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Fig. 3. Mean diameter of ovarian follicles measured by transvaginal ultrasonography in female chimpanzees treated with leuprorelin
acetate plus human menopausal gonadotropin. Vertical bars represent standard deviations.

Follicle count

Time course changes in the follicle count measured
by transvaginal ultrasonography are shown in
Fig. 4A,B. The administration of leuprorelin acet-
ate plus hMG increased the number of developing
follicles, and the follicle count reached >30 in two
subjects (Suzu and Chiko), 20-29 in six subjects
{Cookie, Koiko, Yoko, Inko, Betty and Yoshizu),
16-19 in five subjects (Sachi, Sango, Tamae and
Kanae) and <10 in one subject (Niko). However,
four subjects, Sachi, Inko, Kanae and Betty, had
subsequently lost >5 follicles by the final examina-
tion. The decrease in follicle count started at
various time points (Fig. 4B).

Serum & and P concentrations

Time course changes in serum E, concentrations
are presented in Figs 5A,B and 6. There were great
differences among the subjects. The peak E,
concentration was >4000 pg/ml in three subjects
(Nacky, Betty and Yoshizu), 2000-3000 pg/ml in
three subjects (Cookie, Yoko and Suzu), 1000-
2000 pg/ml in four subjects (Sango, Tamae, Kanae
and Chiko) and <1000 pg/ml in four subjects
(Sachi, Koiko, Inko and Niko). The E, concentra-
tion decreased rapidly after hCG administration in
most of the subjects, but the decline started during
hMG administration in Inko.

Time course changes in serum P concentrations
are presented in Fig. 5A,B. The concentration was
maintained at a very low level during hMG
administration and rapidly increased after hCG
administration. At oocyte retrieval, the serum P
concentration reached >100 ng/ml in one subject
(Nacky), 50-100 ng/ml in two subjects (Chiko and
Yoshizu) and <50 ng/ml in 10 subjects (Sachi,
Sango, Cookie, Tamae, Yoko, Inko, Kanae, Suzu,
Niko and Betty).

Oocyte retrieval

Numbers and stages of oocytes retrieved are
presented in Table 3. Five oocytes or more were
retrieved from the aspirate of follicular fluid in nine
subjects. In particular, >10 oocytes were obtained
from Tamae, Betty and Chiko. In Inko and Kanae,
COCs were collected from the aspirate of follicular
fluid, but they did not contain any oocytes. Sachi
and Niko possessed only a few or no follicles in the
ovaries at the time of oocyte retrieval (35.5 h after
hCG administration), respectively. In Sachi, only
one oocyte was obtained from the aspirate of
follicular fluid, and two oocytes were obtained
from the aspirate of ascites in the pouch of
Douglas. In Niko, ascites in the pouch of Douglas
was aspirated, but no COCs were collected.

Most oocytes retrieved (92%) already had a first
polar body and were estimated to be at the
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Fig. 4. Ovarian follicle counts measured by transvaginal ultrasonography in female chimpanzees treated with leuprorelin acetate
plus human menopausal gonadotropin. Subjects who lost <5 follicles (A) or 25 follicles (B) during the dosing period.

metaphase II (M II) stage. Four oocytes (5%) did
not have a polar body and were estimated to be at
the stage of germinal vesicle breakdown (GVBD)
or metaphase I (M I). Fragmentation was noted in
only two oocytes (3%).
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Statistical analysis on follicle development

The final follicle diameter was significantly depend-
ent on the dosing duration and ZhMGpis.fnal
(P < 0.05; correlation coefficient = 0.546 and
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Fig. 5. Serum estradiol (E,) concentrations in female chimpanzees stimulated with leuprorelin acetate plus human menopausal
gonadotropin, followed by human chorionic gonadotropin. Subjects in which the maximum E, concentration reached 22000 pg/ml

(A) or <2000 pg/ml (B) during the dosing period.

0.588, respectively), but not on age,
ZhMGDl.ﬁna[,ZhMGD1_5 or ZhMGD-;_u (Table 4)
The maximum follicle count was significantly
dependent on age and ZhMGpi¢ (P < 0.05;
correlation coefficient = -0.561 and 0.567,
respectively), but not on the dosing duration,
ZhMGp1.na,ZbMGp712 or  ZhMGpy3.4nal
(Table 5). The decreased follicle count, which was
defined as the difference between the maximum
follicle count and the final follicle count, was not

dependent on age, the dosing duration or any
ZhMG (Table 6).

OHSS-like symptoms

Five subjects (Nacky, Cookie, Yoko, Suzu and
Betty) showed very mild OHSS-like symptoms,
despite careful determination of the hMG regimen.
At oocyte retrieval, they showed apparent ascites
in the pouch of Douglas (Fig. 7). In 5 days, a
decrease in food intake and sometimes in locomo-
tion was observed. These signs disappeared within
2 weeks, and no abnormality was seen thereafter,
Endocrinologically, the mean peak E, concen-
tration of these subjects was 4314 pg/ml, which was
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Fig. 6. Serum progesterone (P) concentrations in female chimpanzees stimulated with leuprorelin acetate plus human menopausal
gonadotropin, followed by human chorionic gonadetropin. Subjects in which the P concentration at oocyte retrieval reached 250 pg/

ml {A) or <50 pg/ml (B) during the dosing period.

significantly higher than that of the subjects
apparently in normal health (P < 0.05). In con-
trast, there were no significant differences in the
final follicle count or serum P concentration at
oocyte retrieval between the two groups (Table 7).

Discussion

In the present study, we attempted ovarian stimu-
lation with leuprorelin acetate plus hMG in
14 female chimpanzees and successfully induced
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the development of multiple follicles. The mean
follicle diameter reached >10mm at the final
ultrasonographic examination in most of the sub-
jects. The maximum follicle count during hMG
administration was >30 in two subjects, 2029 in six
subjects, 10-19 in five subjects and <10 in one
subject. Statistical analysis revealed the effect of the
hMG regimen on follicular development. The final
follicle diameter was dependent on the dosing
duration and Y hMGp3.g4a;, While the maximum
follicle count was dependent on > hMGp,¢. This
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Table 3. Numbers and stages of cocytes retrieved in female chim-
panzees stimulated with leuprorelin acetate plus human menopausal
gonadotropin, followed by human chorionic gonadctropin (hCG)

Superovulation in chimpanzees

Table 5. Correlation coefficient and univariate linear regression ana-
lysis of the maximum follicle count in female chimpanzees stimulated
with leuprorelin acetate plus human mencpausal gonadctrepin (hMG)

Stage

Retrieval Number of

Subject time (n)'  cocytes MIl GVBD-MI Fragmented
Sachi 355 K3 3 0 ¢
Nacky 31 5 4 0 1
Sange 31 4 4 0 0
Cookie 305 5 4 0 1
Tamae 30 10 10 0 0
Koiko® - - - - -
Yoko 305 g 9 0 0
Inko 305 H - - -
Kanae 30 ¢ - - -
Suzu 33 5 4 1 0
Niko 355 0 - - -
Betty 30 16 168 0 0
Chiko 30 10 9 1 0
Yoshizu 30 8 6 2 0

GVBD, germinal vesicle breakdown; M I, metaphase [; M 1!, meta-
phase Il

"Time after hCG administration.

2Two oocytes were collected from ascites in the pouch of Douglas.
*0ocyte retrieval was not performed due to low food-intake and
oliguria.

Takle 4. Cerrelation coefficient and univariate linear regression ana-
lysis of the final follicle diameter (mm) in female chimpanzess sti-
mulated with leuprorelin - acetate plus human menopausal
gonadotropin (hMG)

Univariate linear
regression analysis

Correlation

Factor coefficient r! P-value
Age (vear) 0.156 0.084 0.595
Dosing duration (day} 0.546 0.794 0.043*
Y hMGo1-sinat (IU day/kggz 0.424 0033  0.646
S hMGp1.06 (IU dayikg) -0.145 -0.062 0.621
$ hMGor.pr2 (U dayfkg)* 0.304 0.104  0.291
¥ tMGo13-ina (IU dayikg)® 0.588 0.120  0.027*

'Regression coefficient.

2Total MG dose per bocy weight from day 1 to the final ultrasono-
graphic examination.

Total hMG dose per body weight from day 1 to day 6.

“Total hMG dose per body weight from day 7 to day 12.

*Total hMG dose per bedy weight from day 13 to the final ultraso-
nographic examination.

*Significant Pvalues (P < 0.05).

The day of leuprorelin acetate administration was designated day 0.

analysis suggests that sufficient exposure to hMG in
the early stage is needed to increase the number of
developing follicles and that sufficient and continu-
ous exposure to hMG in the late stage is needed to
increase the size of growing follicles. In addition, the
maximum follicle count was conversely correlated

Univariate linear
regression analysis

Cerrelation
Factor cosfficient i! Pvalue
Age (year) -0.561 -0.655 0.037*
Dosing duration {day} -0.223 -0.913 0.444
T hMGip1.mar (U dayfkg;"’ 0.097 0034 0743
Y. hMGpy.ge (U dayfkg) 0.567 0.683 0.034"
¥ MGpz.c12 (U dayfkg)® -0.038 -0.035 0.902
3 hMGoia final (U dayikg)® -0.097 -0.058 0.741

'Ragression coefficient.

