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Abstract

Purpose Our purpose was to evaluate the anatomical and
functional changes in retinae of rabbit eyes following
monocular intravitreal injection of sodium iodate (SI).
Methods Twenty albino rabbits were divided into four
groups and underwent monocular intravitreal injection with
four different doses of SI (0.1, 0.2, 0.4, and 0.8 mg). Before
and for 28 days after injection, the eyes were examined
using fundus photography, optical coherence tomography
(OCT), and electroretinography (ERG). At postinjection
days 2, 7, and 28, the eyes were enucleated and underwent
histological examination.

Results On fundus examination, no distinct retinal chan-
ges were seen in any group except the 0.8-mg group, which
showed chorioretinal vascular attenuation. In 0.1 and 0.2-
mg groups, no significant anatomical changes were found
except transient hyperreflective dots over the vitreoretinal
interface on OCT. In 0.4 and 0.8-mg groups, disruption of
the ellipsoid zone and diffuse retinal swelling were
observed in the early period on OCT. In the 0.4-mg group,
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the outer retina was significantly destroyed at day 28,
whereas the inner retina was relatively preserved. In the
0.8-mg group, the entire retina was destroyed irreversibly.
The b-wave of ERG was reduced immediately in all
groups, which recovered fully (0.1- and 0.2-mg groups),
partially (0.4-mg group), or never (0.8-mg group). No
structural or functional abnormalities were found in the
fellow control eyes.

Conclusions Retinal degeneration following intravitreal
injection of SI appears to be dose dependent; retinal damage
is reversible at low doses but irreversible at high doses. At a
certain dose, the outer retina may be preferably ablated.

Keywords Sodium iodate - Intravitreal injection - Retinal
degeneration - Animal model

Introduction

Experimental animal models for retinal degeneration are
required to investigate diseases involving retinal pigment
epithelium (RPE) and photoreceptors [1]. Transgenic ani-
mal models have been developed to meet this need [2, 3],
and a laser-induced model has also been promoted [4].
Most commonly, several retinotoxic agents, including
iodoacetate, nitroprusside, and N-methyl-N-nitrosourea,
have been used to induce retinal degeneration [5-7].
Among these, sodium iodate (SI) has been widely
adopted to induce outer retinal degeneration in various
animals [8, 9]. Systemic injection of SI is reported to
damage the RPE and photoreceptors selectively [10, 11]
and has been used in many studies on retinal physiology,
stem-cell therapy, and retinal prostheses [12-15]. How-
ever, intravenous administration always induces bilateral
retinal degeneration, leaving no healthy eye for use as a
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normal control. Systemic toxicity may also occur after
intravenous injections [16]. To settle these issues, some
investigators tried monocular intravitreal injection of SI
[17], but the sequential retinal changes after injection and
dose-response relationship are yet to be explored in detail.
In this study, we investigated the anatomical and func-
tional changes of rabbit retinae over time after monocular
intravitreal injection of SI using several different doses.
Rabbits, which have an eyeball size similar to that of humans,
were chosen to facilitate successive studies. Elucidating the
process of retinal degeneration would provide a better
understanding of the mechanism of SI-induced retinal toxicity
and the repair course after toxic retinal damages. To our
knowledge, this is the first comprehensive study of retinal
degeneration after intravitreal injection of SI in animals.

Materials and methods
Animals

Adult female New Zealand white rabbits weighing
2.5-3.5 kg were used for the study. The animals were
2 months of age and were reared in a temperature- and light-
controlled environment that provided 12 h of light and 12 h
of dark. Rabbits with any ocular pathology under pre-exper-
imental examination were excluded; 20 rabbits were studied.
The study design and experimental protocols were approved
by the Institutional Animal Care and Use Committee of Seoul
National University Hospital. All experimental procedures
involving animals adhered to the Association for Research in
Vision and Ophthalmology (ARVO) statement for the use of
animals in ophthalmic and vision research.

