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Abstract

Gyrate atrophy (GA) of the choroid and retina is a blinding
chorioretinal degeneration caused by deficiency of ornithine
d-aminotransferase (OAT). The phenotype of GA is charac-
terized by progressive concentric reduction of the visual
fields and ornithine accumulation. To understand better the
pathogenesis of GA and to develop a model to test thera-
peutic strategies, we produced an OAT-deficient mouse by
gene targeting. Like human GA patients, adult OAT-defi-
cient mice exhibit chronic hyperornithinemia to levels 10—
15-fold above normal and massive ornithinuria. Slowly pro-
gressive retinal degeneration is reflected by a gradual decline
in electroretinogram amplitudes over the first 12 mo of life.
At 2 mo, the retinal pigment epithelium is histologically
normal, but electron microscopy reveals sporadic degenera-
tion of scattered pigment epithelial cells. By 6 mo there are
more diffuse abnormalities of the pigment epithelium with
accumulation of large phagosomes and crystalloid inclu-
sions. Although morphologically normal at 2 mo, the photo-
receptor outer segments become highly disorganized and
shortened to 60% of control length by 10 mo. Additionally,
there is cumulative loss of the photoreceptor cells, which
reaches 33% by 10 mo and is most pronounced in the cen-
tral region of the retina. Our results indicate that retinal
pigment epithelial cells are the initial site of insult in GA
and that the OAT-deficient mouse is an excellent animal
model of GA in human patients. (J. Clin. Invest. 1996. 97:
2753-2762.) Key words: ornithine -aminotransferase « in-
born error « ornithine « pathophysiology « histopathology

Introduction

First described as an “atypical retinitis pigmentosa” (1), gyrate
atrophy (GA)' of the choroid and retina is an autosomal reces-
sive, blinding chorioretinal degeneration caused by a defi-
ciency of ornithine §-aminotransferase (OAT). Clinically, GA
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patients initially develop myopia and reduced night vision, fol-
lowed by gradual reduction in peripheral vision with constric-
tion of the visual fields, leading to complete loss of vision at
around the fourth to fifth decade of life (2—4). The presence of
numerous sharply demarcated circular areas with hyperpig-
mented margins in the anterior to midperipheral retina is the
earliest diagnostic funduscopic feature of GA. Over time,
these lesions increase in number and size, coalesce, and spread
from the peripheral to the central fundus. Complete loss of vi-
sion is associated with involvement of the macula. Electroret-
inography (ERG) abnormalities are present at an early stage
of the disease, with impaired rod and cone responses ulti-
mately progressing to a completely extinguished response
(5-7). The biochemical and metabolic characteristics of GA
have been studied extensively. Plasma ornithine levels are 10—
15-fold above normal, and lysine levels are reduced to ~ 50%
of normal (8-15). Deficient OAT activity has been docu-
mented in a variety of tissues from GA patients; about one-
third of the patients have a small amount of residual activity
(< 5% of normal) and the remainder have no detectable OAT
activity (14). The OAT cDNA and structural genes have been
cloned and analyzed (16-18). More than 60 pathological muta-
tions, most of which are point mutations resulting in either un-
stable or nonfunctional OAT, have been characterized in the
OAT genes of GA patients (14, 19).

Despite the extensive understanding of GA at the meta-
bolic, biochemical, and molecular levels, little is known about
its pathogenesis; in particular, how the systemic metabolic ab-
normalities result in chorioretinal degeneration with only min-
imal involvement of other tissues (14). The low frequency of
the disease, the slow progress of the chorioretinal degenera-
tion, and the lack of opportunity for direct evaluation of af-
fected retinal tissue all contribute to our lack of understanding
of the pathogenesis of GA. The only reported retinal histo-
pathologic study was performed on the eyes of a 98-yr-old pa-
tient with vitamin B¢-responsive GA who had a small, isolated
central area of functional retinal tissue surrounded by large ar-
eas totally devoid of choroidal and retinal layers (20). There
was focal photoreceptor atrophy and hyperplasia of retinal
pigment epithelial (RPE) cells in the region of demarcation
between atrophic and relatively normal retina. Similar late
stage retinal histopathology was described in an adult domestic
cat with OAT deficiency (21). In a recent attempt to create an
animal model of GA, Daune-Anglard et al. reduced OAT ac-
tivity in adult mice to 10-20% of controls by chronic admin-
istration (53 d) of 5-fluoromethylornithine, a potent suicide
inhibitor of OAT (22). The animals exhibited ornithine accu-
mulation in tissues to levels 5-15-fold above controls but failed
to develop ERG abnormalities or a histologically detectable
retinal degeneration during the 2-mo experiment.

