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SUMMARY We present the first evidence that purified rhodopsin can induce experimental
autoimmune uveoretinitis (EAU) in monkeys. Injection of a highly purified lipid-free rhodopsin
preparation provokes severe chorioretinitis with concomitant anterior uveitis. The onset of disease
is earlier, its frequency is higher, and the inflammation is considerably more severe than in EAU
induced under similar conditions by opsin. The first inflammatory cells are observed in the ciliary
body and pars plana. Within a few days the inflammation extends into the anterior chamber,
choroid, and retina. Retinitis predominates in the central area, while chorioretinitis is observed in
the periphery, both accompanied by damage to and elimination of the photoreceptor cells. The
monkeys develop high cellular and humoral immune responses against rhodopsin and opsin. The
cellular response maximum just precedes the onset of EAU. This may indicate that cellular
immunity has an important role in the pathogenesis of rhodopsin-induced EAU.

Autoimmune reactions against retina-specific
proteins are suspected of playing an important part in
the pathogenesis of uveitis. Uveitis-like disease can
be experimentally induced in animals such as the rat
and guinea-pig by injection of these proteins.'-'' As
such the model of experimental autoimmune
uveoretinitis (EAU) is useful in studies of the
pathogenesis of uveoretinal disorders as well as of the
role of autoimmune reactions in these processes. As a
model for human disease, primates are of particular
interest in this kind of studies. In purified form,
S-antigen," 12 opsin,'3 and IRBP (interphotoreceptor
retinoid-binding protein)'45 have been reported to
induce uveoretinitis in monkeys.

Recently we have presented evidence that in Lewis
rats rhodopsin is considerably more pathogenic than
opsin.8 Here we present the first report on the
induction of uveoretinitis in monkeys by pure
rhodopsin. The clinical state, histological changes,
and cellular and humoral immune responses of the
injected animals have been evaluated.

Materials and methods

PREPARATION OF ANTIGENS
For the induction of EAU highly purified lipid-free

Correspondence to Dr R M Broekhuyse.

rhodopsin was prepared as described previously.86 A
reconstituted rhodopsin preparation was used as test
antigen.8 All procedures involving rhodopsin were
performed under dim red light (k>620 nm). In order
to prepare opsin, a rhodopsin preparation was
illuminated just before use by means of a 100 W
tungsten lamp at 30 cm distance for 10 minutes at
room temperature. Bovine S-antigen and IRBP were
prepared as described previously."' 17

IMMUNISATION, CLINICAL OBSERVATION, AND
HISTOLOGICAL EVALUATION
Four young adult female stump-tailed macaques
(Macaca artoides) were each injected with 650 [ig
rhodopsin under dim red light. About 400 fig of
antigen was emulsified in Freund's complete adjuvant
(Difco, Detroit) and injected subcutaneously at 10
sites interscapularly. The rest of the antigen was
injected intraperitoneally in 1 ml pertussis vaccine
(Haemophilus pertussis; 5 X 109 micro-organisms,
1-25 mg aluminium hydroxide, Pasteur Institute,
Paris). The animals were housed under darkroom
conditions for the first 10 days after injection and
subsequently housed under normal diurnal light-dark
conditions (12h light: 12h dark). Under these con-
ditions the subcutaneously injected rhodopsin was
protected against light effects during the critical
phase of exposure to the immune system. Experi-
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ments with rats showed that housing in darkness for a
period of eight days is sufficient to achieve this goal.
Housing in darkness itself has no detectable influence
on the development of rhodopsin-induced EAU.88
From day 10 after injection the clinical signs of uveitis
were monitored by slit-lamp examination. Occasion-
ally the fundi were examined by indirect ophthalmo-
scopy.

For histological examination animals were killed at
various stages of the disease (Table 1). The eyes were
fixed in Bouin fluid, embedded in paraffin, and 5 iim
sections were stained with haematoxylin and eosin.

IMMUNE RESPONSES

The humoral and cellular immune responses were
determined weekly using enzyme-linked immuno-
sorbent assay (ELISA) and lymphocyte transforma-
tion test (LTT), respectively. In the latter assay,
rhodopsin, opsin; and S-antigen were applied as test
antigens. In the ELISA, IRBP was used as an
additional test antigen. Optimal antigen concentra-
tions were determined in previous experiments.
The ELISA was carried out essentially as

described before' with a reconstituted rod outer
segment membrane preparation containing 5 pmol
rhodopsin (based on absorbance spectroscopy) per
ml buffered saline (0-02M phosphate, pH 7.6) to coat
the wells.

Cellular immune responses were determined by
means of lymphocytes separated from heparinised
blood by lymphocyte separation medium
(Boehringer, Mannheim). The lymphocyte trans-
formation test was carried out as described pre-
viously' with 10% heat-inactivated monkey serum in
the culture medium and 5 fig test antigen per ml cell
suspension. All samples were manipulated under
dark room conditions until the cells were harvested.