Intravitreal injection of SI

Sterile solutions of SI were freshly prepared at four con-
centrations (2, 4, 8, and 16 mg/ml) using solid SI powder
(S4007, Sigma-Aldrich, St. Louis, MO, USA) dissolved in
0.9 % normal saline. Rabbits were anesthetized using a
mixture of tiletamine hydrochloride/zolazepam
hydrochloride (Zoletil®, Virbac, Carros, France; 15 mg/kg)
and xylazine hydrochloride (Rompun®, Bayer Corp.,
Shawnee Mission, KA, USA; 0.2 ml/kg). Topical
proparacaine hydrochloride (Alcaine®, Alcon laboratories,
Inc., Fort Worth, TX, USA) and a diluted povidone—iodine
solution were applied to the eye before injection.

Twenty rabbits were randomly allocated to four groups
(N =5 for each group) and injected with a volume of
0.05 ml corresponding to the doses of 0.1, 0.2, 0.4, or
0.8 mg assigned to each group. The injections were
administered intravitreally to the right eye using a 30-gauge
needle syringe inserted 2 mm posterior to the limbus. No

injections were administered to the left eyes. The injected
right eyes were treated with a daily application of topical
fluoroquinolone solution for up to 3 days after injection. All
eyes were evaluated anatomically and functionally before
(day 0), and after injection on days 1, 2, 4, 7, 14, 21, and 28.

Fundus photography and optical coherence
tomography (OCT)

To observe apparent anatomical retinal changes, fundi were
examined using a SuperQuad® 160 lens (Volk Optical, Inc.,
Mentor, OH, USA) positioned over the cornea after applying
topical phenylephrine hydrochloride and tropicamide drops
(Mydrin®-P, Santen, Osaka, Japan) to achieve maximal
pupillary dilation. Color fundus photographs were obtained
from all eyes using a digital camera (D60, Nikon Corp.,
Tokyo, Japan). Then, in vivo swept-source (SS) OCT was
performed using a deep-range imaging (DRI) OCT-1
Atlantis® system (Topcon, Tokyo, Japan) and following a
9-mm high-resolution volume scan protocol. The SS-OCT
system used a light source with a wavelength—sweeping
laser centered at 1050 nm and had an axial resolution of
8 um [18]. The area of visual streak below the optic disc,
3-mm ventral to the inferior edge of the optic nerve head,
was scanned in cross section without a lens.

Electroretinography

All eyes were evaluated using electroretinography (ERG)
during each follow-up examination. Before ERG, rabbits
were adapted to the dark for at least 30 min and were
anesthetized by intramuscular injections using a mixture of
tiletamine hydrochloride/zolazepam hydrochloride and
xylazine hydrochloride, as described above. The pupils
were maximally dilated before ERG recording, and the
cornea was anesthetized with topical proparacaine
hydrochloride drops. ERGs were recorded using a hand-
held multispecies ERG unit (HMSERG, OcuScience,
Henderson, NV, USA). A contact lens electrode with a
built-in light-emitting diode (EW-202/LS-C, Mayo Corp.,
Inazawa, Japan) was used on a drop of 2 % methyl cellu-
lose over the cornea. A reference electrode was placed on
the occipital area subcutaneously halfway between the base
of the ear and the eye, and the ground electrode was placed
in the ear. ERG signals were filtered between a low-pass
300-Hz and high-pass 0.3-Hz filter [19].

ERGs were performed using the scotopic 3.0 protocol
for maximal combined rod and cone response with a flash
intensity of 1000 cd/m” and a duration of 3 ms, according
to the International Society for Clinical Electrophysiology
of Vision standard protocol [19]. All examinations were
monocular, with the companion eye occluded, carried out
at room temperature, and with no evident tachypnea
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observed. Five responses were measured in each eye with
an interval of >10 s. Each measurement was averaged with
four responses with a stimulus interval of 10 s. Analysis
was based on amplitude measurements of the a-wave (from
baseline to negative trough) and b-wave (from a-wave
trough to the positive peak of the b-wave). ERG changes
were considered significant if the difference in a-wave or
b-wave amplitude was >30 % of baseline [20].

