

PhNR of the full-field and focal ERGs could be kept over 90%
by using this method to select the optimal cut-off values. Qur
results indicated that, even in early glaucoma, the focal PANR
had high sensitivity and specificity attained by the combined
criterion.

We have reported that a curvilinear relationship existed
between the retinal sensitivity (in decibels) measured by
perimetry and the focal PhANR amplitude {18]. This indicated
that 3 dB loss in the retinal sensitivity is approximately
associated with a fifty percent decrease in the focal PhNR
amplitude at the early stage of glaucoma. In fact, the largest
loss of the PhNR amplitude was seen at the early stage of
glaucoma in the focal ERGs (Figures 3 and 4). On the other
hand, the full-field PhANR amplitude gradually reduced with
advance of glaucoma. Taken together, these findings indicate
that the focal PhNR could be a better measure to detect

functional abnormalities at the early stage of glaucoma than
the full-field PhNR.

4.2. Disadvantages of Focal PhNR. It is essential that the
ocular fundus is visible to be able to record the focal
PhNRs reliably because the stimulus areas stimulated must
be monitored during the recordings using an infrared fundus
camera. It is impossible to record the focal ERG in patients
with dense opacities of the ocular media, such as cataracts
and vitreous opacities. Furthermore, opacities of the ocular
media can produce stray-light that makes the focal stimulus
larger. Therefore, we have excluded patients with clinically
significant cataracts that affected vision. On the other hand,
the stray-light effect is negligible for the full-field ERGs. In
cases with severe opacity of the ocular media, the full-field
PhNRs would be more reliable than the focal PhNR.

Intersession variability is represented by the coefficients
of variation (CV = standard deviation/mean x 100), and
it was higher for the focal PhNR than for the full-field
PhNR [16, 18]. In addition, variations of the PANR ampli-
tude among individuals were greater for the focal PhNR
amplitude than for the full-field PhNR amplitude [18].
However, this disadvantage of the focal PhNR can be reduced
by using the amplitude ratio of the PhNR to the b-wave
amplitude [18]. Therefore, the PhNR/b-wave amplitude
ratio is recommended for measuring the effectiveness of the
focal ERGs.

4.3. Limitations of the Present Study. The recording and
stimulus conditions of the focal ERG were different from
those of full-field ERG, which may explain why the focal
PhNR was better than the full-field PhNR in diagnosing early
or intermediate glaucoma. First, we set the low cut filters at-
0.5 Hz and 5 Hz for the full-field and focal ERGs, respectively.
The higher cut-off frequency (5Hz) used to record the focal
PhNR was necessary to eliminate the drifts in the baseline,
Thus, some of the low frequency components of the PhNR
were reduced as shown in monkeys [24, 25].

Second, the full-field ERGs were elicited by red stimuli on
a blue background (R/B) while the focal ERGs were elicited
by white stimuli on a white background (W/W). The R/B
stimuli have been shown to be a very good combination to
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elicit large and reliable PhNRs [26]. Furthermore, the results
of our preliminary study demonstrated that the sensitivity
and specificity to discriminate glaucoma were higher for the
R/B than for the W/W stimulus conditions (Machida et al.,
IOVS 2007; 48: ARVO E-Abstract 215). Thus, the stimulus
conditions used in this study are more advantageous to
eliciting full-field PhNRs than focal PhNRs.

Therefore, the differences in the recording and stimulus
conditions do not seem to be able to explain the current
results in which the focal PhNR was more sensitive than
the full-field PhNR in diagnosing early and intermediate
glaucoma.

5. Conclusions

The results of this study indicate that the PhNRs of the full-
field and focal ERGs represent functional loss of RGCs in
glaucoma at different stages of glaucoma. The focal ERG has

the diagnostic ability with high sensitivity and specificity in

detecting glaucomatous eyes at the early and intermediate
stages, especially when the combined criterion is used. There
was no difference in the diagnostic value between the full-
field and focal PhNRs in advanced glaucoma. Thus, the focal
PhNR can be a good functional parameter to detect early or
intermediate glaucoma.
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Abstract

Purpose: To determine whether photoreceptor degeneration in transgenic (Tg) rabbits carrying the
Pro347Leu rhodopsin mutation alters the neural activity of the middle and inner retinal neurons.