Total MG dose per body weight from day 1 to the final ultrascno-
graphic examination.

Total hMG dose per bady weight from day 1 to day 6.

“Total hMG dose per body weight from day 7 to day 12,

®Total hMG dose per body weight from day 13 to the final ultrase-
nographic examination.

*Significant P-values {P < 0.05).

The day of leuprorelin acelate administration was designated day 0.

Table 6. Correlation coefficient and univariate linsar regression ana-
lysis ef the decreased fellicle count in fernale chimpanzees stimulated
with leuprorelin acetate plus human menopausal ganadotropin (hMG)

Univariate linear
regression analysis

Correlation
Factor coefficient r! P-value
Age (year) 0.108 0.064 0.711
Dosing duration (day) -0.096 0.199 0.744
¥ hMGp1.final (U day/kgf -0.134 -0.024 0649
Y."MGpz.os2 (IU daykg)!  -0.271 -0133  0.348
Y hMGpasina (U daylkg)®  -0.128 -0.039 0683

"Regression coefficient.

%Total hMG dose per body weight from day 1 to the final ultrasono-
graphic examinaticn,

*Total hMG dose per body weight from day 1 to day 6.

“Total hMG dose per body weight from day 7 to day 12.

STotal hMG dose per body weight from day 13 to the final ultraso-
nographic examination.

The decreased follicle count was defined as the differsnce between
the maximum follicte count and the fina! follicle count.

The day of leuprorelin acetate administration was designated day 0.

with age. In contrast, the decreased follicle count
was independent of age, dosing duration or any
5 hMG.

It has been reported that a single administration
of hMG or follicle stimulating hormone (FSH) in
the early follicular phase increases the number of
small follicles and stimulates proliferation of
granulosa cells in humans [12, 36], suggesting that
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Fig. 7. A transvaginal ultrasonograph at oocyte retrieval in a subject showing OHSS-like symptoms (Nacky). Asterisks indicate

ascites in the pouch of Douglas. U indicates the uterus.

Table 7. The final follicle count, serum peak estradiol {(£;) concen-
tration during hMG administration and serum progesterone (P) con-
centration at cocyte retrieval in female chimpanzees apparently in
normal health and those showing ovarian hyperstimulation syndroma
(OHSS)Hike symptoms

Group Normal® OHSS-like?

n 9 5

Final follicle count 15+ 11 21+8
Peak £, {pa/mL)? 1323 + 988 4314 + 2114*
P {pa/mL) at cocyle retrieval 290+285 40.7 £ 549

'Subjects apparently in normal health,

2Subijects showing OHSS-like symptoms (see text for details).

®Peak concentration during the dosing period.

*Significantly different from the normal group with Aspin-Welch's test
(P <0.05),

Values shown are mean values + SD.

a short, but distinct, increase in the hMG or FSH
level can accelerate follicle recruitment in the early
follicular phase. Therefore, the dependency of the
maximum follicle count on ZhMGp¢ in the
present study may indicate that the increased
hMG exposure in the early stage accelerates follicle
recruitment also in chimpanzees.

In addition, a converse correlationship between
the maximum follicle count and age was detected
in the present study. It has been reported that the
number of growing follicles reflects the total
number of follicles present in the ovary, which is
the major factor determining the response to
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exogenous gonadotropins [4]. Therefore, this result
might reflect the decrease in the total number of
follicles with age in chimpanzees. .

In contrast to early follicle development,
advanced follicle development requires continuous
stimulation by gonadotropins. In the normal
menstrual cycle, the FSH concentration reaches a
maximum in the early follicular phase. Maturating
follicles secrete estrogens and inhibins, which
suppress pituitary FSH release via a feedback
mechanism. The maturing follicles are very sensi-
tive to FSH, and they can keep growing after
pituitary FSH suppression. In contrast, the other
immature follicles cannot avoid undergoing atresia
[3, 21]. Exogenous gonadotropin treatment in the
mid- to late follicular phase compensates for the
endogenous pituitary FSH suppression and rescues
immature follicles from atresia [36]. Thus, the
continuous hMG administration in the intermedi-
ate and late stages may have helped to maintain
multiple follicle development until oocyte retrieval
in the present study.

Despite continuous hMG administration, how-
ever, four subjects, Sachi, Inko, Kanae and Betty,
lost >5 follicles, indicating that the follicles under-
went atresia. The reason why follicle atresia
occurred in these subjects is unclear, The decreased
follicle count was not affected by age, dosing
duration or any Y hMG, and the decrease started
at various time points. Further study will be
needed to detect the factors responsible for atresia.
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Recent studies have suggested that the follicle
atresia can be explained, at least in part, by the
apoptosis of granulosa cells [19, 40]. It has been
reported that cell-death ligand and receptor sys-
tems, such as the Fas ligand and Fas system, the
tumor necrosis factor (TNF)-a and TNF-receptor
system, and the TNF-a-related apoptosis-inducing
ligand (TRAIL) and TRAIL-receptor system, are
involved in the regulatory mechanisms of granu-
losa cell apoptosis in mice and pigs [28, 33, 35, 41,
42). Although there are species-specific differences
in the apoptosis of granulosa cells [27], some cell-
death ligand and receptor systems could be
involved in the regulation of follicle atresia in
chimpanzees.

The final diameter was statistically dependent on
the dosing duration and }_hMGp3.fnal, despite no
great inter-individual difference in the follicle
growth rate. It has been reported that continuous
exposure to FSH is needed for follicle maturation
and that the fully matured follicle possesses high
aromatase activity in granulosa cells. In addition,
the amount of E; synthesed by granulosa cells is
correlated with the size of large follicles [21]. Thus,
prolonged and increased hMG exposure in the late
stage might promote final follicle maturation,
resulting in the increased final follicle diameter in
the present study.

We obtained multiple oocytes from most of the
subjects by ultrasound-guided transvaginal aspir-
ation without significant adverse events. However,
the oocyte retrieval was unsuccessful in certain
subjects. In the cases of Sachi and Niko, a few
follicles or less remained at the time of oocyte
retrieval, indicating that ovulation had already
occurred. In these subjects, the aspiration was
performed at 35.5 h after hCG administration,
which was later than in the others (30-33 h after
hCG administration). This result indicates that
oacyte retrieval should be performed within 33 h
of the administration of hCG in chimpanzees. On
the other hand, no oocyte was collected from Inko
and Kanae, because the COCs collected from them
did not contain any oocytes. Interestingly, these
subjects showed relatively low serum E; levels and
lost >5 follicles during hMG administration. It is
speculated that the remaining follicles at oocyte
retrieval were already atretic and that the oocytes
were degenerative.

OHSS is an iatrogenic and potentially life-
threatening complication of ovulatory stimulation.
It has been reported that OHSS is associated with
symptoms such as abdominal bloating, nausea,
vomiting, enlarged ovaries, ascites, pleural and
pericardial effusions, hemoconcentration, hyperco-
agulation and serum electrolyte imbalance [10, 26].

Superovulation in chimpanzees

A high serum E, concentration and an increased
number of follicles are among the risk factors for
OHSS, and most studies in humans have selected
3000 pg/ml of E; as a safe value for hCG admin-
istration [1]. In the present study, five subjects
showed apparent ascites with a decrease in food
intake and locomotion, suggesting the occurrence
of very mild OHSS. They showed a significantly
higher peak serum E; concentration than the
others, and their mean concentration (4314 pg/
ml) was above the safe value for humans. This
result suggests that the peak serum E, concentra-
tion was predictive of OHSS-like symptoms in
chimpanzees. On the other hand, there was no
significant difference in the final follicle count
between the two groups, suggesting that the
increased number of follicles was not an indicator
of OHSS-like symptoms in chimpanzees.

Although a rise in the E; concentration precedes
OHSS, E; itself is not a causal factor of this disease
[24]. After hCG administration, matured follicles
are ruptured and transformed to corpora lutea.
During luteinization, a basket-like capillary wreath
surrounding the follicular basement membrane is
reconstructed to form a capillary network in the
corpus luteum {3, 20, 38). This drastic change in the
microvasculature is accompanied by angiogenesis
and capillary hyperpermeability, which is induced
by vascular endothelial cell growth factor (VEGF)
[9, 39, 43]. In mice, luteinization, neovasculariza-
tion and edema simultaneously occur in theca
interna before ovulation [38]. VEGF is also con-
sidered to be the primary molecule involved in the
pathogenesis of OHSS, because capillary hyper-
permeability is the major initial change leading to
the full appearance and maintenance of this disease
[2, 34, 43]. Thus the occurrence of OHSS is closely
related with angiogenesis and capillary hyperper-
meability during luteinization. However, there was
no significant difference in serum P concentrations
at oocyte retrieval between subjects in normal
health and those showing OHSS-like symptoms in
the present study. This contradiction might be
explained by the notion that angiogenesis and
capillary hyperpermeability before ovulation are
independent of the secretion of P from luteinizing
theca cells.