Histological examination

On days 2, 7, and 28, one rabbit from each group was
euthanized using a lethal dose of potassium chloride (35 mg/
kg) injected intravenously into the marginal auricular vein.
Just after death, both eyes were enucleated and immersed in
a mixture of 10 % neutral-buffered formalin and 2.5 %
glutaraldehyde for 4 days. After fixation, the globes were cut
into two pieces bisecting the visual streak perpendicularly.
One of the bisected pieces was dehydrated using a series of
95 % ethanol baths and embedded in paraffin. Transretinal
sections 5-pm-thick were obtained by microtome sectioning
on poly-L-lysine-coated microscopic slides and stained with
hematoxylin and eosin (H&E). The slides were examined to
detect pathological changes in the retina using a light
microscope (BX-50, Olympus Corp., Tokyo, Japan) and
photographed with a digital video camera (DP-71 CCD,
Olympus). Consistency of retinal layers, loss of cellular
elements, apoptotic or necrotic degeneration, and density of
stained nuclei within each layer were assessed [20]. To
determine ultramicroscopic pathologic changes, the other
bisected piece was immersed in a 2.5 % glutaraldehyde
solution and processed with osmium tetroxide for trans-
mission electron microscopy (TEM). Consistency of intra-
cellular organelles such as mitochondria, endoplasmic
reticulum, or nucleoli was carefully examined.

Statistical analysis

Continuous variables are expressed as mean =+ standard
deviation (SD). Data were analyzed using the Mann—
Whitney U test, Wilcoxon signed-rank test, or repeated
measure Kruskal-Wallis test. All statistical tests were two-
tailed, and significance was defined as P < 0.05. Statistical
analyses were performed using SPSS 20.0 for Windows
(IBM Corp., Armonk, NY, USA).

Results
Anatomical changes on fundus examination

Color-fundus photographs of the eyes are presented in
Fig. 1. In low-dose groups (0.1 and 0.2 mg), no apparent
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retinal changes were observed during the follow-up
examinations (Fig. la, b). On the other hand, there was
transient vitreous haze at day 7 in the 0.4-mg group,
which cleared thereafter (Fig. 1c). In the 0.8-mg group,
attenuation of the choroidal and retinal vasculature was
observed after day 7, as well as atrophy of the retina and
choroid (Fig. 1d). Chorioretinal atrophy and vascular
attenuation progressed during the follow-up period, lead-
ing to retinal detachment in one eye at day 21. The
anterior segment showed no distinct abnormal findings in
all dose groups.

In fellow control eyes, no abnormalities were found in
fundi of all dose groups throughout the follow-up period,
even in the group receiving the highest dose (0.8 mg)
(Fig. le). All rabbits showed normal behavior and activity
without any significant weight loss.

Anatomical changes on OCT

OCT images over time are presented in Fig. 2. In the low-
dose groups (0.1 and 0.2 mg), hyperreflective dots were
observed over the vitreoretinal surface and in the posterior
vitreous cavity on OCT examination at day 7; three of
four (75 %) living rabbits at day 7 showed hyperreflective
dots. In the 0.1-mg group, sparse hyperreflective dots
appeared at day 7, but no other anatomical abnormality
was seen on OCT during the follow-up period. At day 28,
OCT images returned to normal, being the same as the
image at day O, in all rabbits (Fig. 2a). In the 0.2-mg
group, multiple hyperreflective dots appeared at day 4,
accompanied by mild blurring of the ellipsoid zone,
which appeared in two of the four (50 %) living rabbits.
These changes recovered over time, achieving normal
retinal structures at day 7, except for a few remnant
hyperreflective dots (Fig. 2b).

In the 0.4-mg group, disruption of the ellipsoid zone was
observed at day 1 in all rabbits (Fig. 2c). Entire retinal
layers showed an increased signal reflectance and mild
swelling, with swelling of the retinal nerve fiber layer
(RNFL) and ganglion cell layer (GCL) being more
prominent. At day 2, the internal limiting membrane (ILM)
was split from the RNFL in part of the retina in three of
five (60 %) living rabbits. Seven days after intravitreal
injection, the outer nuclear layer (ONL) was significantly
reduced. By contrast, the inner nuclear layer (INL) was
readily identified. After 2 weeks, the inner plexiform layer
(IPL) and INL were slightly thinned, but the outer plexi-
form layer (OPL) was significantly reduced and the ONL
almost gone. This outer retinal thinning and the relative
preservation of the inner retina remained until day 28 in all
living rabbits. At day 28, the increased signal reflectance
on OCT returned to normal and hyperreflective dots
disappeared.
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Fig. 1 Sequential fundus photographs at days 0, 7, 14, and 28 of
rabbits that received intravitreal injection of sodium iodate (SI). a—
d Fundus images of the eyes injected with 0.1, 0.2, 0.4, and 0.8 mg of