To provide a model system for study of retinal pathophysi-
ology and testing experimental therapies, we generated OAT-
deficient mice by targeted disruption of the murine OAT gene
(23). Surprisingly, neonatal OAT-deficient (Oat™'~) mice ex-
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hibited severe hypoornithinemia, hypoargininemia, hypo-
citrullinemia, and hyperammonemia, leading to death 1-2 d af-
ter birth. This unexpected metabolic phenotype indicates that
the net flux in the OAT reaction in neonatal mice is in the di-
rection of ornithine synthesis rather than degradation. Orni-
thine is converted to the citrulline and arginine necessary for
protein anabolism and urea cycle function in rapidly growing
neonatal mice. Arginine supplementation, administered intra-
peritoneally every 12h for the first 14 d of life, rescues Oat™'~
mice (23). After weaning, these animals develop profound hy-
perornithinemia, indicating that the net flux in the OAT path-
way reverses. Preliminary evaluation indicated that retinal pa-
thology developed in these mice over several months. In this
report, we present a systematic characterization of this mouse
model over 12 mo with particular emphasis on amino acid me-
tabolism, electrophysiology, retinal histopathology, and ultra-
structure.

Methods

Targeted disruption of the murine Oat gene. This work is described
in detail in Wang et al. (23). In brief, we isolated a 13-kb EcoRI frag-
ment containing exons 1-5 of the murine Oat gene to make a replace-
ment-type targeting construct with a neomycin resistance cassette in-
serted in exon 3 at codon 40. AB 1 (strain 129) cells with correct
targeting events were identified by Southern blot analysis and micro-
injected into C57BL/6J blastocysts. Chimeric mice were bred with
C57BL/6J females to generate mice heterozygous and homozygous
for the targeted Oat gene.

Animal husbandry. All animal breeding and manipulations were
carried out according to National Institutes of Health guidelines at
the Johns Hopkins University School of Medicine. Mice born from
heterozygote matings were given intraperitoneal arginine at 12-h in-
tervals starting within hours after birth and continuing for the first 2
wk of life (23). The initial dose of arginine was 10 mmol/kg body wt
per dose. The absolute amount administered remained constant, so,
as the animals grew, the dose tapered to ~ 2 mmol/kg body wt per
dose at the end of the 2 wk. The arginine stock solution consisted of
1 M arginine hydrochloride and 1 M arginine-free base (Sigma Chem-
ical Co., St. Louis, MO) at a ratio of 2:1 (vol/vol) with a final concen-
tration of arginine of 1 M and pH of ~ 9.

After weaning, the animals were maintained on standard rodent
chow containing = 20% protein (Mouse Diet 9F; PMI Feeds, Inc.,
Richmond, IN).

OAT enzyme assay. OAT activities from various mouse tissues
were assayed radiochemically (19). The standard assay mixture con-
tains 0.7 mM l-ornithine, 0.7 mM a-ketoglutarate, 50 uM pyridoxal
phosphate, 0.1 M KPO,, pH 8.0, 0.10 wCi of [*H]l-ornithine (DuPont—
New England Nuclear, Boston, MA), and 25-50 p.g of protein in a fi-
nal volume of 250 pl. After incubation at 37°C for 0.5 h, the reaction
was terminated by adding 50 wl of 6 N HCl. Under these conditions,
the reaction product, glutamate semialdehyde, is converted nonenzy-
matically to pyrroline-5-carboxylate, which is separated from orni-

thine by ion exchange chromatography on disposable 1-ml 100-200
mesh columns (Dowex AG 50W-X8 H* form; Bio-Rad Laboratories,
Inc., Hercules, CA). Activities as low as 1 nmol of product/h per mg
of protein are detectable.

Plasma and urine amino acid analysis. Tail blood was collected
from adult mice, and plasma was prepared using ammonium-free he-
parin (Sigma Chemical Co.) as an anticoagulant. Blood from new-
born mice, obtained by direct heart puncture, was treated in the same
way. An average of 30-50 ul of plasma was obtained from each ani-
mal. Plasma amino acid determinations were made with an amino
acid analyzer (model 6300; Beckman Instruments, Inc., Fullerton,
CA). Urine was collected from adult mice by direct bladder puncture,
and 50 ul of each sample was used for amino acid analysis. Urine cre-
atinine level was determined by a standard method (24).