Although we statistically detected the depend-
ence of follicular development on hMG dose, a
great variation was noted in response to hMG. It
has been reported that the response to exogenous
FSH therapy is quite variable and associated with
the polymorphism of ovarian FSH receptor in
humans [23]. Therefore, the variation in response
to hMG could be caused by the polymorphism of
ovarian FSH receptor in the present study.
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We succeeded in obtaining multiple oocytes from
chimpanzees. Most of them were at the M I stage,
suggesting that the dosing regimen of the present
study was appropriate for oocyte maturation in
follicles. However, further investigation will be
needed for their application. It has been reported
that a rise in the F, concentration after administra-
tion of hMG or leuprorelin acetate is predictive of
IVF success in humans [8, 32]. Therefore, the
relationship between the serum E> concentration
and the potential of retrieved oocytes should be
examined to optimize the procedure of hormone
treatment. In addition, one should undertake the
optimization for each subject, because there are
great inter-individual differences in pituitary and
ovarian hormone dynamics in chimpanzees.

In conclusion, we successfully stimulated ovar-
ies with leuprorelin acetate plus hMG adminis-
tration for multiple follicle development and
multiple oocyte retrieval in chimpanzees. The
present study also suggested that the dose of
hMG affected the number of developing follicles
in the early stage and follicle maturation in the
late stage. In addition, the peak serum F;
concentration was shown to be predictive of
OHSS-like symptoms. The results of the present
investigation should help to resolve various
problems arising from the circumstances of this
endangered species.
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Early-Onset Macular Degeneration with Drusen in a
Cynomolgus Monkey (Macaca fascicularis) Pedigree:
Exclusion of 13 Candidate Genes and Loci
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Purrose. To describe hereditary macular degeneration ob-
served in the cynomolgus monkey (Macaca fascicularis),
which shares phenotypic features with age-related macular
degencration in humans, and to test the involvement of candi-
date gene loci by muration screening and linkage analysis.

MeTHops. Ophthalmic examinations with fundus photography,
fluorescein angiography (FA), indocyanine green angiography
(IA), electroretinography (ERG), and histologic studies were
performed on both affected and unaffected monkeys in the
pedigree. The monkey orthologues of the human ABCA4,
VMD2, EFEMPI, TIMP3, and ELOVL4 genes were cloned and
screened for mutations by single-strand conformation polymor-
phism (SSCP) analysis or denaturing high-performance liquid
chromatogeaphy (DHPLC) and direct sequencing in six af-
fected and five unaffected monkeys from the pedigree and in
six unrelated, unaffected monkeys. Subseguently, 13 human
macular degeneration loci including these five genes were
analyzed to test for linkage with the discasc. Nincteen affected
and seven unaffected monkeys in the pedigree were analyzed
by using human microsatellite markers linked to the 13 loci.
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Resurts. Yellowish white spots were observed in the macula
and fovea centralis, and in some cases the spots scattered to
the peripheral retina along the blood vesscels. FA showed hy-
petfluorescence corresponding to the dots except in the fove-
ola. No anomalies were found by A and ERG. Histologic
studies demonstrated that the spots were drusen. Mutation
analysis of the ABCA4, VMD2, EFEMPI, TIMP3, and ELOVLS
genes identified a few sequence variants, but none of them
segregated with the disease. Linkage analysis with markers
linked to these five genes and an additional eight human
macular degeneration loci failed to establish linkage. Haplo-
type analysis cxcluded the involvement of the 13 candidate loci
for harboring the gene associated with macular degeneration in
the monkeys.

Concrusions. Significant homology was identified between
monkey and human orthologues of the five macular degener-
ation genes. Thirteen loci associated with macular degenera-
tion in humans or harboring macutar degeneration genes were
cxcluded as causal of carly-onset macular degeneration in the
monkeys. It is likely that none of these loci, but rather a novel
gene, is involved in causing the observed phenotype in this
monkey pedigree. (Invest Opbthatmol Vis Sci. 2003,46G:
683-691) DOL:10.1167/iovs.04-1031

he inherited macular dystrophies comprise a heteroge-

neous group of blinding disorders characterized by central
visual loss and atrophy of the macula and underlying retinal
pigment cpithelium (RPE).' The complexity of the molecular
basis of monogenic macular disease is being elucidated
through identification of many of the diseasecausing genes. > #
Because of limitations associated with studies in humans, non-
human species with phenotypes similar to human macular
degencration have been used as model systems to study these
discases. Rodent models gencrated by altering the gencs ho-
mologous to the disease-causing genes in humans are most
extensively used in such studies; however, rodents do not have
a defined macula and, hence, the clinical symptoms observed
in humans with macular degeneration cannot be fully repli-
cated.?"!' Because the macula is found only in primates and
birds. a monkey modet of macular degencration woukl be
extremely valuable for studics elucidating the mechanism and
etiology underlying these diseases. A primate model for macu-
lar degeneration is much needed to develop sensitive diagnos-
tic techniques and potential therapeutic strategies to cure or
prevent the disease. Furthermore, such medels are of particu-
lar valuc if their genctic basis is understood.

Macular degencration in monkeys was first described by
Stafford in 1974.'* He reported that 31 (6.6%) of cyes of elderly
monkeys showed pigmentary disorders and/or drusendike
spots. In 1978, E-Mofty et al.'® reported a high incidence
(50%) of maculopathy in a closed chesus monkey colony at the
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Caribbean Primate Research Center of the University of Puerto
Rico. The Iatest teport from the center states that specific
matemal lincages have a statistically significant higher preva-
lence of drusen.'# Although they suspected the involvement of
hereditary factors, genetic analysis of the macague population
has not been reported.

We have reported a high incidence of macular degeneration
in one of the cynomolgus monkey (Macaca fascicufaris) col-
onies at the Tsukuba Primate Center.'™'¢ This macular degen-
eration originated from one affected male monkey, which
showed phenotypic characterization of macular degeneration.
The discase affects the central retina specifically. with yellow-
ish white dots in the macula and lipofuscin deposits in the RPE,
consistent with the phenetype observed in the early stages of
age-related macutar degencration (AMD). These symptoms ap-
pear at the age of ~-2 years and progress slowly throughout life.
Mating experiments have demonstrated that this familial mac-
ular degeneration is segregating as an autosomal dominant
trait,'”

AMD is currently considered a multifactorial disorder in-
volving both cnvironmental «nd genetic factors, Recent studics
have substantiated the evidence for AMD as 2 complex genetic
disorder in which one or more genes contribute to an individ-
ual’s susceptibility to the development of the disease.'# "2 To
date, full-genome scan studies have indicated that some regions
of the genome harbor AMD-predisposing genes *'** However,
most genes associated with susceptibility to AMD have not
been identificd, presumably because of a complex parttern of
inheritance, late age of onset, and difficulties in obtaining large
pedigrees for standard linkage analysis. Genes implicated in
monogenie macular dystrophies that occur earlier in life with
a ¢lear pattern of inheritance have been considered as good
candidates for susceptibility to AMD ***% To date, 15 macular
dcgenceration genes have been linked or cloned for human
macular degeneration (RetNet; hitp://www.sph.uth.tme.edu/
Retnet/home htm; provided in the public domain by University
of Texas Houston Health Science Center, Houston, TX). How-
ever, with the exception of ABCA4, none of these genes has
shiown a convincing association with AMD,

Because the monkey macular degeneration mode! we
present here shares phenotypic similaritics with the carly
stages of AMD, the identification of the gene involved in this
monkey pedigree may provide critical clues to the understand-
ing of the mechanism of AMD. In this study, monkey ortho-

JOVS, February 2005, Vol. 46, No. 2

logues of the human genes responsible for Stargardt macular
degencration 1 (ABCAH,” Best macular degeneration (VMD2),*7
Doyn honeycomb dystrophy (EFERMPD* Sorsby fundus dystro-
phy (T1MP3),? and Stargardt macular degeneration 3 (ELOVI4)%3
were cloned and screened for mutations in the affected monkeys.
Subsequently, 13 human macular degeneration loci, including
these five genes, were analyzed to test for linkage with the disease
inn the pedigree. During this process, we evatuated the nature and
utility of human microsatellite markers in the cynomolgus mon-
key for linkage studies. This article atso describes the gene strue-
ture and evolutionary conscrvation of the five human macular
degeneration genes in the cynomolgus monkey.