In the 0.8-mg group, significant swelling of the inner
retinal layer was found at postinjection day 1 among all
rabbits (Fig. 2d). The swollen inner retina eventually
split the next day. After splitting away of the inner
retina, destruction of the outer retina was continuous,
and it became almost completely atrophied by day 7 in
three of the four (75 %) living rabbits. No recovery was
observed by day 28, when the retinal layer was hardly
visible on OCT in all living rabbits, and the underneath
choroid was also thinned. By contrast, the fellow eye
showed no abnormalities during the follow-up period
(Fig. 2e).

SI, respectively. e Fundus images of the noninjected eye of the rabbit
that received intravitreal injection of 0.8 mg SI

Functional changes on ERG

Changes in ERG waveform in each group are demonstrated
in Fig. 3. Even in the lowest dose group (0.1 mg), an
instantaneous change was observed in the ERG waveform
beginning 1 day after injection (Fig. 3a). The prompt
change was loss of b-wave in all dose groups and loss of
a-wave in the >0.2 mg dose groups. These changes
recovered completely in the low-dose groups (0.1 and
0.2 mg), but recovery was only partial in the 0.4-mg group.
In the 0.8-mg group, ERG was extinguished from the day
after injection and never recovered (Fig. 3d).
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Fig. 2 Sequential retinal optical coherence tomography (OCT)
images at days 0, 1, 2, 4, 7, 14, and 28 of rabbits that received
intravitreal injection of sodium iodate (SI). a—d OCT images of eyes
injected with 0.1, 0.2, 0.4, and 0.8 mg of SI, respectively. e OCT

Changes over time in a- and b-wave amplitude of ERG
in each group are suggested in Figs. 4 and 5. The a-wave
amplitude was reduced in all dose groups in the early
period (Fig. 4) and was reversible in the 0.1- and 0.2-mg
groups but irreversible in the 0.8-mg group until day 28.

Amplitude of the b-wave was decreased at day 1 in all
groups (Fig. 5), being reversible in low-dose groups (0.1
and 0.2 mg). In the 0.4-mg group, mean b-wave amplitude
at baseline was 178.7 £ 37.1 pV, but the magnitude was
significantly decreased to one fifth (35.5 £ 16.2 pV) at day
28 (P = 0.005). In comparison, the a-wave and b-wave
were extinguished completely and were never restored in
the 0.8-mg group.

Histological changes on light microscopy
Histological examination using H&E staining under light
microscopy is presented in Fig. 6. There were no remark-

able abnormalities in the RPE or neurosensory retina in
eyes injected with SI at doses of 0.1 or 0.2 mg (Fig. 6a, b).
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images of the noninjected eye of the rabbit that received intravitreal
injection of 0.8 mg SI. Arrows on OCT show hyperreflective dots;
arrowheads indicate blurring of the ellipsoid zone on OCT

All retinal layers showed normal cellularity and intact
structures.

In the 0.4 mg group, there was photoreceptor destruc-
tion at day 7 showing only scanty photoreceptor nuclei
(Fig. 6¢). The ONL and OPL thicknesses were significantly
decreased. After 1 month, photoreceptor layers, including
the ONL and OPL, had hardly recovered, but the inner
retinal layers, including the INL, IPL, and GCL, were quite
preserved. In the highest dose group (0.8 mg), the retinal
specimen at day 2 showed the split of ILM and destruction
of the inner retina (Fig. 6d). At day 7, the entire retina was
destroyed almost completely, which persisted during fol-
low-up examinations.