ERG. Mouse ERGs were obtained with an EPIC-2000 system
using a gold foil recording electrode in a dark environment (LKC
Technologies Inc., Gaithersburg, MD) with minor modifications of a
previously described method (25). Oat”’~ mice and their age-
matched littermate controls were anesthetized using a mixture of
0.1% ketamine, 0.1% xylazine, and 4% urethane in Ringer’s solution,
0.3 ml/20 g animal. The mice were subjected to 30 min of dark adapta-
tion, and pupil dilation was achieved using 1/4 drop of 0.25% tropica-
mide. A scotopic single flash light without filter (0 dB) was used as
the source of light stimulation, and the maximal response from retina
was recorded. Sixteen responses were averaged automatically with 5 s
between stimuli, and mean latency and the amplitude of each ERG
wave form were calculated.

Histology and electron microscopy. The mice were keptina 12 h
light/12 h dark environment at an incident luminance of < 25-foot-
candles. Eyes were enucleated from anesthetized Oat*'* and Oat™'~
mice (age 2,4,7, and 10 mo), immersion fixed in a mixture of 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.13 M phosphate
buffer, bisected along the vertical meridian, postfixed in 1% OsO, in
phosphate buffer, and embedded in Medcast resin. 1-pm-thick sec-
tions were stained with a mixture of toluidine blue, methylene blue,
and basic fuchsin for light microscopy, and 90-nm sections were con-
trasted with uranyl acetate and lead citrate for electron microscopy.
The extent of photoreceptor cell loss in the retinas was measured in
well-oriented 1-pm sections that included the optic nerve head and
the superior and inferior ora serrata. Nuclei per cell column in the
outer nuclear layer were counted at adjacent 250 pm points along
each retina, based on the method of LaVail (26), with each data point
on the graph representing the mean of three counts. Outer segment
lengths at the same points along the retinas were measured using an
eyepiece micrometer.

Immunocytochemistry. Retinas from 4- and 10-mo-old Oat™*
and Oat™'~ mice were fixed for 6 h in 4% phosphate-buffered
paraformaldehyde and stored in 10% phosphate-buffered sucrose.
The eyes were bisected, and half of each eye was held in 30% sucrose
in phosphate buffer overnight, cryosectioned at 12 um, and processed
for immunofluorescence (27). Antibodies used for immunolabeling
were antirhodopsin (mouse mAb 4D2, 1:50, from Dr. R. Molday,
University of British Columbia, Vancouver, BC, Canada); anti-red/
green cone opsin (rabbit polyclonal antibody, 1:200, from Dr. J. Saari,
University of Washington, Seattle, WA); antiglial fibrillary acidic

Table I. OAT Activities in Tissues of Adult OAT-deficient and Control Mice

OAT activity (nmol product/h per mg)*

Oat genotype Liver Kidney Small intestine Muscle Neural retina
+/+ 163 422 290 42 94
(143-183) (400-444) (279-331) (38-47) (93-97)
—/—= nd nd nd nd nd

Tissues were collected from 2-3 pairs of OAT-deficient and control littermate adult mice. *Mean and range (in parenthesis). nd, not detectable.
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protein (rabbit polyclonal antibody, 1:400, Dako Corp., Carpinteria,
CA). The secondary antibodies were labeled with Cy-3 (Jackson Im-
munoResearch Laboratories, West Grove, PA), and control sections
were processed with secondary antibody but omission of primary an-
tibody. TdT UTP nick-end labeling (TUNEL) was performed on the
opposite hemiretinas from the 4- and 10-mo-old Oat''* and Oat '~
mice according to the method of Gavrieli (28) and viewed en face as
retinal flat mounts.

Results

Growth, development, and OATactivity. We generated Oat™/~
progeny from matings of mice heterozygous for the targeted
Oat gene (Oat™'*) and gave arginine supplementation to the
Oat™'~ animals from a few hours after birth to the 14th postna-
tal day to prevent lethal hypoornithinemia and hypoarginine-

mia (23). After weaning, we maintained these animals on stan-
dard rodent chow (see Methods). The growth rate, development,
reproduction, and behavior of the Oat™~'~ mice were indistin-
guishable from their Oat™~ and Oat"'* littermates (data not
shown). Oat activity was not detectable in liver, small intes-
tine, kidney, muscle, and retina in the Oat™'~ mice, indicating
that the targeted OAT allele was a null at the level of protein
function (Table I).