Table 1 Clinicalfeatures ofrhodopsin-induced
uveoretinitis in monkeys

Monkey Day of Day of Slit-lamp score*
no. onset listed

scores Left eyet Right eyet

AC VIT AC VIT

L64 21 21 0 0 2+ 2+
L70 23 24 2+/3+ 3+ 1 + 2+
L76 24 31 4+ NV 2+ 2+
L77 24 24 0 1 + 0 0

41 2+ 2+ 3+ 4+
48 3+ 2+ 3+ 2+
55 1+ 1+ 2+ 1+
70 0 1+ 0 1+

*Score on the day the animal was killed (L64, L70, L76) and in
addition for L77 also at other days when the eyes showed typical
characteristics of inflammation as listed. Scores: 1+, a few cells in
aqueous and/or vitreous; 2+, cells in the aqueous and moderately
dense cell infiltration of the vitreous; 3+, cells and protein in the
aqueous, dense cell infiltration of the vitreous, poor fundal view;
4+, dense cell infiltrations in the vitreous blocking the fundal view,
protein precipitates and many cells in the aqueous. tAC=anterior
chamber. VIT=vitreous. NV=not visible.

Results were expressed as stimulation indices (SI):
SI=counts per minute in presence of antigen/

counts per minute in absence of antigen.
A stimulation index >2 was considered to be

positive.'

Results

CLINICAL EVALUATION
Each of the four monkeys injected with rhodopsin
developed clinical signs of uveitis within 21-24 days
of injection (Table 1). The first clinical features were
slight cell infiltrations in anterior chamber and

Table 2 Review ofhistopathologicalfeatures ofrhodopsin-induced EAU in monkeys

Days post- Eye* Severity ofinflammation
injection

A C*t CBIPPf Periphery Central

Choroid Retina Choroid Retina ON*
21 L64OS 1I+ 1+ 0 0 0 0 0
24 L70 OD 1+ 1+ 0 0 0 0 0
21 L64 OD 1+/2+ 2+ 3+/4+ 3+14+ 0 0 0
24 L70 OS 2+ 2+ 3+/4+ 3+/4+ 0 0 0
31 L76 OD 1+ 1+ 4+ 4+ 0 0 0
31 L76 OS 3+ 3+ 4+ 4+ 3+/4+ 3+/4+ 1 +
70 L77 OS 1+ 1+ 4+ 1 + 2+ 3+/4+ 2+
70 L77 OD 2+ 1 + 4+ 1 + 1+/2+ 3+/4+ 2+

*Monkey number and scored eye are indicated. OS=left eye. OD=right eye.
tHistological scores: 0, normal tissue; 1+, a few inflammatory cells; 2+, mild cell infiltration without tissue damage; 3+ to 4+, dense cell
infiltrations with mild to severe tissue damage.
tAC=antefior chamber. CB=ciliary body. PP=pars plana. ON=optic nerve.
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vitreous. Mild uveitis (score 1+/2+) developed into a
severe (score 3+/4+) panuveitis within two weeks of
onset (L76 and L77). The anterior chamber was
seriously affected at that stage, and dense cell infiltra-
tions combined with the Tyndall phenomenon im-
paired observation of the vitreous and fundus. The
iris was only slightly affected, while adherence to the
lens was not observed. At this stage the retinopathy
consisted of an arterial and venous perivasculitis
accompanied by sheathing of the retinal blood vessels
and a focally oedematous retina. In addition, oedema
and hyperaemia of the optic disc were observed.
About six weeks after clinical onset the inflammatory
cells had disappeared from the anterior segment of
monkey L77, but some inflammatory cells remained
in the vitreous.

HISTOPATHOLOGY
At least unilateral severe disease was found in all the
animals except L64, which was killed in the early
stage. In all monkeys the first signs of ocular inflam-
mation appeared between days 21 and 24 after
injection. In all cases the disease followed a similar
course in the mild, early stages. The results of the
histopathological examination are summarised in
Table 2.

Initial stage. At the first signs of clinical onset a few
mononuclear cells were present in the anterior
chamber, ciliary body, and pars plana, while in the

rest of the eye no signs of inflammation were detected
(L64 OS and L70 OD; Table 2).
About one day after onset (slit-lamp score 1+/3+,

L64 OD and L70 OS) we observed mainly focal
peripheral chorioretinitis. Dense infiltrations consist-
ing of mononuclear and many polymorphonuclear
cells were locally present in choroid and retina
together with perivasculitis. The anterior chamber,
ciliary body, and pars plana showed a mild infiltration
with mononuclear and polymorphonuclear cells,
while no inflammatory cells were detectable in the
ins.

Severe stage. Dense mononuclear and poly-
morphonuclear infiltrations were found in ciliary
body, pars plana, and.ora serrata. Occasionally an
accumulation of mononuclear cells was observed in
the region of pars plana and ciliary body. The
anterior chamber and iris were seriously affected.

