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Concentric Retinitis Pigmentosa: Clinicopathologic Correlations
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Progressive concentric (centripetal) loss of vision is one pattern of visual ®eld loss in retinitis pigmentosa.
This study provides the ®rst clinicopathologic correlations for this form of retinitis pigmentosa. A family
with autosomal dominant concentric retinitis pigmentosa was examined clinically and with visual
function tests. A post-mortem eye of an affected 94 year old family member was processed for
histopathology and immunocytochemistry with retinal cell speci®c antibodies. Unrelated simplex/
multiplex patients with concentric retinitis pigmentosa were also examined. Affected family members of
the eye donor and patients from the other families had prominent peripheral pigmentary retinopathy
with more normal appearing central retina, good visual acuity, concentric ®eld loss, normal or near
normal rod and cone sensitivity within the preserved visual ®eld, and reduced rod and cone
electroretinograms. The eye donor, at age 90, had good acuity and function in a central island. Grossly,
the central region of the donor retina appeared thinned but otherwise normal, while the far periphery
contained heavy bone spicule pigment. Microscopically the central retina showed photoreceptor outer
segment shortening and some photoreceptor cell loss. The mid periphery had a sharp line of
demarcation where more central photoreceptors were near normal except for very short outer segments
and peripheral photoreceptors were absent. Rods and cones showed abrupt loss of outer segments and
cell death at this interface. It is concluded that concentric retinitis pigmentosa is a rare but recognizable
phenotype with slowly progressive photoreceptor death from the far periphery toward the central retina.
The disease is retina-wide but shows regional variation in severity of degeneration; photoreceptor death
is severe in the peripheral retina with an abrupt edge between viable and degenerate photoreceptors.
Peripheral to central gradients of unknown retinal molecule(s) may be defective or modify photoreceptor
degeneration in concentric retinitis pigmentosa. # 2001 Academic Press
Key words: retinitis pigmentosa; human retinal disease; rods; cones; histopathology; perimetry;
electroretinography; optical coherence tomography.

new information is presented on the clinical features
1. Introduction

Retinitis pigmentosa (RP) is a heterogeneous group of

inherited human retinal diseases that cause degener-
ation of photoreceptors and the retinal pigment

epithelium (Rattner, Sun and Nathans, 1999; Phelan

and Bok, 2000). The genetic basis of the diseases is
diverse, showing autosomal dominant (ad) and reces-

sive, as well as X-linked recessive inheritance, and

causal mutations have been documented in over 30
different genes (http://www.sph.uth.tmc.edu/RetNet/).

There is also considerable variation in the pattern of

disease in RP. Consistency of phenotype, however, has
been demonstrated in molecularly de®ned subgroups
ents (e.g. Kemp et al., 1994; Jacobson et al.,

2000; Cideciyan et al., 1998).
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We report an unusual RP disease pattern for which
the gene defect is still unknown. This subgroup of
patients has a centripetal loss of vision (from the far
periphery toward the center). This is distinct from the
pattern in most RP patients who show progressive
retinal degeneration beginning in the mid peripheral
or inferior retina. This uncommon topographic
variant, which we term `concentric RP', was recently
described in a large study of visual ®eld progression in
RP (Grover, Fishman and Brown, 1998). To increase
understanding of the pathogenesis and facilitate
further gene discovery in retinal degenerative disease,
and histopathology of concentric RP.

2. Materials and Methods

Clinical Studies
The diagnosis of concentric RP was given to
patients (Table I) with ophthalmoscopic evidence of
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subjects approval was obtained and the tenets of the

(RHO), peripherin/RDS and the Arg677ter mutation

TABLE I

Clinical characteristics of the patients

Patient
no.