Metabolic phenotype. There was a striking contrast in the
plasma amino acid levels of neonatal and adult Oat™'~ mice
(Fig. 1). In the neonates, the concentrations of ornithine, argi-
nine, and citrulline are subnormal and there is accumulation of
ammonium (23) (Fig. 1). After the second postnatal week,
plasma ornithine rises rapidly, stabilizing at a level 10-15-fold
higher than littermate controls, which is maintained over the
ensuing 12 mo (Fig. 1 A). There is no difference in the orni-
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Figure 2. Selected urinary excretion of amino acids in adult Oat*/* and Oat™/~ mice: (A) ornithine; (B) cystine, arginine, lysine, citrulline, histi-
dine, glutamine, and proline. The mean and range for samples from four animals is indicated by a filled column and thin horizontal bars for Oat™*

and by a shaded column and thin horizontal bars for Oat™'~ mice.

thine values of Oat™~ and Oat*'* animals (data not shown).
Parallel to the development of ornithine accumulation, plasma
lysine decreases to values ~ 50% those of littermate controls
and remains stable thereafter (Fig. 1 B). Plasma arginine and
citrulline normalize in the postweaning Oat™'~ animals (Fig. 1,
E and F). Plasma glutamate and glutamine in adult Oat™'~ mice
and controls are comparable (Fig. 1, Cand D).

Urinary excretion of ornithine in the adult Oat™'~ mice is
> 100-fold that in controls (Fig. 2 A). The excretion of lysine
and all other basic amino acids as well as citrulline, proline,
and glutamine is also increased in these animals (Fig. 2 B). The
excretion of all other neutral and acidic amino acids is normal
(not shown).

Electrophysiology. We performed serial ERGs in a cohort
of Oat™’~ mice and their littermate controls over the first 12
mo of life (Figs. 3 and 4). Fig. 3 A shows a typical ERG wave-
form recorded from a 10-mo-old Oat™* mouse with a fast re-
sponse downward (negative) A wave followed immediately by
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Figure 3. ERG of Oat™* and Oat™'~ mice at the age of 10 mo. Sam-
ple ERG waveforms for Oat*'* (A) and Oat™'~ mice (B) aged 10 mo.
ERG amplitude is measured as the difference between the peak of
wave A (point 1) and the peak of wave B (point 2).
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a large upward B wave. Fig. 3 B shows an ERG waveform re-
corded from a 10-mo-old Oat™'~ mouse. The basic ERG wave-
form pattern is preserved but with a markedly depressed am-
plitude. Over the 12 mo of the study, the mean of the ERG
amplitudes recorded from the control (Oat™'*) group was sta-
ble (Fig. 4). By contrast, the mean ERG amplitudes of the
Oat™'~ mice gradually declined from normal levels at 2 mo to
~ 40% of normal by 12 mo.

Retinal histopathology. The retinas of Oat™'~ mice and
their littermate controls were examined by light microscopy at
ages 2, 4, 7, and 10 mo and by electron microscopy at ages 2
and 7 mo. A pattern of slowly progressive retinal degeneration
was observed, with the most severe pathology in the RPE and
photoreceptor cells. The RPE and photoreceptor degenera-
tion was most pronounced in the central superior and inferior
regions of the retina with relative sparing of the photorecep-
tors adjacent to the optic nerve head and the ora serrata (Fig.
5, A and B).

The RPE cells showed the earliest pathologic changes in
the Oat™'~ mice. At 2 mo, compared with RPE cells in the con-
trol mice (Figs. 6 A and 7 A), most RPE cells in the Oat™'~ ani-
mals had normal fine structure including their mitochondria
(Fig. 6 B), but occasional cells were necrotic with pale cyto-
plasm and swollen organelles (Fig. 7 B). Some melanin gran-
ules in the RPE cells were irregular in shape (Fig. 7 B, inset),
but the RPE cells were otherwise normal. The choriocapillaris
and photoreceptors were also morphologically normal in the
2-mo-old Oat™'~ mice (Fig. 6 B), although the outer segments
were shorter than normal (see Fig. 10 B).