MATERIALS AND METHODS

Maintenance of Monkeys

The cynomolgus monkeys in the pedigree with macular degenention
were reared at the Tsukuba Primate Center for Medical Science (Na-
tional Tostitute of [nfections Discases; Tokyo, Japan). All monkeys were
weated in accordance with the rules for care and management of
animals at the Tsukuba Primate Center®” under the Guiding Principles
for Animal Experiments using Non-Human Primates formulated and
enforced by the Primate Society of Japan (1986). All experimental
procedures were approved by the Animal Welfare and Animal Care
Committce of the National Institute of Infectious Diseases of Japan.
These animal protocols ful Al the guidelines in the ARVO Statement for
the Use of Animals in Ophthaimic and Vision Rescarch.

Clinical Studies

Fundus photographs, fluorescein angiography (FA), and indocyunine
green angiography (IA) were performed with a fundus camera (TRC30;
Topeon, Tokyo, Japan) in animals under anesthesia, Electroretinogra-
phy (ERG) was recorded in four affected and six normal monkeys with
a white/color LED stimulator and contact lens electrode (15-W, Mayo.
Aichi, Japan). After 20 minutes of dark adaptation, rod ERG, combined
ERG, and oscillatory responses were recorded, and single-flash ¢onc
response and 30-Hz flicker ERG were recorded after 10 minutes of light
adaptation. The stimufus and recording conditions conformed o the
standards For clinical ¢lectroretinography recommended by the Iner-
natonal Society for Clinical Electrophysiology of Vision, ¥

Genomic DNA and RNA Isolation

Peripheral blood was collected from 19 affected and 11 unaffected
monkeys from the pedigree (Fig., 1, usterisks, pound signs) and an
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1,, Ficume 1. Edited vemion of the
monkey pedigree with macular de-
generation: M, the founder breeding

- male monkey with typical mucular
degeneration, is shown with five
healthy mates armyed horizontully.
The first-generation offspring arc also
arrayed horizontally. The breeding
members from each branch of the
first generation offspring are arrayed
vertically with their mates and prog-
eny, Monkeys used fur *linkage anal-
ysis and #mutation Screcning are
marked.
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Tamk 1. Primer Sets Used for Cloning of the Monkey Homologues

Early-Onset Macular Degeneration in Monkeys 685

Amplified
Size
Gene Region  Name Forward Primer Position Name Reverse Primer Position (kb)
VP2  Exon | PIF  GACCAGAAACCAGGACTGTTGA Intron  PIR  GAACTCGCCATATAGCAGCIT Exon2 21
Exon 2 P2F  GCTCTGACCAGGGTCTCTGA Intron P3R  CCGCACCTTTCCCTGAACTA Intron 4.5
Exomn 3 P3F CTAGACCTGGGGACAGTCTCA Intron P3R  CCGCACCTTTCCCTGAACTA Intron 0.3
Exon 4-5 P4F CACGGAAGAACAACAGCTGA Exon3 PSR ACACCAGTGGGATACTAATCCAG Exon 6 2.3
Exon 6 PGF  GCCAGGAATGGACCATGAGTA Tatron PGR  GAGGCACTTAGCCTCTAGGTGA Intron 0.3
Exon 7-8 P7F  CCTGGAGCATCCTGATTTCA Intron PBR  TGAGGCCTCCCTACAGAACA Intron 23
Exon 9 POF  TGGCAGAGCAGCTCATCA Exon®$ PY9R  AGCTTCCAGGCCTTGITG Exon 10 3.0
Exon 10 PI1OF AAGGGAGAAGGCCAGGTGTIT fntron P10R TITGCCIGTAGTGCTTGGGTACTA Intron 1.2
Exon 11 P11F TGCCCTCCTACTGCAACATT Intron P11R ATGCAATGGAGTGTGCATTA Intron 1.1
EFEMP! Exon L PIF TTCTAGAACCCTCTGGTCTCTGA Intron PIR CCCTTTCTTAACAGCAAGCTAAC Intron 0.9
Exon 2 P2F  GATTGGAAGTTGAGTATGGTGGA Intron P2R  CATTCTAGGGATAATGTGGTACCAA Intron 1.3
Exon 3-4 P3F  AAGATGGTACTGGGCAACTGTAC Intron P4R  ACATCTGTAGAGTAGCTTGACAGCA [ntron L4
Exon 5 PSF  CTACACAGGCTAGAGGAATATGATCA  Intron PSR GACACAGGATTTAAGTAACTTGCTCA  Intron 13
Exon 6-7 PGF  CACTGAATGGCATGAACATTG Tntron P7R  TAGAACAGAATTCCCATGGGTAA Entron 1.6
Exon B PBF  AATAGGACAAGAAGCCAGATCTCT Tntron PBR  TTCCTGGTTAAAACTAAATACCTAACA Intron 0.4
Exon 9-10 P9F  AACAGATGAACAATAGGTGCTITGA Intron PIOR TATCTATCTGGCAGTGTTACCAAGA Intron 0.9
Exon 11 P1IF GTATTAGACAAGGGATAAGAGCCAA Intron PIIR CAGAGGTTATGCATATATGCTGTGA Intron 1.7
TiMr3  Exonl PIF  CCCAGCGCTATATCACTCG Tntron PIR  AGCCACTGTGAGTTTCCTICTG Intron 0.7
Exon 2 P2F  CAATGGCTCTAACAGGAGAAGTAG Intron P2R  CTTGACCAAGGTCTCATGGTTA Intron 08
Exon 3-4 P3F TCCAGTTCCAGCTGCATTG Intron P4R  AGTTAGTGTCCAAGGGAAGCT Exon5 26
Exon 5 PSF  ATGTACCGAGGCTTCACCAA Exon3 P5R  AGGTGAGCTAAACACTATTCTGGA Intron 35

additional six unrelated normal monlkeys, and genomic DNA was ex-
teacted (QIAamp DNA Blood Maxi Kit; Qiagen, Valencia, CA). A nurmal
monkey owtside the pedigree was killed for bilateral eye enucleation,
and cnucleated eyes were immersed and stored in RNA-stabilization
solution (RNAlater; Ambion, Austin, TX) at —8(0°C until RNA isolation,
After thawing on ice, the eyebills were dissected to separate the neunil
retina and choroid followed by extraction of total RNA.

Histologic Studies

An affected 14-yearold male monkey (Fig. 1, monkey B) was killed for
histologic studies. Enucleated eyes were fixed in 10% neutralized
formatdehyde solution at 4°C overnight, dehydruted, and embedded in
paraffin, Fourmicrometerthick sections were prepared and stained
with hematoxylin and cosin (HE) or periodic acid-Schiff (PAS). Serial
scctions were used for immunchistochemical analysis with anti-com-
plement § (C5) antibody. After pretreatment with 0.4 mg/mL protein-
ase K in phosphate-buffered saline (PBS) for 5 minutes and blocking
with 5% skim milk in PBS for 20 minutes at room temperature, the
sections were incubated with rabbit antihuman C5 polyclonal anti-
body (Dako, Glostrup, Denmark) diluted to 1:200 ditution in PBS loc 2
hours at room temperature, Alexa 488 - conjugated goat anti-rabbit igG
(Moleculur Probes, Eugene, OR), diluted to E:200 in PBS, was uscd as
the sceondary antibody. The negative control experiments were per-
formed using normal rabbit immunoglobwlin fraction (Daka) instead of
anti-C5 antibody.

Characterization of the Genomic Organization
and cDNA Sequence of the Monkey ABCA4, VMD2,
EFEMP1, and TIMP3 Genes

Gene-specific primers of the human macular degeneration genes
ARCAA, VMD2, EFEMPI, and TIP3 eecre designed based on the
humin genomic DNA sequence o amplify exons of monkey genes

Taste 2. Primers for 5°-3"-RACE

(Tuble 1). Amplified products were directly sequenced. For all genes
except ABCA4. the 5'73'-rapid amplification of cDNA ends (573"
RACE) was performed using total RNA isolated from the monkey
retina, Amplification of partial ¢cDNAs by both 5'- and 3“RACE was
designed to generate overlapping PCR products 1o obtain a full-length
cDNA scquence. Primers were initially designed bascd on the ¢xonic
sequences obtained by genomic sequence (Table 2). RACE products
were subcloned inte the pCRIL cloning vector (TA Cloning Kit Dual
Promoter; [nvitrogen, Carlsbad, CA) and sequenced directly. The ob-
tained nucleotide sequence dara have heen submitted to GenBank, and
assigned accession numbers: TIP3 AY207381-207 385, AHO12651:
EFEMPT: AY312407-312415, AIT012097; VMD2: AY357925-357940,
AHOL3172; ELOVI4: AF4G1182-4G1187, AHN12403; ARCA4; AY793687
(hup /Ao ncbi.nim.nibi.gov/Genbank; provided in the public domain
by the National Center for Biotechnology Information, Bethesda, MD).