Age
(years)* Eye

Visual
acuity** Refraction{

Family of eye donor
II-2 59 OD 20/25 ÿ6.50

OS 20/25 ÿ6.25
II-3{ 74 OD 20/25 �9.25}

OS 20/25 �8.75}
III-2 56 OD 20/40 �0.75

OS 20/30 �0.50
III-3 56 OD 20/25 np

OS 20/25 np
IV-2 16 OD 20/20 ÿ2.75

OS 20/20 ÿ0.25

Other concentric RP patients
1k 30 OD 20/25 ÿ8.00

OS 20/25 ÿ9.00
2k 40 OD 20/400} ÿ4.25

OS 20/25 ÿ4.25
3 28 OD 20/20 ÿ3.75

OS 20/20 ÿ1.75
4 31 OD 20/30 ÿ12.25

OS 20/40 ÿ12.75
5 36 OD 20/20 �0.50

OS 20/20 plano
6 36 OD 20/30 ÿ0.50

OS 20/25 ÿ0.50
7 51 OD 20/40 ÿ5.00

OS 20/30 ÿ5.25
8 60 OD 20/25 �3.50}

OS 20/25 �0.75}
9 69 OD 20/80 ÿ5.75

OS 20/60 ÿ5.00

*At ®rst visit or from record of ocular examination; **best
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retinal degeneration and the kinetic visual ®eld
pattern previously described (Grover et al., 1998).
Speci®cally, patients were included who showed a
relatively circular or slightly elongated Goldmann
kinetic visual ®eld with similar extents of ®eld using V-
4e and I-4e test targets. No patients had a history of
taking vigabatrin (Wild et al. 1999). In the family of
the eye donor, records from previous ocular examina-
tions of the donor and other members were the source
of most of the clinical and function test data. The
daughter of the eye donor was the only family
member examined in Philadelphia with the electro-
retinographic (ERG) and psychophysical methods.
Unrelated simplex or multiplex patients with con-
centric RP (n � 9) or other forms of RP (n � 11) were
also examined by us using kinetic perimetry, static
threshold perimetry and ERGs. Cross-sectional retinal
re¯ectivity pro®les were obtained with optical coher-
ence tomography (OCT; Humphrey Instruments, San
Leandro, CA, U.S.A.) in one patient with concentric
RP and a normal subject at the same superior retinal

corrected visual acuity; {spherical equivalent; {eye donor; }aphakic
correction; ksiblings; }macular hole; np, not performed.
region. Details of the full ®eld ERG, psychophysical
(kinetic perimetry and dark and light adapted static
perimetry), OCT methods and data analyses have been
published (Jacobson et al., 1986, 1989, 1997, 1998,
2000; Cideciyan et al., 1998; Huang et al., 1998,
2000). Informed consent was given by all subjects
and eye donors (see below). Institutional human
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Declaration of Helsinki were followed.

Genetic Diagnosis

DNA was extracted from peripheral blood and
screened for coding sequence mutations in rhodopsin
in RP1.

Histopathology

Post-mortem human eyes were obtained through
the donor program of the Foundation Fighting
Blindness (FFB, Owings Mills, MD, U.S.A.) and the
University of Washington Lions Eye Bank. The eye
from a 94 year old man (FFB #615) was ®xed 17.5 hr
post-mortem in a mixture of 4 % paraformaldehyde
and 0.5 % glutaraldehyde in 0.1 M phosphate buffer,
pH 7.3. After 3 weeks in this ®xative, the globe was
stored in 2 % paraformaldehyde in the same buffer. As
controls, normal eyes from two male donors (#0266-
97, 82 year old, 1.5 hr post-mortem and #0164-00,
75 year old, 4.25 hr post-mortem) were processed in
the same way.

Retinal samples were processed in glycol metha-
crylate, sectioned at 4 mm and stained with Richard-
son's mixture of methylene blue and azure II for light
microscopy. Cryosections (12 mm) were stained with
Oil Red O to reveal lipids. Control sections for the lipid
stain were extracted with chloroform±methanol.
Paraf®n sections (5 mm) were stained with the follow-
ing: Von Kossa method for calcium, Verhoeff±Van
Gieson method for elastin (Newcomer Supply, Mid-
dleton, WI, U.S.A.), hematoxylin and eosin, and peri-
odic acid Schiff (PAS) with or without hematoxylin.

As reported previously (Milam and Jacobson, 1990;
Milam, 2000), retinal samples were treated with 1 %
sodium borohydride, in®ltrated overnight at 48C with
30 % sucrose in 0.1 M phosphate buffer, pH 7.3,
embedded in OCT (Miles, Inc., Elkhart, IN, U.S.A.),
and cryosectioned at 12 mm. Sections were processed
for immuno¯uorescence by published methods (Li,
Kljavin and Milam, 1995a). The following retinal cell
speci®c antibodies were used: mouse monoclonal
antibody (mAb) 7G6 speci®c for cone cytoplasm and
outer segments (1 : 250, from Dr P. MacLeish, More-
house School of Medicine, Atlanta, GA, U.S.A.);
mouse mAb 4D2 anti-rhodopsin speci®c for rod
outer segments (1 : 40, from Dr R. Molday, University
of British Columbia, Vancouver, B.C., Canada); rabbit
pAb JH492 anti-red/green cone opsin (1 : 5000, from