At 7 mo, compared with normal mice (Fig. 8 A), the Oat/~
mice showed pathologic changes in both the RPE and photo-
receptors (Figs. 8, Band C, and 9, A-C), and this was most se-
vere in the central retina. Individual RPE cells were either
swollen or flattened; most lacked basal infoldings and apical
microvilli. Many RPE cells were engorged with phagocytosed
outer segment membranes (Fig. 8, B and C), and macrophages
in the outer segment layer contained phagocytosed outer seg-
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ments (Fig. 8 B). The photoreceptor outer segments were
markedly shortened and had lost their precise orientation;
some of the membrane disks appeared dense and smudgy (Fig.
8 B). Some photoreceptor mitochondria were swollen, but the
choriocapillaris appeared normal at this age (Fig. 8 C).

Some of the RPE cells contained unusual inclusion bodies
free in the cytoplasm (Fig. 9, A—C). Most of the inclusions con-
tained homogenous material resembling lipid and were associ-
ated with ~ 100-nm tubule-like structures in the surrounding
cytoplasm (Fig. 9 A). Other inclusions contained tubules
within empty-appearing vacuoles (Fig. 9 B) or tubules sur-

Figure 5. (A) Central (C) and peripapillary (P) retina of 7-mo-old
Oat** mouse, illustrating normal retinal pigment epithelium (arrow-
heads) and photoreceptors. OS, outer segments; IS, inner segments;
PN, photoreceptor nuclei; INL, inner nuclear layer. X400. (B) Cen-
tral (C) and peripapillary (P) retina of a 7-mo-old Oat™'~ mouse. The
retinal pigment epithelium (arrowheads) and photoreceptor outer
segments (OS) are degenerate (asterisk) in the central retina but
have more normal morphology near the optic nerve head. IS, inner
segments; PN, photoreceptor nuclei; INL, inner nuclear layer. X400.

resents the amplitude measured in
an Oat~’~ mouse. The mean ERG
amplitude for each age group is indi-
cated by a filled horizontal bar.

rounded by the lipid-like material (Fig. 9 C). The identity of
the inclusions is not known, but they did not appear to be de-
rived from mitochondria, and normal-appearing mitochondria
were present in the cytoplasm of the same RPE cells (Fig. 9, A
and B).

The retinas of the Oat™'~ mice showed progressive loss of
photoreceptors over the 10-mo period, with some overlap be-
tween animals of different ages in the control and Oat™/~
groups (Fig. 10, A and B). Photoreceptor numbers were nor-
mal at 2 mo but then decreased slowly, showing an overall re-
duction by ~ 33% at 10 mo (Fig. 10 A). Pyknotic photorecep-
tor nuclei were observed occasionally in the Oat™'~ mouse
retinas at 4-10 mo but were not found in the control retinas.
Very rare (five or fewer) TUNEL-positive nuclei were found
in the flat-mounted 4- and 10-mo Oat™'~ hemiretinas (data not
shown). Outer segment lengths in the Oat™~’~ mice decreased
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Figure 6. (A) 2-mo-old Oat*'" mouse retina, illustrating normal ap-
pearance of the RPE, Bruch’s membrane (B), choriocapillaris (CC),
and photoreceptor outer segments (OS). m, melanin granule. X7,500.
(B) 2-mo-old Oat™'~ mouse retina, illustrating normal-appearing
RPE and photoreceptor outer segments (OS). N, RPE nucleus.
X7,500.
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Figure 7. (A) High magnification of RPE from 2-mo-old Oat*'*
mouse, illustrating the basal infoldings (b), fenestrated choriocapil-
laris (CC), and photoreceptor outer segments (OS). m, melanin gran-
ule; N, RPE nucleus; arrows, mitochondria. X15,000. (B) Retinal pig-
ment epithelium cells from 2-mo-old Oat™'~ mouse. The cell on the
right appears normal, including prominent basal infoldings (b),
whereas the cell on the left (asterisk) is necrotic with pale, extracted-
appearing cytoplasm and swollen mitochondria (arrowheads). m,
melanin granule. X15,000. (Inset) Abnormally shaped melanin gran-
ules (m) in retinal pigment epithelium of 2-mo-old Oat™/~ mouse.
%15,000.

progressively over time, and by 10 mo they were < 50% of the
controls (Fig. 10 B).