Histologic changes on electron microscopy

TEM images at days 2 and 28 of each group are shown in
Fig. 7. RPE cells were not significantly influenced by
0.1 or 0.2 mg of SI at day 2 (Fig. 7a, b). In eyes injected
with 0.4 mg of SI, mitochondrial swelling was found in the
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Fig. 3 Electroretinographic (ERG) waves of rabbits before (day 0) and after (days 1, 4, 7, and 28) intravitreal injection of sodium iodate (SI). a—
d ERG waveforms of eyes injected with 0.1, 0.2, 0.4, and 0.8 mg of SI, respectively

cytoplasm of the RPE cells (Fig. 7c). In the 0.8-mg group,
disruption of nuclear membrane, shrinkage of nuclei, loss
of endoplasmic reticulum, as well as intracellular orga-
nelles and multiple inclusion bodies, were observed in RPE
cells (Fig. 7d).

At day 28, electron microscopic examination showed no
remarkable changes in the RPE and photoreceptors of eyes
injected with 0.1 mg of SI (Fig. 7e). In the 0.2-mg group,
photoreceptors did not show significant changes, but some
RPE cells showed intracellular vacuoles at day 28 (Fig. 7f).
In the 0.4-mg group, photoreceptors were very scarce, and
RPE cells were observed to be partly covering and in
between the INL and choroid. The nucleolus was less
prominent compared with baseline, and the number of
cytoplasmic pigmentary bodies increased (Fig. 7g). In eyes
injected with 0.8 mg of SI, the retina was entirely
destroyed at day 7, and only deformed RPE cells with
multiple cytoplasmic vacuoles were sparsely left. At day
28, RPE cells were slightly increased in number, had a
lengthy nucleus, and composed a thin layer over the
choroid (Fig. 7h).

Discussion

Here we report results of a novel method of introducing
retinal degeneration using intravitreal injection of SI, reti-
nal changes observed over time for several different doses
of SI. Both anatomical and functional changes occurred in
a dose-dependent manner: retinal degeneration was rever-
sible on low and irreversible on high doses; no abnormal-
ities were seen in noninjected fellow eyes.

Structural changes after intravitreal injection of SI
appeared consistently on OCT and histologic examinations.
Anatomical changes were very subtle when low doses were
injected but prominent following high doses. Typical initial
findings were retinal swelling and disruption of the ellip-
soid zone, which were observed immediately from day 1 in
high-dose groups. Electron microscopic findings of RPE
cells were also marked in high-dose groups. Previous
studies reported that retinal degeneration, such as breakage
of the RPE barrier, can appear within 24 h of intravenous
injection of SI [10, 21, 22]. The early findings on electron
microscopy included defragmentation of RPE cell nuclei,
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Fig. 4 The a-wave amplitude of electroretinography (ERG) in rabbits
before and after intravitreal injection of sodium iodate (SI). a—
d Change of a-wave amplitude over time after injection with 0.1, 0.2,

mitochondrial swelling, loss of smooth endoplasmic retic-
ulum and cytoplasmic organelles, disappearance of basal
infoldings, and intracellular granular debris [12, 23, 24].
When a high dose of SI is injected intravenously, these
changes occur as early as 7-10 h after injection [23].
Similar changes were observed in the 0.8-mg group of this
study and at day 2 were very similar to those at 24 h after
intravenous injection of 50 mg/kg SI [23].

Notably, the significant changes in the inner retina
during the early period in this study, such as pronounced
swelling of RNFL and split of ILM from RNFL, are not
reported in previous studies using intravenous delivery [11,
14, 24]. Main structural changes during the first few days
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Time after injection (day)

0.4, and 0.8 mg doses of SI, respectively. Dot-dash-dot lines indicate
injected eyes; solid lines represent noninjected fellow eyes

after intravenous injection were necrotic destruction of the
outer retina but not that of the inner retina [8, 25]. The
intense inner retinal reaction in the study presentedhere
might be attributable to the administration route, because
intravitreally injected SI meets the inner retina before
meeting the outer retina. Conversely, intravenous injection
would deliver chemical agents to inner and outer retinas
simultaneously through retinal vessels or to the outer retina
in greater abundance because of choriocapillaris blood flow
is more plentiful than that of retinal vessels [23].