Severe oedema was found in the peripheral
choroid, while the central part showed moderate
oedema (Fig. la). Over the whole retina exudates
and retinal detachments were observed together with
local damage of the photoreceptor cells. At these
sites the pigment epithelium was disrupted. The
central area of the retina showed the most severe
signs of inflammation consisting of mononuclear and
many polymorphonuclear cells, perivasculitis, and
oedematous areas in the inner and outer nuclear
layers (Fig. lb). The optic nerve head showed mild
perivasculitis of the major central retinal vessels.

Fig. 1 Posterior segment ofthe monkey eye during the stage Fig. 1 b: Severe retinitis in the central part with
ofsevere inflammation. a: Peripheral chorioretinitis with inflammatory cells concentrated in the photoreceptor cell
many mononuclear and polymorphonuclear cells, exudate, layer, perivasculitis, oedema ofthe nuclear layers,
disrupted pigment epithelium (arrow), retinal detachment, accompanied by choroiditis. Thepigment epithelium is still
and choroidal oedema (asterisk). x 140. intact (arrows). x 160.
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Fig. 2 Immune responses ofmonkeys
injected with rhodopsin. a: Antibody
titres were determined by ELISA.8
Titres were determined graphically as
the dilution ofserum required to give an
absorbance over a background of0S5.
A dilution of1:50 corresponded to a
titre of1, 1:100 to a titre of2, 1:200 to a
titre of3, and so on. Preimmune sera
had a titre of 1. b: Stimulation indices
were determined by LTT, with
rhodopsin as test antigen (in darkness).
Symbols designate monkey L64 (0),
L70 (E), L76 (A), and L77 (0).

0 1 2 3 4 5
time (weeks)

Regression stage. Seven weeks after onset of
uveitis, when the disease was in the regression stage
(L77, Table 1), signs of severe inflammation were
still present in retina and choroid. The pigment
epithelium showed extensive focal damage, with
dispersion of pigment. The photoreceptor cells were
severely damaged or eliminated. In general, retinitis
dominated in the posterior pole of the eye, while
severe chorioretinitis was observed at the periphery.

IMMUNE RESPONSES
As test antigens rhodopsin and opsin produced equal
results in the immunological assays, and only the
values obtained with rhodopsin are presented (Fig.
2). The time course of the development of the
antibody titres showed a similar pattern for all
animals (Fig. 2a). The titres continued increasing up
to at least 3-4 weeks after injection. The antibody
titre of monkey L77 reached a maximum level of
about 11 in week 6. This level was maintained for the
subsequent weeks until the animal was killed (not
plotted). No antibodies against S-antigen or IRBP
were detectable by ELISA.
The cellular immune responses as determined by

the lymphocyte transformation tests showed a differ-
ent pattern (Fig. 2b). The stimulation indices also
increased sharply during the first two weeks after
injection but then appeared to level off (L70and L76)

or to decrease (L64 and L77). The stimulation indices
determined in week 4 for the remaining two monkeys
confirmed this trend. The stimulation index of
monkey L77, which was measured until week 10
after injection, fluctuated during weeks 5-10 after
injection round an average value of 5 (SD 3; n=5).

Discussion

PATHOGENICITY OF RHODOPSIN
Highly purified rhodopsin appears to be markedly
pathogenic in Macaca artoides. In our laboratory an
equal dose of opsin was recently shown to induce
severe EAU in only two out of nine macaques with
much later onset (6-10 weeks).'3 We therefore con-
clude that in monkeys rhodopsin is considerably
more pathogenic than opsin, which agrees with
results obtained recently in rats.889

CLINICOPATHOLOGICAL FEATURES OF
RHODOPSIN-INDUCED EAU
In comparison with opsin-induced uveoretinitis in the
monkey,'3 rhodopsin evokes a more severe chorio-
retinitis and an increased involvement of the anterior
chamber, similar to that observed for S-antigen." 12
The histological changes share some characteristics
with those described for S-antigen-induced EAU in
cynomolgus monkeys, such as vasculitis and chorio-
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retinitis, which is active for a long period." This
contrasts with the lack of choroidal involvement in
S-antigen-induced EAU in monkeys reported by
Nussenblatt et al. 12

IMMUNE RESPONSES
Monkeys injected with rhodopsin showed a high
cellular and humoral immune response against both
rhodopsin and opsin. The humoral response
appeared not to have reached its maximum level at
the time of onset of disease (days 21-24 after
injection). In monkey L77 the antibody titre steadily
increased until five to six weeks after injection. The
stimulation index, however, appeared to level off or
peak just before clinical onset of disease. This may
indicate that the cellular immune response has an
important role in the pathogenesis of rhodopsin-
induced EAU in primates, as was also found in
various forms of EAU in the rat.' "I This is in
accordance with the generally accepted idea of EAU
being a model of a T-cell-mediated autoimmune
disease.

We are grateful to Mrs E D Kuhlmann for her expert technical and
secretarial assistance and to Dr A J J M Rademakers for funduscopy.
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