Dr J. Nathans, Johns Hopkins University, Baltimore,
MD, U.S.A.); rabbit pAb anti-red/green cone opsin



program (Photoshop 5.0, Adobe, San Jose, CA, U.S.A.)
(1 : 200, from Dr J. Saari, University of Washington,
Seattle, WA, U.S.A.); rabbit pAb JH455 anti-blue cone
opsin (1 : 5000, from Dr Nathans); rabbit polyclonal
(pAb) anti-glial ®brillary acidic protein speci®c for
astrocytes and reactive MuÈ ller cells (1 : 750, Dako
Corporation, Carpinteria, CA, U.S.A.); rabbit pAb anti-
laminin (1 : 100, Calbiochem, La Jolla, CA, U.S.A.);
and biotinylated Ricinus communis agglutinin I (RCA)
lectin (1 : 1000, Vector Laboratories, Burlingame, CA,
U.S.A.) followed by rhodamine-avidin D (1 : 100,
Vector Laboratories). The secondary antibodies (goat
anti-rabbit or anti-mouse IgG, 1 : 50) were labelled
with Alexa Fluor 488 (green; Molecular Probes,
Eugene, OR, U.S.A.), Cy-2 (green), Cy-3 (red) or Cy-
5 (blue) (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, U.S.A.). Cell nuclei were stained with
40,60-diamidino-2-phenylindole (DAPI, blue; 1 mg
mlÿ1; Molecular Probes) or Sytox (green; 1 mg per
300 ml; Molecular Probes). Control sections were
treated in the same way with omission of primary
antibody.

The immunolabelled retinal sections were examined
with a microscope equipped for epi¯uorescence (Leica
DMR, Deer®eld, IL, U.S.A.) or with a laser scanning
confocal microscope (BioRad MRC-600, Richmond,

CONCENTRIC RETINITIS PIGMENTOSA
CA, U.S.A.). Images were digitized with a ¯at bed
scanner (Saphir HiRes, Heidelberg CPS GmbH, Bad

FIG. 1. Autosomal dominant concentric RP family of the eye d
loss. (d), represent affected family members; (h), unaffected; ( )
(upper panel) with V-4e and I-4e targets from the left eye of the
perimetry results in the dark adapted (middle) and light adapted
loss. Scale has 16 levels of grey, representing 0 (white) to 6 (black)
adapted results. N, nasal; T, temporal; I, inferior; S, superior.
Hamburg, Germany) using LinoColor Elite 5.1 soft-
ware (Heidelberg CPS GmbH), imported into a graphics
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and dye sublimation prints were generated.

3. Results

Eye Donor and Family Members: Clinical Studies

Five members of this family were known to have
retinal degeneration [Fig. 1(A) and Table I]; male to
male transmission and three generations with disease
indicated ad inheritance. The clinical and psycho-
physical data from known affected members indicated
intrafamilial consistency of the concentric RP disease
expression.

Patient II-3, the eye donor died at age 94. He had a
diagnosis of RP for at least 60 years before death. At
age 90, visual acuities (VAs) were 20/25 and
pigmentary retinopathy was present in the mid and
far periphery but not in a wide extent of the central
retina. Kinetic perimetry using various techniques
over four decades showed a relatively circular residual
®eld; the remaining central island was about 70±808
in diameter at age 40 and 40±508 at age 85.
Patient II-2, his sister, also had the diagnosis
of RP. At age 59, VAs were 20/25 and there was

onor. (A) Pedigree of this family with concentric visual ®eld
, deceased. Arrow indicates eye donor. (B) Kinetic perimetry

daughter (III-2, age 56) of the eye donor. Static threshold
(lower) states are displayed as grey scale maps of sensitivity
log units for dark adapted results and 0±3 log units for light



a relatively circular kinetic ®eld about 60±708 in
diameter. At age 88, after cataract surgery in
both eyes, VA of the right eye remained 20/25 but
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the left eye had very reduced vision (cause
unspeci®ed).
Patient III-3, son of the donor, claimed no
symptoms but carried the diagnosis of `mild' RP
since his mid forties. An examination at age 56