Immunocytochemistry was used to localize several well-
characterized proteins in the retinas of Oat*'* and Oat™'~ mice
at ages 4 and 10 mo. In each animal, rhodopsin was present in
the rod outer segments (Fig. 11, A and B), which were notice-
ably shorter in the 4- and 10-mo-old Oat~'~ mice (Fig. 11 B).
As noted in other retinal dystrophies that cause rod outer seg-
ment shortening (27), the Oat™'~ mice also showed delocaliza-
tion of rhodopsin to the rod cell bodies (Fig. 11 B). Red/green
cone opsin showed normal distribution in the cone outer seg-
ments of all the retinas (Fig. 11, C and D), but, like the rod
outer segments, the cone outer segments were shorter in the
Oat™'~ mice than in the controls (Fig. 11, A-D). In all of the
mice, interphotoreceptor retinoid binding protein was local-
ized to the interphotoreceptor matrix and cellular retinalde-
hyde binding protein was present in the cytoplasm of the RPE
and retinal Miiller cells (not shown). The macrophages in the
outer segment layer of the 10-mo-old Oat™~'~ mice were also la-
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Figure 8. (A) 7-mo-old Oat*'* mouse retina, illustrating normal ap-
pearance of the RPE, photoreceptor outer segments (OS), and inner
segments (IS). a, apical microvilli of RPE cell; m, melanin granule; b,
basal infoldings; CC, choriocapillaris. X7,500. (B) 7-mo-old Oat™'~
mouse retina, illustrating pathologic changes in the RPE and photo-
receptors. The photoreceptor outer segments (OS) are shortened and
disorganized, and some (asterisk) show membrane densification. The
RPE cells are flattened and have lost the apical microvilli and basal
infoldings normally found. A macrophage (M) in the outer segment
layer contains phagocytosed outer segment membranes (O). N, RPE
nucleus; Nu, macrophage nucleus. X7,500. (C) 7-mo-old Oat™'~
mouse retina, illustrating engorgement of RPE with phagocytosed
outer segment membranes (O). The RPE cell basal infoldings are
reduced and apical microvilli are absent. CC, fenestrated choriocapil-
laris; OS, photoreceptor outer segment; M, process of macrophage in
outer segment layer. X7,500.

beled with anti—cellular retinaldehyde binding protein, sug-
gesting that they were derived from the RPE. Glial fibrillary
acidic protein was localized to the astrocytes in the innermost
part of all the retinas (Fig. 11 E) and was also prominent in ra-
dial processes of the Miiller cells in the retinas of the 4- and
10-mo Oat™’~ mice (Fig. 11 F), consistent with a gliotic re-
sponse to ongoing cell death in the retinas of these animals
(29).

Discussion

The Oat™'~ mice we have produced by gene targeting have no
detectable OAT activity and a metabolic phenotype that is re-
markably similar to that of GA patients (14). In both, plasma
ornithine concentrations are 10-15-fold higher and plasma



Figure 9. (A) Retinal pigment epithelium cell as in Fig. 8, Band C.
Note the large inclusion body, which contains lipid-like material (L)
and is surrounded by ~ 100-nm tubule-like structures (¢) in the cyto-
plasm. m, melanin granule; arrows, normal-appearing mitochondria;
CC, choriocapillaris; OS, outer segment. X16,000. (B) Retinal pig-
ment epithelium cell as in Fig. 9 A. Note the large inclusion, which
contains ~ 100-nm tubules () in an empty-appearing vacuole (V).
Arrows, normal-appearing mitochondria. X20,000. (C) Retinal pig-
ment epithelium cell as in Fig. 9, A and B. A large inclusion body
contains tubules (t) surrounded by a lipid-like (L) matrix. CC, chorio-
capillaris. X20,000.

lysine concentrations ~ 50% lower than those of controls. As
in humans, the magnitude of the ornithine accumulation in the
Oat™'~ mice is constant into old age (14, 30). The reduction in
lysine levels, characteristic of both Oat™/~ mice and humans, is
thought to result from decreased renal tubular reabsorption of
lysine due to overflow ornithinuria (14). In agreement with
this model, we found increased urinary excretion of ornithine,
lysine, and all other basic amino acids in Oat™’~ mice. Similar
observations have been reported in human GA patients (14).
The loss of retinal function in the Oat~'~ mice is a slow and
cumulative process but occurs over a much shorter absolute
time span than in humans. In human GA patients, the ERG
amplitude decreases gradually and is usually undetectable by
the end of the second decade of life, at a time when there is
still normal-appearing retina in the posterior pole (5, 30). The
mean ERG amplitude in the Oat™'~ mice is normal at 2 mo of
age but declines slowly to ~ 40% of normal by the end of 1 yr.
This time course correlates well with the histopathological
changes in the retinas. Although the retinas of the 2-mo-old
Oat™'~ mice were near normal in morphology, subtle changes