Methods: Muitifocal electroretinograms (mfERGs) were recorded from eight 12-week-old Tg rabbits
both before and after intravitreal injection of the following: tetrodotoxin citrate (TTX), N-methyl-pL-
aspartic acid (NMDA), 2-amino-4-phosphonobutyric acid (APB), and cis-2,3-piperidine-dicarboxylic
acid (PDA). Digital subtraction of the mfERGs recorded after the drugs were administered from those
recorded before was used to extract the components that were eliminated by these drugs. Eight age-
matched, wild-type (WT) rabbits were studied with the same protocol.

Results: There was no reduction in the amplitude of the cone photoreceptor response of the mfERGs
in Tg rabbits. Both the first positive and the first negative waves of the ON-bipolar cell responses were
significantly larger in the Tg than in the WT rabbits. Late negative waves of the ON-bipolar cell response
were recorded only in the WT rabbits. The first negative wave of the inner retinal responses was larger
in the Tg than in the Wt rabbits. The late positive waves were seen mainly in the WT rabbits.

Conclusions: The ON-bipolar cell and inner rtetinal responses were altered at the early stage of
photoreceptor degeneration in Tg rabbits despite the preservation of the cone photoreceptor responses.

Jpn J Ophthalmol 2010;54:458-466 © Japanese Ophthalmological Society 2010
Keywords: ERG, multifocal ERG, Pro347Leu, retinitis pigmentosa, thodopsin mutation

Introduction

More than 100 distinct mutations of the rhodopsin gene
have been associated with autosomal dominant retinitis pig-
mentosa {(adRP) (http://www.sph.uth.tmc.edu/RetNet/).
Among these, mutations involving the carboxy terminus of
the rhodopsin gene, such as Pro347Leu, are associated with
poor visual outcomes."” The development of animal models
with mutations found in retinitis pigmentosa (RP) patients
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is very important for understanding the pathophysiology of
RP and for developing new treatments for RP. Mice, rats,
and pigs with mutations of the carboxy terminus of the
rhodopsin gene have been developed, and their retinal mor-
phology and physiology have been studied.>* More recently,
Kondo et al.® created transgenic (Tg) rabbits with the Pro-
347Leu rhodopsin mutation, and these rabbits showed a
progressive loss of photoreceptors. They used electroreti-
nography to assess the physiology of the retina of wild-type
(WT) and Tg rabbits, and demonstrated that the loss of rod
function precedes that of the cones in Pro347Leu rhodopsin
Tg rabbits.® Interestingly, the oscillatory potentials (OPs) of
the cone electroretinograms (ERGs) were larger in the
young Tg rabbits than in the WT rabbits.” Pharmacological
analysis has shown that an intravitreal injection of tetrodo-
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toxin (TTX), which blocks the sodium channels of the
retinal ganglion and amacrine cells,*" eliminates the
enhanced OPs in the young Tg rabbits.” This indicates that
the inner retinal responses are altered at the early stage of
photoreceptor degeneration in the Tg rabbits.

Histopathological analyses have demonstrated that pho-
toreceptors are altered predominantly in the posterior pole
of the fundus rather than in the peripheral region of the
retina.® This indicates that the early functional changes take
place in the posterior pole of the retina in Tg rabbits.
Multifocal ERGs (mfERGs) consist mainly of responses
from the middle and inner retinal layers of the posterior
pole of the ocular fundus." Therefore, examination of
mfERGs allows us to analyze how the middle and inner
retinal functions are affected by photoreceptor degenera-
tion in the posterior pole of the ocular fundus at the early
stage. Ng et al.'” demonstrated that in pigs with photorecep-
tor degeneration induced by a Pro347Leu rhodopsin muta-
tion, the mfERG components from the middle and inner
retinal layers are altered.

The purpose of the present study was to determine
whether the neural activity of the middle and inner retinal
neurons is altered by photoreceptor degeneration in Tg
rabbits carrying the Pro347Leu rhodopsin mutation. To
accomplish this, we recorded mfERGs from Tg rabbits, and
used differeni combinations of drugs to isolate the responses
from the outer, middle, and inner retina. We then compared
the responses of the Tg rabbits with those of WT rabbits.