Mutation Analysis

Coding regions and adjacent intronic sequences of the monkey
ABCAS. VM2, EFEMP I, TIP3, and ELOVIL-| genes were analyzed for
sequence variants by single-strand conformation polymorphism (88CP)
or Jdenaturing (MHPLC (tor the ABCAF gene) analysis in parallel with
direct sequencing. Genomic DNA from six affected and five unaffected
monkeys from the pedigree (Fig. 1, pound signs) and six unrelated
normit subjects were used for mutation analysis. Primers located in the
intronic regions were designed to amplify coding sequences of indi-
vidual genes (Table 3). Large exons were divided into smaller segments
to obtain wnplification products suitable for $5CP analysis. The purified
amplicons were anzfyzed by $SCP or DHPLC amalysis. as previously
described #*¥ All the samples were also analyzed by bidirectional
scquencing with the PCR primers. Exons 2, 7, and 10 of the VW02
gene were screened for sequence variants only by direct sequencing.

Gene 5"-RACE Position 3-RACE Position
VarD2 GTATACACCAGTGGGATA Exon 6 AGAGCAACAGCTGATGTTTGAGAA | Exon 3
EEEMPT GGATGGTACATTCATCTA Exon 7 GATCCTGTGAGACAGCAATGCA Exon 3
TIP3 ATCATCTGGGAAGAGTTA Exon 3 GATGAAGATGTACCGAGGCTTCA Exon 2-3
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TABLE 3. Primcer Scts Used for Mutaton Screening

IOVS. February 2003, Vol. 46, No. 2

Length Size
Gene Exon No. (bp) Name Forward Primer Name Reverse Primet {bp)
ABCAF 1 66 O1F TCTTCGTGTGGTCATTAGE 01R ACCCCACACTTCCAACCTG 152
2 o1 02F AAGTCCTACTGCACACATGG 02R CTAGACAAAAGGCCCAGACC 266
3 142 0O3F TTCCCAAAAAGGCCAACTC Q3R CACGCACGTGTGCATTTCAG E103
9 139 04F GCTATTTCCTTATTAATGAGGC 04R GGGAAATGATGCTTGAGAGC 212
3 128 05F CCCTTCAACACCCTGTTCTT O5R TTCTTGCCTTTCTCAGGCTGG 237
6 198 0GF GTATTCCCAGGTTCTGTGS NGR TACCCCAGGAATCACCTTG 330
7 L1 07F AGCATATAGGAGATCAGACTG U7R GGCATAAGAGGGGTAAATGG 241
8 238 08F GAGCATTGGCCTCACAGCAG U8R CCCCAGGTTTGGTTTCACC 397
9 139 09F AGACATGTGATGTGGATACAC 09R GTGGGAGGTCCAGGGTACAC 271
10 117 10F AACACTAAGTGATAGGGGCAGAA 10R GGCCTGCTTGTTGTATTTTGAT 344
11 198 11F AGCTCACTCGCTCTTTAGGG 1IR TTCAAGACCACTTGACTTGC 406
12 206 12F TGGGACAGCAGCCLTTATC 12R CCAAATGTAATTTCCCACTGAC 362
13 177 13F AATGAGTTCCGAGTCACCCTG 13R CCCATTAGCGTGTCATGG 308
14 223 14F TCCATCTGGGCTTTGTTLCTC 14R AATCCAGGCACATGAAGAGG 407
135 222 15F AGACAGTAACTAACAGGCTCGTG 15R GGACTGCTACAGACCCTTCG 386
16 205 16F CTGTTGCATTGGATAAAAGGC 16R GATGAATGGAGAGGGCTGG 330
17 65 17F CTGCGGTAAGGTAGGATAGGS 17R CACACCGTTTACATAGAGGGC 252
18 90 18F CAGCTCCCGGTGGTAGAGTA 18R CCCTTGCCATGAGATGTTTT 222
19 175 19F TGEGGGCCATGTAATTAGGC 19R TGGGAAMAGAGTAGACAGCCG 322
20 132 20F GCATGTTGCTAAAGGCCATC 20R TATCTCTGCCTGTGCCCAG 295
21 140 21F GTAAGATCAGCTGCTGGAAG 21R GAAGCTCTCCTSCTCCAAGE 30
22 138 22F CCCTCCACAGTCCCTTAACTC 22R GAGAGTGGGGACCACAGGTA 244
23 194 25F TTTTGCAACTATGTAGCCAGGA 23R AGCCTGTGTGAGTAGCCATSG 384
24 83 24F GCATCAGGGAGAGGCTGTC 24R CCCAGCAATATTGGGAGATG 212
25 206 IVS24F  GTAAGGACTGGACGGGCCATACTTGG IV§24R  TCCAGCTCTCTGAAAAGGCTGGCATA 2 kb
IV525F  AAAGCTGGTGGAGTGCATTGGTCAAG IVS25R  CCTGAATCAGAATCCTCCGTGACCTTC 300
26 49 26F TCCCATTATGAAGCAATACC 26R ACCCAGCCCCTTAGACTTTC 228
27 266 IV526F GGATTCTGATTCAGGACCTCTGTTTGC IVS26R CTGCGGATGGTGTGTTGGAATCTCTT 2kb
IVE27F TCCCAGAGAGAAGGCTGGACAGACAC IVS27R  CCGCATATATCCAGGGGTGAAGGGTCA 1 kb
28 123 28F TGCACGCGCACGTGTGAC 28R TGAAGGTCCCAGTGAAGTGGG 291
29 929 29F CAGCAGCTATCCAGTAAAGS 20R AACGCCTGCCATCTTGAAC 263
30 187 30F GTTGGGCACAATTTCTTATGC 30R ACTCAGGAGATACCAGGGAC 347
31 95 IVS30F GAGAAGCTCACCATGCTGCCAGAGT IWS30R GAGAFGTTCCTGTGCGTCAGGTCTTG 2 kb
IV531F CGCAGCACGGAAATTCTACAAGACCT IV531R  CCTCTGTTCATTGACCCAGAATTTGCT F00
32 33 32F AGCGGCACTGCTGTACTTGTG 32R TCAACATGGCTGTGAGGTGT 182
33 6 IVS52F  GAGCAAATTCTGGGTCAATGAACAGAGG TVR42R CGCTTAAAAACCCAACAAGTGUTTCG 1.2 kb
IV533F AGGTATGGAGGAATTTCCATTGGAGGA TV533R CTTTAGAGGCCTCTCTAGTGATAGS N0
34 75 34F AMACCGTCTTGTTTGTTTGTTT 341 AGGAGGGAGGGAATTCAATG 208
33 170 1VS34F GGCCCTATCACTAGAGAGGCCTCTAAAG IVS34R  GGTTGGCTAATGACGGTGATTCCATAC 550
IVS35F CATGCCCTGGTCAGCTTTCTCAATGT [VS35R  GAGAAAATCAGGCAGATGGCAAGCAG 2kb
36 178 36F TGTAAGGCCTTCCCAAAGC 36R TGGTCCTTCAGAGCACACAC 346
37 116 37F CATTTTGCAGAGCTGGGAGG 37R CTTCTGTCAGGAGATGATCC 260
38 158 3H8F GGAGTGCATTATATCCAGACG 38R CCTGGCTCTGCTTGACCAAC 302
39 125 39F TGCTGTCCTGTGAGAGCATC 39R CTTCCAGCCCAACAAGGTC 344
+t) 150 IV339F CTGCTCATTGTCTTCCCCCACTTCTG IV839R CAGCAGGGTCAGGAGGAAGTACACCA 780
IVSi0F GTGAGGAGGACTCTGCAAATCCGTTC IVSHOR  AGATGAGGAAAAGGGGTCAGGATTGG 3.5kb
41 121 41F GAAGAGAGGTCCCATGGAAAGS 41R GCTTGCATAAGCATATCAATTG 299
42 63 42F CTCCTAAACCATCCTTTGCTC 42R AGGCAGGCACAAGAGCTG 214
13 107 43F GGTCTCTAGGGGCAGGCTA 43R CACATCETTCAGGGCCTCAG 271
44 142 44F GAAGCTTCTCCAGCCCTAGC 44R TGCACTCTCATGAAACAGGC 277
5 135 1V§44F  ACATCTTTACCTTTATGCCCGGCTTCG TV844R  AATGAGTGCGATGGCTGTGGAGAGTT 4 kb
IVS43F TTAAGAGCCTGGGCCTGACTSETCTACG IVS435R  GAATCTCTTGCCTGTGGGATGTGAGG 1 kb
16 104 48F GAAGCAGTAATCAGAAGGGC 46R GCCTCACATTCTTGCCATGCTG 257
417 93 47F TCACATCCCACAGGCAAGAG 47R TTCCAAGTGTCAATGGAGAAC 258
48 250 48F ATTACCTTAGGCCCAACCAC 48R ACACTGGGTGTTCTGGACC 365
49 87 49F GGTGTAGGGTGGTGTTTTCC 49R ACTGCCTCAAGCTGTGGACT 187
Va2 2* 152 P2F GCTCTGACCAGGGTCTCTGA P3R CCGCACCTTTCCCTGAACTA 43 kb
3 95 P3F CTAGACCTGGGGACAGTCTCA P3R CCGCACCTTTCCCTGAACTA 323
4 254 MP{aF TGGGAGACAGAACCCTTGGA MP4aF  GTCCTTGCCTTCCACGAA anz
MPMbF  TGGTGGAAGCAGTACGAGAA MPMbF  TCCAGCCCATCTTGCGATTGTT 286
5 155 MPSF  AAAGGAGTGCTGAGGTTCCTATA MPSR CTTGTTTCCTGTGAACCACAA 330
G 78 PGF GCCAGGAATGGACCATGAGTA PGR GAGCCACTTAGCCTCTAGGTGA 292
7* 153 P7F CCTGGAGCATCCTGATTTCA P8R TGAGGCCTCCCTACAGAACA 23 kb
8 8l MPSF GCATCATGTGGTGTGGAAAT P8R TGAGGCCTCCCTACAGAACA 270
9 152 MPOF CAAGTCATCAGGCACGTACAA MPOR CTAGGCAGACCCCTGCTAGTA 286
10" 0639 P1OF AAGGGAGAAGGCCAGGTGTT PLOR TTTCCTGTAGTGCTTGGGTACTA 1.2 kb
n 19 PI11F TGCCCTCCTACTGCAACATT MPI1TR  AAGTAGTCCTGGACTGCTGATTT 270
EFEMP! 2 81 MP2F  CGCGCAGCAGATACTAAATATCAG MP2R CCGCTGAACCGTACTTATTTC 173
' 3 49 MP3F  CTTAGGGAATGGACACACCAA MD3R  ACAGAAGGCCAAAGATCACAT 155