were detected in scattered RPE cells, including swelling and
loss of basal infoldings and apical processes. The photorecep-
tor outer segments were somewhat shortened by 2 mo and be-
came progressively shorter over the ensuing month. By 7 mo,
the RPE cells in the central retina were markedly abnormal,
including cellular swelling and flattening, loss of basal and api-
cal specializations, and engorgement with phagocytosed outer
segment membranes. The photoreceptor outer segments also
had abnormal fine structure at this time, including misalign-
ment and membrane densification. In addition to phagocytosis
of outer segment membranes by the RPE cells in situ, some
outer segment debris that appeared to be derived from the
RPE was ingested by macrophages. The time course of pathol-
ogy in the RPE and photoreceptors is consistent with an initial
loss of function in the RPE and secondary loss of normal struc-
ture and presumably function in the photoreceptors. Addition-
ally, the fine structural changes in the outer segments and
prominent phagocytosis of outer segment membranes by the
RPE closely resemble the cytopathologic changes in these cells
after experimental light damage to the retina (31). This sug-
gests that the metabolic alterations produced by OAT defi-
ciency rendered the photoreceptor outer segments more sus-
ceptible to damage from the normal light levels under which
these mice were reared.

Mitochondrial abnormalities have been noted in a variety
of cell types in human GA patients including hepatocytes,
muscle cells, corneal endothelial cells and keratocytes, ciliary
epithelial cells, and rod photoreceptors (9, 20, 32). Some swol-
len mitochondria were found in the degenerate Oat™'~ photo-
receptors, but the RPE mitochondria in the Oat™'~ mice had
normal fine structure, in agreement with the finding of normal
appearing mitochondria in the RPE of a human GA patient
(20). Some RPE cells in the Oat™'~ mice contained unusual in-
clusions comprised of ~ 100-nm tubules in a matrix of lipid-
like material. To our knowledge, comparable inclusions have
not previously been reported in RPE cells. These novel struc-
tures are presumably related to metabolic abnormalities in the
RPE cells, but their significance is unknown.

One phenotypic difference between Oat™'~ mice and hu-
mans is the geographic distribution of the retinal degeneration.
In the mice, the early stage of retinal degeneration predomi-
nately involves the central superior and inferior regions of the
retina, whereas retinal degeneration in GA patients initially
begins in the midperiphery (4). Although the reason for this
discrepancy is not known, it may relate to the differences in
photoreceptor distribution between the two species, including
a relative paucity of cones and the absence of a macula in the
murine retina (33). As in certain other inherited retinal dystro-
phies (34), a nonuniform pattern of degeneration of photore-
ceptors across the retina suggests that other factors in addition
to the specific gene mutation are important in producing the fi-
nal disease phenotype (35). The regional pattern of photore-
ceptor degeneration in the Oat™'~ mice resembles the patterns
found in other toxic and inherited conditions in which the RPE
cells are the primary site of pathology, including the Royal
College of Surgeons rat (26), vitiligo mice (36), and the retin-
opathy produced by iodoacetate administration in cats and
rabbits (37). In each of these pathologic conditions, photore-
ceptors in the central retina are more severely affected than
those in the periphery, and there is relative sparing of the pho-
toreceptors in the region just adjacent to the optic nerve head,
as observed here.

/—
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Figure 10. (A) Counts of photoreceptor
cells at different ages in Oat*'* and
Oat™'~ mice. Photoreceptor nuclei were
counted per column of cells in the outer
nuclear layer at adjacent 250 pm points
along the vertical meridian in the supe-
rior and inferior retina. Each point rep-
resents the mean of three counts. Filled
symbols indicate Oat™'~ mice, and open
symbols indicate Oat*'* littermates at
the following ages: squares, 2 mo; circles,
4 mo; diamonds, 7 mo; triangles, 10 mo.
ONH, optic nerve head. (B) Photore-
ceptor outer segment lengths at different
ages in Oat™* and Oat™'~ mice. Outer
segments were measured at adjacent 250
pm points along the vertical meridian in
the superior and inferior retina. Each
point represents the mean of three mea-
surements. ROS, rod outer segment;
ONH, optic nerve head.
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Figure 11. (A) Immunofluorescent lo-
calization of rhodopsin in retina from
4-mo-old Oat*'* mouse. Specific labeling
is restricted to the layer of outer segments
(0s). Arrowheads indicate autofluorescent
erythrocytes in the retinal blood vessels.
¢, choroid. X140. (B) Retina of 4-mo-old
Oat™'~ mouse processed as in Fig. 11 A.