A. H. MILAM ET AL.
showed VAs of 20/25, small posterior subcapsular
cataracts and peripheral pigmentary retinopathy.



20/20 and a kinetic ®eld was circular (about 80±908

peripherin/RDS, and RP1, revealed no mutations in

superior nasal quadrant. The macula appeared
Patient III-2, daughter of the donor, was diagnosed
with RP at age 30, although she was asymptomatic at
that time. Visual ®eld loss was noticed by the patient
in her 40's and the presence of posterior subcapsular
cataracts led to surgery in the left eye. Pigmentary
retinopathy was noted throughout the peripheral
retina; the central retina appeared normal and the
retinal vessels were not attenuated. Rod and cone
ERGs were reduced in amplitude and cone ¯icker
timing was normal. Our examination of this patient at
age 56 revealed VA in the right eye of 20/40 with a
posterior subcapsular cataract; the pseudophakic left
eye was 20/30. Kinetic perimetry of the left eye
[Fig. 1(B), top panel] revealed a somewhat elliptical
®eld extending from the 308 isopter nasally, inferiorly
and superiorly and to 458 temporally. Visual ®eld
extent was abnormally reduced for both target sizes; a
ratio of the extents (I-4e/V-4e) was 0.84. With dark
adapted static threshold perimetry [Fig. 1(B), middle
panel], the loci with detectable function were mainly
rod mediated; rod sensitivity losses were 5 1 log unit
from mean. L/M cone function by light adapted
increment thresholds [Fig. 1(B), lower panel] also
showed some impairment and losses were 5 1 log
unit from mean. The rod ERG b-wave amplitude was
reduced; a mixed cone±rod ERG had reduced a- and b-
wave amplitudes; and cone ¯icker ERG amplitude was
reduced but timing was normal [Fig. 8(C), open
triangle, see below].

Patient IV-2, granddaughter of the donor, was
diagnosed with `atypical RP' at age 13. VAs were
20/25; peripheral pigmentary retinopathy was pre-
sent. Kinetic perimetry showed a visual ®eld to a large
target with superior and inferior scotomas in the far
temporal ®eld. A smaller target revealed a relatively
circular ®eld of about 80±908 diameter [see Fig. 8(B)
below]. At age 16, a de®nite demarcation was noted
between the normal appearing central retina and the
abnormal peripheral retina with pigmentary changes.

CONCENTRIC RETINITIS PIGMENTOSA
Rod and cone ERGs were reduced in amplitude and
cone ¯icker timing was normal. At age 24, VAs were

FIG. 2. Observations on concentric RP and normal retinas used
eye. Note heavy bone spicule pigment from the ora serrata to the
Two drusen (*) have been extracted during paraf®n processing.
photoreceptor outer segments. Paraf®n section, PAS and hemato
Note normal layers of photoreceptor nuclei and lengths of p
hematoxylin stain. (D) Macular photoreceptors in RP retina. Not
outer segments. Paraf®n section, PAS and hematoxylin stain. (E
antibody (mAb) 7G6 (red) and anti-red/green cone opsin (green)
nuclear layer (O). Most cone outer segments are double labelled (
cone outer segment (arrowhead) is positive with 7G6 (red) bu
epithelium (r) at the bottom of the panel contains auto¯uorescen
stained (blue) with DAPI. (F) Macular cones in RP retina labelled
Note reduced number of cones as compared with normal retina [
The RPE contains auto¯uorescent lipofuscin granules. Nuclei hav
labelled (red) with anti rhodopsin. Note negative images of
auto¯uorescent lipofuscin granules. Nuclei have been stained (b
rhodopsin. Note shortened outer segments compared with the n
lipofuscin granules. Nuclei have been stained (blue) with DAPI.
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diameter).

Genetic Diagnosis

Screening of three genes that can cause adRP, RHO,
the coding sequences.

Eye Donor: Retinal Histopathology

Gross pathology. The eye was aphakic, with a
peripheral iridectomy at 1200 hr. The anterior
segment was otherwise normal for age. Some debris
was present in the vitreous and the optic nerve head
was pale and waxy. The retina contained heavy bone
spicule pigment from the mid periphery to the ora
serrata [Fig. 2(A)]. There was a sharp border between
the bone spicule pigment and the more normal
appearing central retina. The pigment was present
in all four quadrants but was less dense in the
thinned with some post-mortem edema.

Microscopic Pathology

Macula. The choroid and retinal pigment epithelium
(RPE) appeared normal but the macula was thinned
due to shortening of the rod and cone outer segments
and irregular loss of some cells from the outer nuclear
layer (ONL) [Fig. 2(B)]. The inner nuclear layer (INL)
and ganglion cell layer (GCL) contained comparable
numbers of cells in the normal and RP maculas.
Compared with a normal fovea [Fig. 2(C)], the
photoreceptors in the RP retina were decreased in
number from 7±8 to 3±4 rows of nuclei and their
outer segments were shortened from approximately 40
to 15 mm in length [Fig. 2(C) and (D)]. The macular
cone outer segments were shortened to approximately