Methods
Animals

Heterozygous Pro347Leu rhodopsin Tg rabbit line 7, which
has the highest level of transgene expression and the most
severe photoreceptor degeneration, was used.’ In these
rabbits the transgene copy number estimated by Southern
blot analysis was 30, and the ratio of transgene to endoge-
nous opsin mRNA was 4:1. The histopathological and elec-
trophysiological characteristics as well as the natural course
of degeneration for line 7 of Tg rabbits had already been
documented.” Eight 10-week-old Tg rabbits were purchased
from Kitayama Labs (Nagano, Japan) and kept in the animal
colony until the experiments. Eight WT New Zealand albino
rabbits were used as controls. The experiments were per-
formed on all rabbits when they were 12 weeks of age.

All animals were housed and handled under the autho-
rization and supervision of the Institutional Animal Care
and Use Committee of Iwate Medical University. All pro-
cedures conformed to the ARVO Resolution on the Use of
Animals in Ophthalmic and Vision Research.

mfERG Recordings

The rabbits were anesthetized with a loading dose of intra-
muscular xylazine (2 mg/kg) and ketamine (25 mg/kg), and
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then maintained under anesthesia by hourly injections of
a mixture of xylazine (1 mg/kg) and ketamine (13 mg/kg).
The pupils were maximally dilated with a mixture of
0.5% tropicamide and 0.5% phenylephrine HCL applied
topically.

Before the recordings, the rabbits were light-adapted for
at least 15 min in a room with an ambient iliumination of
252 lux. The refractive error was measured with a refrac-
tometer (Retinomax K-plus 2, Nikon, Tokyo, Japan). The
average spherical equivalent of the refractive error was +3.9
+ 0.9 diopters (D) for the WT and 3.8 + 1.2 D for the Tg
rabbits. Therefore, +4.0 D (for the refractive error) and
+3.0 D (for the testing distance) lenses were placed in front
of the tested eyes. )

The Visual Evoked Response Imaging System (VERIS,
Mayo, Nagoya, Japan) was used to record the mfERGs.
Stimuli were generated on a 17-inch (about 43 cm) Cathode
Ray Tube (CRT) monitor and consisted of 61 equal-sized
hexagonal elements. Both white (200 cd/m”) and black (4 cd/
m’) elements were presented in a pseudorandom binary
m-sequence at a stimulus frequency of 75 Hz. A steady back-
ground of 100 cd/m’ surrounded the stimulus field.

The location of the optic nerve heads were approxi-
mated by indirect ophthaimoscopy, and the body and
head of the animal were adjusted so that the optic
axis was directed to the center of the stimulus field. The
CRT monitor was placed 30 cm from the cornea and
subtended at a visual angle of 50° horizontally and 40°
vertically.

Initially, mfERGs were recorded and the eye position
was adjusted until the amplitudes from the visual streaks
were larger than those recorded from the surrounding areas
and the mfERGs from areas corresponding to the optic disc
were smaller than those recorded from the surrounding
areas. These recorded waveforms were designated as the
baseline mfERGs. ,

The responses were band-pass filtered from 10 to 300 Hz
and amplified (Model 12 A5C, Astro-Med, West Warwick,
R!. USA). VERIS software (VERIS Science 4.0, Mayo) was
used for the mfERG analyses, and the all-trace waveforms
of the first-order kernels were obtained by averaging the
local retinal responses from the 61 different retinal loci. The
amplitudes of the all-trace waveforms are expressed as
response density (nV/deg’) representing the amplitude/
stimulus area.

Drug Administration

Tetrodotoxin citrate (TTX, Latoxan, Valence, France),
N-methyl-pL-aspartic acid (NMDA), 2-amino-4-phospho-
nobutyric acid (APB), or cis-2,3-piperidine-dicarboxylic
acid (PDA) (all from Sigma, St. Louis, MO, USA) were
injected into the vitreous cavity of each Tg and Wt rabbit
to isolate the responses driven by the photoreceptors,
bipolar cells, and third-order neurons, including the retinal
ganglion and amacrine cells. The retinal responses driven by
bipolar cells and the third-order neurons were defined as