The outer segments (0s) show immunolabeling with antirhodopsin but are shorter than normal. The rod cell bodies (r) show delocalized rhodop-
sin labeling. The sclera (s) shows nonspecific autofluorescence. ¢, choroid. X140. (C) Immunofluorescent localization of red/green cone opsin in
retina from 4-mo-old Oat*'* mouse. Specific labeling is restricted to the cone outer segments (arrowheads). The inner layers of the neurosensory
retina (n) show nonspecific background labeling. X140. (D) Retina of a 4-mo-old Oat™'~ mouse processed as in Fig. 11 C. The cone outer seg-
ments (arrowheads) are well labeled with anti-red/green cone opsin but are shorter than normal. X140. (E) Immunofluorescent localization of
glial fibrillary acidic protein in retina from a 4-mo-old Oat™* mouse. Specific labeling is present in the astrocytes (arrowheads) in the innermost
part of the retina. X140. (F) Retina of 4-mo-old Oat™’~ mouse processed as in Fig. 11 E. In addition to astrocytic labeling, the Miiller glial cell ra-
dial processes (arrowheads) are strongly labeled, consistent with ongoing death of retinal cells. v, vitreous cavity. X140.

As in GA patients, there is some variability in the rate of
retinal degeneration among Oat™'~ mice, suggesting that un-
recognized variables in addition to OAT deficiency and orni-
thine accumulation influence the disease phenotype. The hy-
brid genetic background in these mice (a mix of 129 and
C57Bl/6 strains) may also contribute to the individual variabil-
ity observed. If this is correct, breeding the targeted OAT al-
lele onto pure strain 129 and strain C57Bl/6 animals should
yield strains of mice with different rates of progression of reti-
nal degeneration and provide a system for identifying genes
responsible for these phenotypic differences (38, 39).

In this study we provide histopathologic evidence that the
RPE is likely the initial site of insult in GA. Indirect evidence
for initial damage to the RPE in human GA includes early flu-
orescein angiographic abnormalities (4, 40) and the ERG dem-
onstration of loss of the RPE-derived C wave in one patient
with detectable A and B waves (5). Abnormal RPE cells were
noted in the only histopathologic report in a human with GA,
a 98-yr-old vitamin Bs—responsive patient (20). In this patient,
the retina in the posterior pole was normal appearing, and,
near the transition from relatively normal to atrophic retina in
the periphery, there were areas where the RPE was flattened
with loss of apical microvilli and basal infoldings, as found in
the older Oat™'~ mice. The RPE is important for photorecep-
tor nutrition and is specialized for phagocytosis and degrada-
tion of photoreceptor outer segments (41). RPE cells are con-
nected by tight junctions at their apical lateral surfaces and
constitute the outer blood-retinal barrier (42). The accumu-
lated outer segment debris in the subretinal space of the Oat™'~
mice may interfere with these RPE functions and contribute to
the slow, progressive loss of photoreceptors. Also, the break-
down of the blood-retinal barrier at an advanced stage of GA
may expose the photoreceptor cells to harmful agents from the
choroidal circulation, accelerating the process of retinal degen-
eration.

The mechanism(s) by which OAT deficiency and ornithine
accumulation cause RPE degeneration remains to be eluci-
dated. OAT is expressed at high levels in the RPE and at lower
levels in the photoreceptors (43-47). A priori, RPE damage
could result from local OAT deficiency or from special sensi-
tivity of the RPE to ornithine accumulation. Evidence from
patients with inborn errors of ornithine metabolism does not
discriminate between these two possibilities (14). Patients with
the hyperornithinemia-hyperammonemia-homocitrullinuria
syndrome have normal retinas and OAT activity but accumu-

late ornithine to levels nearly as high as those in GA (14). The
defect is thought to be due to impaired ornithine transport
into mitochondria. However, in GA patients in whom orni-
thine levels are chronically reduced by ingestion of an arginine-
restricted diet, retinal degeneration appears to slow or even
cease (48). This observation, although based on a small num-
ber of patients, suggests that ornithine accumulation plays an
essential role in the disease process. The availability of Oat™'~
mice should allow direct investigation of these potential patho-
physiologic mechanisms.
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