10±15 mm, as compared with normal macular cone
outer segments which are approximately 30 mm in

in study. Bars on all ®gures � 50 mm. (A) Gross pathology of
mid periphery. (B) Low magni®cation of fovea in RP retina.
Note some loss of photoreceptor nuclei and shortening of

xylin stain. (C) Macular photoreceptors in a normal retina.
hotoreceptor outer segments. Paraf®n section, PAS and
e decreased number of photoreceptor nuclei and shortened

) Macular cones in normal retina labelled with monoclonal
. The cone cell bodies (*) form a row outermost in the outer
gold) with 7G6 and anti-red/green cone opsin. A single blue
t negative for red/green cone opsin. The retinal pigment
t lipofuscin granules. H, Henle ®ber layer. Nuclei have been
with mAb 7G6 (red) and anti-red/green cone opsin (green).

Fig. 4(E)] and shortened cone outer segments (arrowheads).
e been stained (blue) with DAPI. (G) Rods in normal macula

cone inner segments (arrowheads). The RPE contains
lue) with DAPI. (H) Rods in RP macula labelled with anti-
ormal retina [Fig. 4(G)]. The RPE contains auto¯uorescent



FIG. 3. Immunocytochemistry of concentric RP and normal retinas used in study. Bars on all ®gures � 50 mm. (A) Low
magni®cation of macula of normal retina labelled with anti-GFAP (green) and anti-rhodopsin (red). GFAP immunoreactivity is
restricted to astrocytes in the nerve ®ber layer. The rhodopsin-positive rod outer segments are normal in length and the cone
inner segments appear as negative images. The RPE contains auto¯uorescent lipofuscin granules. Nuclei have been stained
(blue) with DAPI. (B) Low magni®cation of macula of RP retina labelled with anti-GFAP (green) and anti-rhodopsin (red). Note
shortened rod outer segments and slightly increased GFAP in MuÈ ller cells in the inner nuclear layer (n), indicative that some
cell death has occurred. The RPE contains auto¯uorescent lipofuscin granules. Nuclei have been stained (blue) with DAPI. (C)
Control section of normal retina treated with no primary antibody but with Cy-2 and Cy-3 labelled secondary antibodies. Only
the auto¯uorescent lipofuscin granules in the RPE are noted. Nuclei have been stained (blue) with DAPI. (D) Low magni®cation
of zone of degeneration in the mid periphery of the RP retina labelled with mAb 7G6 (red) and anti GFAP (green). The more
central cells are to the right; these cones show extreme shortening of their outer segments. Few photoreceptors remain in the
more peripheral part (left) of the section. The RPE contains auto¯uorescent lipofuscin granules. Nuclei have been stained (blue)
with DAPI. (E) Higher magni®cation of cones in zone of degeneration labelled with mAb 7G6 (red) and anti-red/green cone
opsin (green). Note loss of cones and extreme shortening of their outer segments, which are double labelled (gold) with mAb
7G6 and anti-red/green cone opsin. The RPE contains auto¯uorescent lipofuscin granules. Nuclei have been stained (blue) with
DAPI. (F) Degenerate cones labelled with mAb 7G6 (red) and anti-red/green cone opsin (green). A few stubby cone outer
segments (gold) are retained. More degenerate cones lacking outer segments are toward the periphery (right). Nuclei have been
stained (blue) with DAPI. (G) Degenerate cones lacking outer segments in the zone of degeneration. The cell bodies are positive
(red) with 7G6 but only tiny cone outer segments (gold) remain, visualized by labelling with anti-red/green cone opsin. The
RPE contains auto¯uorescent lipofuscin granules. Nuclei have been stained (blue) with DAPI.
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FIG. 4. Caption over page.
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length [Fig. 2(E) and (F)]. Most of the cone outer
segments were positive for red/green cone opsin
[Fig. 2(E) and (F)] and a few were blue cone opsin-
positive (not shown). The rods in the central retina
were also slightly decreased in number and their outer
segments were shortened from approximately 40 to
20 mm as compared with the control maculas
[Fig. 2(G) and (H)].

In the normal retinas, GFAP reactivity was restricted
to the astrocytes in the nerve ®ber layer [Fig. 3(A)]. In
the central region of the RP retina, secondary to loss of
some photoreceptors, reactive MuÈ ller cells were weakly
positive for GFAP, while astrocyte GFAP reactivity was
normal [Fig. 3(B)]. Sections treated with no primary
but with Cy-2 and Cy-3 labelled secondary antibodies
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showed only yellow-gold auto¯uorescence of lipo-

fuscin granules in the RPE [Fig. 3(C)].