In this study, retinal destruction occurring within the
first week became stable thereafter. Previous studies report
recovery of RPE cells 1-2 weeks after SI injection [22, 26,
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Fig. 5 The b-wave amplitude of electroretinography (ERG) in
rabbits before and after intravitreal injection of sodium iodate (SI).
a—d The change of b-wave amplitude over time after injection with

27]. Necrotic RPEs are removed by macrophages after
vigorous destruction, and then the spared RPEs regenerate
[28]. Korte el al. reported recovery of RPE barrier break-
down 1 week after injection [29], and it is also reported that
RPE cells regenerate or are replaced by a heterogeneous
cell layer 1 week after intravenous injection of SI [30].
Two weeks following SI injection, regenerated flat-shaped
RPE cells with short microvilli were observed over Bruch’s
membrane in rats [31]. Regenerating RPE showed changes
in cell shape, polarity, and intercellular adhesion [29] and
are suggested to support surviving photoreceptors and help
their recovery [32]. It is suggested that the regenerative
process in the retina involves the expression of multiple
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genes involved in retinal neurogenesis, cell differentiation,
and re-establishment of morphologic structure [33]. The
final retinal status 1 month after injection of high-dose SI
included retinal thinning, reduction of RPE and photore-
ceptors, retinal vascular attenuation, and atrophy of the
choriocapillaris, which were similar to those seen after
intravenous injection [11, 29, 34]. To sum up, changes over
time after intravitreal injection in this study were consistent
with those after intravenous administration [26].

On the other hand, fundus changes visible to the naked
eye were not distinct in most groups except the highest
dose (0.8 mg) group. While there was depigmentation of
RPE and RPE and choriocapillaris atrophy in pigmented
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Day 7 el

Fig. 6 Sequential retinal histological sections at days 2, 7, and 28 on
light microscopy using hematoxylin and eosin (H&E) staining in
rabbits that received intravitreal injection of sodium iodate (SI). a—

rabbits after the injection of SI [9, 14], visible fundus
changes in albino rabbits are suggested to be indistinct [9],
probably because of the absence of melanin pigments.
However, we identified the attenuation of chorioretinal
vasculature and retinal detachment in eyes of the 0.8-mg
group. A close fundus examination would enable detection
of subtle changes caused by SI toxicity.
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d Histological sections of eyes injected with 0.1, 0.2, 0.4, and 0.8 mg
dose of SI, respectively

Functional changes occurred instantaneously in all
investigated doses, although structural changes were not
apparent in low-dose groups. The early change was an
abrupt vanishment of b-wave, which occurred immediately
after injection, as previously reported [34, 35]. Whereas
histologic findings at day 2 and OCT findings at days 1 and
2 appeared to be normal in low-dose groups, the ERG
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Fig. 7 Transmission electron microscopy images of rabbits that
received intravitreal injection of sodium iodate (SI). a-d Retinal
pigment epithelium (RPE) at day 2 of eyes injected with 0.1, 0.2, 0.4,

waveform dramatically diminished, showing the negative
ERG pattern beginning the day after injection. The tran-
sient negative ERG was previously reported in studies
using intravenous injection of SI and was attributed to
third-order neuronal responses [36]. In the >0.2 mg dose
groups, the loss of a-wave—which might be considered as
the dysfunction of photoreceptors—was also observed. It is
possible that hidden microscopic cellular changes may
have existed. However, ERG was helpful in detecting more
subtle functional changes after toxic retinal damage.

One of the interesting findings in this study is that
although the outer and inner retinae were both ablated after
intravitreal injection of SI, the inner retina was relatively
preserved at a certain dose. After the 0.4-mg SI injection,
the inner retina was not fully destroyed by day 7, and the
damage did not worsen after that period. The ERG also
showed a remaining response in this group, and response
recovered slightly at day 28. The intact structure of the
ganglion and bipolar cell layers resembled the histological
finding in retinitis pigmentosa (RP) [37], a finding that may
imply the usefulness of this model in RP research. The
precise mechanism of damage to RPE cells is yet to be
determined [35], but the degeneration process is hypothe-
sized as being necrosis combined with kariolysis and
melanin clumping [11, 23]. The mechanisms suggested for
RPE cell damage by SI include inhibition of intracellular
enzymes, such as triose phosphate dehydrogenase or lactate
dehydrogenase [38]; destruction of zonula occludens; and

and 0.8-mg dose of SI, respectively (e-h) RPE at day 28 in eyes
injected with 0.1, 0.2, 0.4, and 0.8 mg dose of SI, respectively

alterations in the strength of adhesion [35, 39], breakdown
of RPE cell basal membrane [40]; and denaturation of
some retinal protein involved in metabolic cycles [23]. The
increased ability of melanin to convert glycine to glyoxy-
late, a cytotoxic compound, might also contribute [41]. Of
note, co-administration of cysteine reduced retinal damage
caused by SI, presumably by interfering with the initial
uptake, binding, or toxicity of SI within the eye [42].