Ceontinues)
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TABIE 3. (continued).
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Leagth Size

Gene Exon No. (bp) Name Forward Primer Name Reverse Primer (bp)
4 387 MP4aF GCCTCTTAGAAGATTCCTGACTTA " MP4aR ACACTCCACTGGTTGCCAT 249

MP4bF ATGAACAGCCTCAGCAGGA MPIbR  GCAAAAGCTTTCGATGGTTA 316

5 123 MPSF  GGAGGCAATATCAACATCTTCA MP3R  TGCTTGAGGTTGAAACAGTTAAG 248

6 120 MPGF GCAAACAGCAATGCTAATTCA MPGR  GAAATACTGCAACATGGCATG 250

7 120 MDP7F CAGCTAGGGAATTATTTATCAGCA MP7R  CAGGGATTGGACTTTATTCCA 279

8 120 MPSF  ATATCGAAAGTAGTGGTGCACAA P8R TTCCTGGTTAAAACTAAATACCTAACA 235

9 124 MPOF  TGCAAACAGAATCTGCCAGTA MPOR  TTTGGCTTGGTAAGACCAGAA 265

10 196 MPLIOF CTTACCAAGCCAAACTGCTAACTA MPIOR  AACAAACTCCCATCTTTCTCAATAG 289

11 - 162 MPITF  AAAGCATAGAAACTGCAATGCA MP11R AGGTAACAATATTCTTTGGCTGACT 231

FLOVI4 1 100 MP1F CCGCGGTTAGAGGTGTTC MPIR  GAGACCAGGGGTCGGTGAC 281
2 188 MP2aF TTGAGACATCTTGATTCCTAGAAAG MDP2aR  AAGTTAAGCAAAAGCATGGCA 252

MP2bF CTGGGTCCAAAGTGGATGAA MP2bR AGCTAACAGTTATGTCTGGGTACAA 213

3 81 MP3F  GCAATTGGAATGCATGACA MP3R  TTTCACAGATTGGGGCCTATA 304

4 172 MP4aF AAATGATTGCATGCCTTGTACA MP4aR  AACGCAAGCAGTATATTCCTGA 330

MP4b  TGGTGTTTATAACACGCTTTCC MP4bR CTCATTGCTTTCCACTGAACA 271

5 128 MPSF ATCTCGGTGGCTTACTGCTTA MP5R  AATAAGTCGGCTGGAGTCAACT 356

[ 276 MP6uF  TTGGGCCTGTGATAGCTATG MPGaR  TTAGGCTCTTTIGTATGTCCGAA 247

MPOOF  CTGTAATTGCCTACGCAATCAG MPGbR  GGGAGTTTTTCCTCACTGTCA 242

TIAMP3 1 121 MPIF  AACTTTGGAGAGGCGAGCA MPIR CCTAAGCAGCGCTGCAGTC 233
2 83 MP2F  TGAGATGCTGTTCCTGATGTG MP2R  GGCTGGTGCTTAGACACACA 266

3 112 MP3F  AGCAGTGGGATTATEGATCATAC MP3R  ACATTTGGTGAGTCAGCTACTCA 267

4 122 MP4F  TGGGCTAAGTGGGAACATAGTA MP4R  GTTTCTAGGGCTGCAAGTCA 274

5 198 MPSF  TACCATGGCAGATTCCATCA MPS5R  AGTTAGTGTCCGAGGGAAGCT 306

* Exon 2, 7, and 10 of the VD2 gene were screcned for sequence variants onty by dircct sequencing.

Linkage Analysis

Linkage analysis was performed on DNA from 19 affected and 7
unaffectcd members of the pedigree. Individuals used for the analysis
are indicated by asterisks in Figure 1. Human microsatetlite markers
linked to human macular degeneration loci were anzlyzed with mon-
key genomic DNA used as the template. Details of microsatellite mark-
ers and their primer sequences were abrained from the genome data-
basc. Microsatcllite marker analysis was performed by two methods:
Markers linked to candidate gene loct and included in a linkage map-
ping sex (ver, 2.53MD10; Applied Biosystems, Inc. [ABI), Foster City,
CA) were analyzed on the a DNA sequencer (model 3100; ABD with
Muorescencedabeled primers. Additionat microsatellite markers were
analyzed by *‘P dCTP incorporation into the amplificd produce.®!
Two-puint linkage analysis was performed between the discase locus
and microsatellite markers with the MLINK program of the LINKAGE
package, as described clsewhere,*4** Linkage was asscssed under the
conditions of autosomal dominant inheritance of the disease trait with
a frequency of H.001 for the disease-causing allele, by using the affect
eds-only model, as published earlier.** Linkage analysis was pertormed
assuming equal frequencies for marker alleles. Haplotypes were con-
structed with genotypes of miceosatellite markers according to their
order on human chromosomes.

ResurTs

Clinical and Histologic Findings

Fundus photographs and FA of a 14-year-old female affected
monkey (Fig. 1, monkey A) are shown in Figure 2. Fine,
yellowish white dots were observed in the maculae (Figs.
2a-d), scattered in the periphceral retina along blood vesscls in
this monkey (Figs. 2a, 2b). Howcver, in most cascs, the loca-
tions of the [esions fell within the region centered on the fovea
centralis with the same diameter as one optic disc. FA showed
hyperfluorescence corresponding to these dots, except foveola
(Figs. 2¢, 26). No abnormalitics were found in the optic disc,
retinal blood vessels, or choroidal vasculatures in any eyes
examined. The amplitude and peak latency of both dark- and
light-adapted ERG showed no alteration compared with normal

control eyes, indicating that global rod or cone degeneration
wius abscnt. Histologic stadics demonsteated that there were
various-sized drusen, weakly stained by PAS (light purple),
between the RPE and choriocapillaris in the macular region
(Figs. 3a, 3b, asterisk), These drusen were strongly reactive
with antibodics against complement C5 (Figs. 3¢, 3d). This
finding wus consistent with the property of deusen reported in
patients with AMD.>° Accumulation of Lipofuscin in RPE cells
was also obvious by PAS (Figs. 3a, 3b, deep purple, arrows).

Mutation Anatysis of the ABCA4, VMD2, EFEMP],
TIP3, and ELOVL4 Genes

To evaluate the involvement of the ABCA4, VIMD2, EFEMPI,
TIMP3, and ELOVL4 genes in disease, we first determined the
genomic sequence and the complete cDNA sequence of the
orthologous genes in the monkey. Subsequently, these genes
were screened for sequence variants in affected and unaffected
monkeys in the pedigree, in addition to unrelated, unaffected
animals by 8SCP, or by DHPLC for the ABCA4 gene, analysis
and direct sequencing.