Mid periphery. This region spanned the interface
between the bone spicule pigment and the more
normal appearing central retina. On the central side of
the interface, the RPE and retina showed near normal
organization of layers [Fig. 3(D)], with four to six
layers of INL cells and scattered ganglion cells. The
ONL was irregular in thickness and in packing density
of the nuclei, but had near normal numbers of cells
(four to six rows of nuclei) on the central side of the
interface. The cone outer segments central to the
interface were shortened to 10 mm or less in length
[Fig. 3(E)]. Within a narrow zone approximately
700 mm wide, the outer segments were lost from the
photoreceptors and the ONL was markedly reduced
[Fig. 3(F)]. Only a few cone somata lacking outer
segments remained at this interface, and beyond this,
cones were almost completely absent [Fig. 3(G)].

A similar pattern of cell loss was observed in the
rods. The interface between more normal and severely
degenerate retina was very sharp [Fig. 4(A)]. Central
to this interface the rod outer segments were 15 mm
or less in length [Fig. 4(B)] and next to the interface
they were very short and stubby [Fig. 4(C)]. In the

region bordering the interface, some rod inner
segments contained clumps of rhodopsin-positive

FIG. 4. Microscopy of concentric RP retina. Bars on all ®gures
periphery, showing retained photoreceptors with inner segmen
methylene blue and azure II stain. (B) Rods near degeneration
rhodopsin. The RPE contains auto¯uorescent lipofuscin granules.
to the degeneration zone labelled with anti rhodopsin (red). Not
periphery (right side). The RPE contains auto¯uorescent lipofusci
Rods very near the degeneration zone with inner segment dep
rhodopsin. A preretinal membrane (arrow), astrocytes in the nerv
are positive for GFAP (green). The RPE contains auto¯uorescen
DAPI. (E) Interface between more central rods with short outer seg
peripheral degenerate rods lacking outer segments to the right. T
have been stained (green) with sytox. (F) Rods in the degeneration
have sprouted extensive neurites (arrowheads). The RPE contains
blue with DAPI. (G) Higher magni®cation of enlarged rod cell bo
degeneration zone. Nuclei have been stained blue with DAPI. (H
with anti rhodopsin (red). Nuclei have been stained blue with DA
material and many rod somata showed delocalized
labelling with anti-rhodopsin [Fig. 4(D)]. MuÈ ller cells
adjacent to the interface were weakly GFAP-positive
[Fig. 4(D)], consistent with ongoing photoreceptor cell
death in the area.

As with the cones, the loss of rods was abrupt
[Fig. 4(E)]. The few remaining rods in the interface
zone lacked outer segments and had sprouted long,
beaded neurites [Fig. 4(F), (G) and (H)]. A few rods,
identi®ed by their labelling with anti-rhodopsin, had
markedly enlarged somata [Fig. 4(G) and (H)] up to
approximately 20 mm in diameter.

Immediately peripheral to the zone of degeneration,
the INL was reduced to one to three rows of nuclei
and ganglion cells were absent. MuÈ ller cells were
hypertrophied with enlarged nuclei that had migrated
into the outer retina. More peripherally, the organized
INL disappeared and retinal layering was completely
lost. The nerve ®ber layer was gliotic and a preretinal
membrane [Figs 4(A), (D), and 5(A), (B)] of variable
thickness (2±25 mm) contained spindle shaped cells
positive for GFAP, which also ®lled the hypertrophied
MuÈ ller cells. In the degenerate areas, numerous RPE
cells had migrated into the retina, either as individual
cells or as sheets of cells originating from Bruch's
membrane [Fig. 5(B)]. The melanin granules in these
RPE cells were round rather than oval as found in
normal RPE cells, and migrated RPE cells had lost
their lipofuscin granules. The RPE cells surrounded
inner retinal blood vessels or were banked against the
inner limiting membrane [Fig. 5(C)]. The RPE cells
surrounded thick deposits of extracellular matrix
(ECM), which occluded most of the retinal vessels.
Some of the ECM deposits were not associated with
RPE cells [Fig. 5(B)±(D)].