On the other hand, the effect of SI on photoreceptors is
considered to be secondary to RPE cell damage [11, 38,
43]. After breakdown of the blood-retinal barrier supported
by RPE, photoreceptors are exposed to choroidal circula-
tion directly and could be harmed continuously [11].
Destruction of photoreceptors is considered a process of
apoptosis [11]; however, recent experiments propose that
neuronal cells are also sensitive to SI toxicity and that
intravenous administration of SI has a direct effect on
photoreceptors [34, 44]. Further experiments are required
to elucidate the mechanism of SI toxicity in greater detail.

In this study, retinal architecture and function were fully
preserved in noninjected contralateral eyes, as seen in
previous studies [17]. Recently, intravitreal injection of N-
methyl-N-nitrosourea was used to induce monocular retinal
degeneration [7]. Intravenous injection of verteporfin fol-
lowed by photodynamic therapy, or intravitreal injection of
sodium nitroprusside, has been suggested as a monocular
photoreceptor degeneration model for rabbits [4, 6]. The
benefits of a monocular model for retinal degeneration
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include use of the companion eye as a control, which
provides a more controlled comparison, being within the
same individual. It also reduces the number of animals
necessary for the experiment and is more compatible with
current ethical considerations for animal experiments. Our
study suggests a new way of establishing monocular retinal
degeneration using SI. The use of chemicals is also better
from an economic perspective than expensive genetically
engineered models. Achieving monocular degeneration
within a short period is another advantage of this model.

There may be some shortcomings in the intravitreal
administration of drugs. One possible disadvantage may be
the unequal distribution of SI in the vitreous cavity due to
uneven liquefaction of vitreous gel, which may reduce
reproducibility of the SI effect on the retina. Nevertheless,
reproducibility in this study was quite high. The high sol-
ubility of SI and the abundant content of water in the vit-
reous gel might explain the result. On the other hand, the
margin between the effective and lethal dose was greater
compared with that for intravenous injection [9]. The ratio
of concentration resulting in entire retinal destruction to the
ratio of concentration inducing minimal anatomical chan-
ges was within 8, which was higher than in the intravenous
injection of SI [38]. Limitations of the study include the
small number of subjects and individual differences in the
responses to SI toxicity. In addition, if we had used pig-
mented rabbits, we could possibly have evaluated RPE
damage more distinctly on fundus examination or fluores-
cein angiography. Nevertheless, a merit of this study was
the use of OCT to evaluate structural changes over time as
in vivo images. We determined that in vivo OCT images
showed good correlation with histologic findings. Because
most research on the retinal toxicity of SI was performed
before the development of OCT [22, 23, 45], those
researchers could not measure serial anatomical changes in
the same individual. Recently, OCT enabled in vivo eval-
uation of the retina after SI administration in mice and rats,
without needing to sacrifice the animals [10, 34, 46], but
OCT data after SI injection in rabbits are not widely
available [14], especially in albino rabbits.

This study is the first to present OCT data after SI
injection in albino rabbit eyes. Based on this study, future
studies can use in vivo OCT images withouth the need to
sacrifice the animals for histological examination.

In conclusion, retinal degeneration over time following
intravitreal injection of SI was dependent on injection dose.
Anatomical and functional retinal changes were reversible
at low and irreversible at high doses. In addition, we
identified the possibility of novel monocular retinal
degeneration, especially outer retinal degeneration, using
intravitreal injection of SI. The outer retina was preferen-
tially damaged after injecting a certain dose. This method

@ Springer

could thus be useful for investigating outer retinal diseases,
such as RP or age-related macular degeneration.
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