ABCA4. The monkey ABCA4 gene consists of 30 exons.
with its translation stop codon in exon 50, similar to the human
gene. The complete 6819-bp ¢DNA encodes a protein of 2273
aming acids, ABCA4 is a member of the superfamily of ATP-
binding cassette (ABC) transporters, which are associated with
membranes and transport various molecules across extra- and
intraceliular membranes of all cell types, ABC genes typically
encode four domains that include two conserved ATP-binding
domains and two domains with multiple transmembrane seg-
ments. Comparative scquence analysis revealed that the mon-
key ABCA4 protein was only 1.8% (41 amino acids) different
from the human orthelogue, whereas the sequence was iden-
tical in the two adenosine triphosphate (ATP)binding do-
tains. Five of the 41 nonconserved amino acids in the monkey
protein (codons 223, 423, 1300, 1817, and 2255) involve
polymorphisms in the human. Surprisingly, the Lys223Gln and
Argl300GIn changes reported to be associated with Stargardt
discase in humans were obscrved in the homozygous state in
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FiGure 2. Fundus photographs and fluorescein angiogtam (FA) of a
l4-vearold female cynomolgus monkey (Fig. 1, monkey A) with mac-
ular degeneration, showing the right (a, ¢, ©) and left (b, d, ) posterior
pules. Fine grayish white or yellowish white dots were visible in the
macula (a-d). The dots were observed in the peripheral retina along
blood vessels in this monkey (a, b). These dots showed hypertluores-
cence in FA except in the foveola (e, ). High-magnification of the
macular region (c. d, €).

one normal control monkey (Fig. 1, monkey C). In addition,
thc mutzation analysis revealed heterozygous amino  acid
changes at five positions—Leu424Val, Argl 017His, Vall 1141Ile,
Nel615Val, and Pro2238GIn—in both affected and normal
monkeys. However, these missense variants did not segregate
with the disease phenotype.

VAID2. The monkey VMD2 pene consists of 11 exons, with
its translation initiation codon in exon 2, as obscrved in its
human orthologue. The complete cDNA was 2187 bp, encod-
ing 585 amino acids. The VAID2 gene encodes the bestrophin
protein, which localizes to the basolateral plasma membrane of
the RPE with the postulated function as an oligomeric chloride
channel ***7 The hydropathy profile predicted that bestrophin
contains four stretches of hydrophobic amino acids that fune-
tien as transmembrane domains. Comparative scquence analy-
sis demonstrated that monkey bestrophin had 19 amino acids
different from its human homologue, and the four putative
transmembrane domains are highly conserved. To date, 72
discase-associated nucleotide substitutions of the VasD2 gene
have been identificd in patients with Best discase. ™% The
mutation analysis of the ¥MD2 gene in the monkey pedipree
detected six aminoe acid sequence variants. A polymorphism
(Val/Tle) was detected at codon 275 in the fourth transmems-
brane domain, which has also been reported in humans.?® Four
polymorphisms (Tyr465His, Thr542Mct, Glu357GIn, and
Thr566Al) were detected in exon 10. These changes did not
segregate with the disease, In addition, one nonsense mutation
at codon 582 (Glu—Stop) in exon 11 was detected in two
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normal monkeys, whereas none of the examined six affected
monkeys showed the change.

EFEMPI. The cxon~intron gene structurce of the monkey
EFEMP1 gene was also similar to the human EFEMPY gene. It
wias composed of 11 exons with its translation initiation codon
in exon 2. The complete cDNA was 2034 bp, encoding 493
amine acids. Although the function of this gene remains un-
clear, this class of proteins is known to have characteristic
sequence of repeated calcium-binding EGF-like domains. The
monkey EFEMPI ¢DNA was found to have six EGF repeats.
Four EGF repeats (numbers 2-5) arc encoded by single exons
(exons 5-8), one EGF repeat (number 1) is encoded by three
exons (exons 2-4), and EGF repeat number 6 is encoded by
two exons (exons 9, 10). This finding is in agreement with one
of the two transcriptional variants with a distinct 5’ untrans-
lated region (UTR) described in its human homologue. Com-
parative sequence analysis demonstrated that the monkey
EFEMP1 has three amino acids different from that of the
human, but the sequence in the entire region of six EGF
repeats is completely conserved. In humans, a single mutation
(Arg345Trp) that disrupts one of these domains is known to
canse Matattia Leventinese.® No amino acid- changing poly-
morphisms were found in all the monkeys tested. Three single
nucleotide polymorphisms (SNPs), that did not alter the amino
acid sequence, were detected in exons 4, 5. and 10.

TIMP3. The monkey TIMP3 gene consisted of five exons,
similar to its human orthologue. The complete cDNA was 1887
bp in length, encoding 211 amino acids. TAMP3 is the third
member of the tissue inhibitors of metalloproteinase family, a
group of zinc-binding endopeptidases involved in the degrada-
tion of the extracellular matrix. TIMP3 has 12 cysteines char-
acteristic of the TIMP family, which are proposed to form
intramolecular disulfide bonds and terdary structure for the
functional propcertics of the maturc protcin. The predicicd
amino acid sequence of the monkey TIAP3 gene was identical
with the human orthologue, including the 12 cysteine resi-
dues. Mutations in the TIMP3 gene are known to cause Sors-
by’s fundus dystrophy.” With a few cxceptions,* most pre-
viously described mutations disrupt the disulfide bonds by
changing residuces into cysteines, leading to misfolding of the
protein.® * No coding sequence changes were detected in the
TIMP3 gene in monkeys by mutation screening,

FIGURE 3. Druscen in the affected monkey retina. An affected 14-year-
ald male monkey (Fig. 1, monkey B). There were various-sized drusen,
which were weakly stained by PAS (%), between the RPE and chorio-
capillaris (CC) (a, b). These drusen were strongly reactive with anti
bodies apainst complement C5 (@reenr channel). Lipofuscin autoflueo-
rescence is shown (red) in the RPE (¢, d). Accumulation of lipofuscin
in RPE cells was also obvious by PAS (a, b, arrows).
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Tasie 4. Two-Puint Lod Scures between the Monkey Macular Degeneration Locus and Markers at the Human Macular Degeneration Loci
Distance from Order on the Lod Scores at
the Gene Chromosome Exclusion

Markers {cM) (M) 0 0.001 0.005 0.01 0.05 0.1 0.2 0.3 0.4 {(x=-2)
CORDE 154.28

D1s43d 10.5 165 —& —2116 —1.422 ~1128 —0483 —0D.244 =0.071 -0.01 0006 bom

IS2635 4] 154.28 —e =11.678 —7.598 —6.112 2773 -1469 -—0.392 a.019 0119 0.075

182715 =69 147.01 —~& =77 —4.925 =3747 =—1.162 —0.232 0.388 464 0.299 0.03

DI1S498 -10.6 14-§.94 - =1.124 —0439 =0.154 0416 0.564 0.567 ¢.433 0.227 00001
ARCA4 94.1

DIyI88 —-23 91.7 -  —6.139 —4058 —-3175 -124 -—0541 -—-0.05 0.074 0.066 001

152849 -1.2 929 —e —L766 —1.075 —-0784 —0166 0032 0133 0119 0.067

152868 01 94 —e —1482f —10.623 —8809 —4599 -2846 =-1.264 -0.522 -0.146 0.1
STGD3 80.5

DESTR62 -2.67 77.83 —-g —1.232 —0544 =0.257 0.324 0.476 0.472 .34 0.17 0.0

D6S1048 n.2g 80.78 —e —0.063 0.614 0.889 1.38 1.416 1.172 .79 0.362 0.0

DGST596 7.1 87.6 —&  —8746 —5965 478 —2.138 1127 —-0.319 ~0.025 0049 005

DGS1609 12.08 92.58 —e —7.326 -5.235 —43{ -—2302 —1.475 =-0.724 -0.349 0.131 0.05
DHRD 56.1

D282230 39 60 —e ~11.691 -—8209 -6719 -3349 -2006 -0.842 -0.325 -0.08% 0.1

D28378 L.l 57.2 —&  —9.208 —6.482 —529 —2593 -1.517 —0.588 -—0.186 —0.019 0.05
ARMIDT 1922

18384 =211 190.09 —& —3.565 —3486 —2.606 —0696 —-0.032 0375 0.389 0.236 0.01

NIs413 2.1 194.1 —e —11.068 —759 —6.106 —2784 -1501 —-046 —0067 0047 005

niIs2622 37 195.9 —g  —1961 —=1.271 =0982 —0.375 —0.185 —0.084 —0.066 —0.047 0.0
VA2 61.5

D1s1eo3 -23 59.2 —e —1615 —=0925 —0636 —0.032 0151 0224 0181 0.1 0.0

DIIS4174 1.4 629 —e —7.132 —5.026 —4.112 —1979 -—-1.102 —0.368 —0.087 0.003 0.01

DIS4076 7.3 0.8 —e  —5.617  —3537 2656 —-0736 -0.061 0364 0385 0231 001
Rhodopsin 13016

N353515 —4.01 126.59 —g —275% —L1379 —0803 0383 0717 0775 0384 0302 0001

1383720 —-23 127.8 —& —2.626 —1.247 —0.67 0531 0879 0945 0729 0389 0001

11351269 0.3 130.9 —e —11.566 —8.081 —-63588 —3.2 —LB46 -0.7 ~0.238 —-0.062 0.0
Timp3 31.5