The ECM deposits were PAS- [Fig. 5(C)] and elastin-
positive, stained pink by hematoxylin and eosin, and
contained ®ne calcium spherules, stained black by the
Von Kossa method [Fig. 5(D)]. Treatment of normal
retinas and the central part of the RP retina with
Ricinus lectin labelled drusen, rod outer segments, the

A. H. MILAM ET AL.
inner limiting membrane, and vascular walls
[Fig. 5(E)]. Like drusen, the ECM deposits in the

� 50 mm. (A) Plastic section of degeneration zone in mid
ts (*) to the right (central side of section). Richardson's

zone whose outer segments are labelled (red) with anti-
Nuclei have been stained (green) with sytox. (C) Rods closer

e extreme shortening of the rod outer segments toward the
n granules. Nuclei have been stained (green) with sytox. (D)
osits (arrowheads) of rhodopsin, labelled (red) with anti-
e ®ber layer (A), and MuÈ ller cells in the inner nuclear layer

t lipofuscin granules. Nuclei have been stained (blue) with
ments labelled with anti-rhodopsin (red) to the left, and more
he RPE contains auto¯uorescent lipofuscin granules. Nuclei

zone show cell body labelling with anti-rhodopsin (red) and
auto¯uorescent lipofuscin granules. Nuclei have been stained
dies with neurites labelled with anti-rhodopsin (red) in the

) Higher magni®cation of an enlarged rod cell body labelled
PI.



concentric RP retina were positive by Ricinus labelling

[Fig. 5(F)]. Treatment of normal retinas and the central

part of the RP retina with anti-laminin labelled the
basal laminae of the RPE cells, blood vessels and the

inner limiting membrane [Fig. 6(A)]. In the concentric
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RP retina, the basal laminae surrounding the ECM
deposits were positive with anti-laminin [Fig. 6(B)].

FIG. 5. Microscopy of periphery of the concentric RP retina. Bars
far periphery of RP retina labelled with anti-GFAP. Note strong rea
the retina. The bone spicule pigment (*) extends as a sheet from B
stained blue with DAPI. (B) Plastic section of bone spicule pigment
sheet of pigmented RPE cells (arrow) that is continuous with RPE
of extracellular matrix (*) are associated with the migrated RPE
periphery of RP retina stained with PAS. Note deposits (*) of
(arrowheads). (D) Von Kossa stain of calcium spherules (black dot
periphery of the RP retina. Eosin counterstain. (E) A more normal
Note staining of retinal blood vessels (arrowheads) and short rod
contains auto¯uorescent (red) lipofuscin granules. Nuclei are stain
bone spicule pigment. The extracellular matrix deposits (*) are st
with DAPI.
The ECM deposits were also positive by Oil Red O

staining [Fig. 6(C) and (D)]. Within the deposits, ®ne

granules of lipid could be resolved [Fig. 6(D)]. In
addition to the RPE associated deposits, Bruch's

membrane was positive for lipid [Fig. 6(C)±(F)].
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Interestingly, Oil Red O-positive lipid droplets were
also present in the inner segments of photoreceptors

on all ®gures � 50 mm. (A) Area of bone spicule pigment in
ctivity for GFAP (green) in MuÈ ller cell processes throughout

ruch's membrane (b) into the inner retina. Nuclei have been
stained with Richardson's methylene blue and azure II. Note

cells still in situ on Bruch's membrane (arrowhead). Deposits
cells. Preretinal membrane, (p). (C) Paraf®n section of far

PAS-positive ECM associated with the migrated RPE cells
s, arrowheads) in the extracellular matrix deposits in the far
central part of the RP retina labelled with Ricinus lectin (red).
outer segments (*). The RPE across the bottom of the plate
ed (blue) with DAPI. (F) Far periphery of RP retina in area of
rongly positive with Ricinus lectin. Nuclei are stained (blue)



central to the zone of abrupt rod and cone cell dropout
[Fig. 6(E) and (F)]. These droplets were slightly
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smaller than the photoreceptor nuclei and were
found only in photoreceptors adjacent to the zone of
degeneration, and not in the photoreceptors in the
central retina. Control sections for Oil Red O staining

A. H. MILAM ET AL.
that had been extracted with chloroform±methanol
were completely negative (not shown).



Far periphery. This region was completely degen-
erate with no photoreceptors. The retina was very thin
and disorganized with marked gliosis. Only a few RPE
cells remained in position against Bruch's membrane.
Numerous intraretinal ECM deposits were present, not
all surrounded by migrated RPE cells. In some cases,
the ECM deposits originated from Bruch's membrane
and extended intraretinally for several millimeters,
surrounded in some areas by the migrated RPE cells.
The INL was disorganized and gliotic and ganglion
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cells were absent. Most retinal vessels were occluded

by ECM deposits.