D2251162 7.05 38.55 —& —3587 —2205 —1619 —03635 0.055 0.291 0.276 0.159 (LU05

13225280 0 31.5 —&  —4051 -2664 —-2075 —0.783 —0.321 —-0002 0065 0048 001

N228273 -1 30.5 —& —1878 —1.187 —0896 —(1.278 -0.078 0.026 0.025 0.004 0.0
CTRPS 18.7

DIs4127 -1.6 1171 = —0.771 —=0.088 0.192 073 0.827 0.719 0.195 0.244 0.0

115924 0.2 1189 —e ~=L424 —0.736 —0.449 0.137 0.298 0.322 0.232 113 0.0

DIS4129 1.18 121.58 —&  =9057 =G6275 —5089 -2435 —141 -—-0566 =0.214 =-10051 0.03
STGH4 26.1

nN45403 0 26.1 —z —16798 —~I191Y -983 —5081 =3.159 =—1445 —-0.633 —0.206 0.1

45301 1.2 27.3 —& 3015 —2231 —1647 —-0392 0026 0255 0234 013 0.005
CORDS (Interval) 64.5

fH75938 ] 64.5 —& —16296 —11.422 —9339 —4638 =2776 —1.176 —0.466 —0.125 0.1

175796 4] 64.5 —&  —359% -—2.209 -1.624 -0.338 0.075 (1.324 0.305 0.176 .0
MCDR7T {Tnterval) 08.1

DES434 4.3 102.4 ~¢ =496 =3.10%3 —2507 -1.163 —0.632 —0.18% —-0.005 0083 0D
CORDY (Intcrval) 47.6

DEY1820 0 47.6 —g —11.981 —8501 -7.014 —365 =2277 —1.002 -0.385 -0.092 0.1

ELOVL4. We have reported cloning and characterization of
the ELOVL4 gene in the ¢ynomolgus monkey.*! Three muta-
tions leading to truncation of the ELOVL4 protein were re-
ported in humans with Stargardedike macular dystrophy?*42
(Karcn G, ct al. fOVS 2004;,45:ARVO E-Abstract 1766). Muta-
tion analysis of monkeys with macular degeneration did not
detect uny amino acid-altering scquence changcs. Silent poly-
morphisms were observed in exons 1, 3, and 4 of the FLOVL4
gene.

Linkage Analysis of Candidate Gene Loci

The methodology we used to screen for mutations in the
candidate genes could iss discasc-associated changes that
may be present in the promoter or intronic regions; thercfore,
linkage analysis was performed to exclude the five genes fur-
ther. Moreover, the macular degeneration phenotype in the

monkey pedigree could be caused by a single gene defect. In
these cascs, linkage analysis would be a comprehensive ap-
proach to confirm or exclude a particular gene locus. Micro-
satellite markers linked to the five candidate gene loci in
addition to eight human macular degeneration loci—ABCA4,
VMD2, DIIRD (EFEMPLT), TIMP3, STGD3 (ELOVLY), Gone rod
dystrophy-8 (CORD-8), age-related macular degeneration 1
(ARMD], gene Hemicentinl), rhodopsin, STG D4, North Caro-
lina macular degencration (MCHOR ), CORDY, late-onset retinal
degeneration (CTRP3), and CORDS loci—were analyzed to test
for linkage with the macular degeneration in the monkey
pedigree. None of the tested loci gave significant positive lod
scores (Table 4). We also constructed haplotypes using the
genotype data of mackers at the 13 loci. This anatysis further
supported the exclusion of these loci from being among those
that might harbor the gene associated with macular degenera-
tion in these monkeys.
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Discussion

We report a detailed description of early-onset macular degen-
eration in cynomolgus maonkeys and the exclusion of known
genes responsible for macular degeneration in humans as a
discasc-associated gene in this animal model. Several forms of
macular degeneration have been described in humans, includ-
ing autosomal dominant, autosomal recessive, and Xdlinked
modes of inheritance. The most common form of macular
disease in humans is AMD. Major clinical characteristics of
AMD arc loss of central vision with RPE atrophy or cxudation.
The presence of subretinal deposits known as drusen is one of
the early signs observed in AMD and several other macular
degenerations. Recent studies suggest that the process of
drusen formation includes inflammatory and immune-mediated
cvents.*® Immunohistochemical examinations have reveated
that drusen contains activated complement factors. These mol-
ccules include C5, the cleavage product of C3 (C3b, iC3b, and
C3dg), and the terminal complement complex C5h-9. Clinical
and histologic studies of the affected monkeys showed the
presence of drusen (Figs. 2, 3). Immunologic analysis demon-
strated that drusen in monkeys had €5 as 2 componcat, sug-
gesting that the nature of monkey drusen was similar to that
reported in human AMD. At the same time, the onset of the
disease in monkeysis at ~2 ycars of age; therefore, the monkey
macular degeneration resembles early-onset human macular
degeneration with drusen.

Comparison of the gene maps and chromosome painting
data rcvealed a high degree of synteny and genome conscrva-
tion between human and Macaque genomes. 44 Amplification
of cynomolgus monkey DNA with human microsateltite marker
primers and sequence analysis revealed that not only the se-
quences flanking the microsatellite repeat regions but also the
polymorphic nature of these repeats is conserved between
human and monkey genomes (data not shown). Comparative
studies on human and chimpanzee genomes have shown the
same average heterozygosity at microsatellite marker loci and
conserved genctic distance between markers.*® Molecular
cloning of monkey orthologues of the human ABCA4, V.12,
EFEMP1, TIMP3. and ELOVLS genes further demonstrated the
high conscrvation between the human and macaque genomes
not only in the organization of the gene structure, but also at
the sequence level. Considering the high conservation be-
tween human and macaque genomes, human macular degen-
cration loci can be considered plausible candidates for identi-
fication of the gene associated with macular degencration in
the monkeys. We wested this hypothesis using microsatctlite
markers linked to human macular degeneration loci and suc-
cessfully amplified microsatellites in the monkey DNA with
human primers. However, we failed to establish linkage with
the tested loci, and the subsequent haplotype analysis further
confirmed this finding. Therefore, the macular degeneration
focus in the monkey pedigree is not likely to be associated with
the regions of the monkey genome that are syntenic to human
genomic cepions comprising the 13 macular disease loci tested.
Mutation analysis of candidate genes also supported the exclu-
sion of the ABCA4, VMD2, EFEMPI, TIMP3, and ELOVI4
genes. The analyses detected five- and six-amino-acid substitu-
tions in the ABCA4 and VMD2 genes, respectively. Some silent
nuclcotide substitutions or intronic scquences changes, such
as small inscrtions/deletions, SNPs, and variations of short
tandem repeats were observed in the EFEMPT, TIMP3, and
FELOVL4 genes. All these sequence variants did not segregate
with the disease phenotype in the extended pedigree. Hence,
these changes were interpreted as benign polymorphisms.

In the ABCA4 sequence of a normal monkey, we found two
amino acid replacements (K223Q and R1300Q) that are asso-
ciated with Stargarde discase in humans. Because of the exten-

JOVS, February 2003, Vol. 46, No. 2

sive conservation between the monkey and human gene se-
quences, aone would expect these amino acid changes 1o have
similar disease-associated effects in monkeys. One explanation
of this discrepancy could be thar K223Q and R1300Q arc not
causing the disease phenotype in humans, but rather represent
markers linked to disease-causing mutations somewhere clse in
the gene. Alternatively, the diseasecausing effect of these
amino acid changes on the function of the human ABCA4
protein could be eliminated or compensated for by other
differences in the monkey protein. Comparative analysis of the
monkey and human genes may provide clues for understanding
the molecular pathogenesis caused by ABCA4 variation. In the
VMD2 gene sequence of normal monkeys, we found a non-
scnse mutation at codon 582. The change is located at the
fourth residue from the € terminus. Bestrophin was shown to
form oligomeric chloride chunnels in cell membranes.® The
C-terminal cytosolic tail, encoded by exons 10 and 11, hasbeen
reported not to be cssential for the protein’s function. More-
over, although 72 nucleotide substitutions have been identified
in Best disease to date,>”%® none of them is reported in exons
10 and 11. Hence, the deletion of four amino acids from the
C-terminal end of the protein could be considered not to be
associated with the disease.

In summary, we demonstrated that none of the 13 human
macular degeneration loci tested were involved in causing the
macular degeneration phenotype observed in the monkey ped-
igree. These results demonstrate the need for additional studics
to identify the genctic locus associated with the phenotype in
these monkeys and to understand the genetic defect underly-
ing the disease. Tdentification of the gene responsible for this
specific macular degencration phenotype not only defines a
new candidate {ocus for human macular degencration, but also
provides a primate animal model that can be extensively stud-
ied for clucidation of the mechanisms, diagnosis, prophylaxis,
and treatment of macular degenerations, including AMD.
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