Other Concentric RP Patients: Clinical and Visual
Function Studies

A concentric pattern of visual ®eld loss was also
found in nine simplex or multiplex patients (®ve
female, four male), representing eight different
families; there were two siblings from one family
[Patients 1 and 2, Table I]. Ages at ®rst visit ranged
from 30 to 69 years. All but the oldest had good VA
(20/40 or better) and most were myopic. Fig. 7
illustrates the ophthalmoscopic appearance in three
patients (A) and a cross-sectional retinal re¯ectivity
image using OCT in another patient (B and C).
Fundus photographs of the nasal and superior retina
of Patient 3 show a relatively abrupt transition from
healthy appearing central retina to pigmentary
retinopathy. Views of the superior retina in siblings
Patients 1 and 2 also show central retina with a
relatively normal appearance and heavy pigmentary
retinopathy in the peripheral retina with a less
pigmented posterior edge. OCT in Patient 5 demon-
strates that the ophthalmoscopically visible transition
to pigmentary retinopathy is accompanied by a
dramatic decrease in retinal thickness [Fig. 7(B) and
(C)]. Scans in this patient that cross the zone from
normal-appearing retina to pigmentary retinopathy
and the graphical representation of the images
indicate there is about 40±50 % reduction of thick-
ness in the patient compared with about 10 % change
over the same region in a normal subject.

Fig. 8 illustrates the typical kinetic perimetry result
of concentric RP in three unrelated patients of

different ages [Fig. 8(A)] and also proposes a sequence
of kinetic ®eld loss based on early and later stage data

FIG. 6. Microscopy of concentric RP retina. Bars on all ®gure
labelled with anti-laminin (red) reveals laminin surrounding the r
contains auto¯uorescent (red) lipofuscin granules. Nuclei are sta
labelling with anti-laminin (red) of the RPE basal laminae (arr
migrated RPE cells do not contain auto¯uorescent lipofuscin granu
RP retina stained with Oil Red O and hematoxylin. The deposits o
(arrow) are strongly positive (red) for lipid. Bruch's membrane (a
magni®cation of Fig. 8(C) showing Oil Red O labelling of ECM dep
deposits and in Bruch's membrane (arrowhead). (E) Mild perip
hematoxylin. Note Oil Red O positive droplets (arrows) in the in
outer segments (o) and are near the zone of photoreceptor cell dea
(F) Higher magni®cation of Oil Red O positive droplets (arrows) in
(o) and Bruch's membrane (arrowhead) are also Oil Red O positi
in three other patients [Fig. 8(B)]. Patients 9, 8 and 4,
despite differences in age, have a similar pattern of
visual ®eld. The ®elds are relatively circular or slightly
elongated (horizontally) and there are similar extents
of the two targets. This feature of closely related
dimensions of the kinetic visual ®eld using the V-4e
and I-4e test targets was quanti®ed in these patients
and compared with a series of simplex or multiplex
patients with other forms of molecularly unde®ned RP
(n � 11). The ratio of visual ®eld extents, I-4e/V-4e,
in the concentric RP patients had a mean value of
0.87 (S.D., 0.11) while the ratio in patients with other
forms of RP showed a mean of 0.05 (S.D., 0.07).
Statistical comparison of the two groups showed that
the difference was signi®cant (P � 5 0.001).

The circular pattern of visual ®eld in these patients
must be a disease stage that is preceded by loss of
vision in the temporal ®eld. Data from three patients
suggest this proposed disease sequence. Patient IV-2,
from the ad concentric RP family of the eye donor, had
a kinetic ®eld to the larger target with superior and
inferior absolute scotomas that appear to be isolating a
far temporal peripheral island of function from an
extensive circular central island (de®ned with the
smaller target). In Patient 3 at age 28, far peripheral
temporal ®eld islands were detectable with the large
target and the circular central island had similar
extents of the two targets; the peripheral islands were
not detectable on a subsequent visit at age 32. Patient
2 may represent a late stage of disease with an
irregular central island but similar extents of ®eld with
both target sizes. His younger sibling (Patient 1) had a
larger extent of ®eld and the same close relationship
between ®eld extents with the different targets.

Fig. 8(C) summarizes results of standard full ®eld
ERGs in one eye of the nine patients (d). Amplitudes
for the responses displayed (rod b-wave to a dim blue
¯ash in the dark adapted state, maximal white ¯ash
dark adapted, and light adapted cone ERGs to 1 Hz
white ¯ashes and 29 Hz ¯icker on a background) are
subnormal (rectangles,+2 S.D., from the mean); cone
¯icker timing is within normal limits for all but two of
the patients.

The topography of rod and cone mediated sensi-
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tivity losses in the visual ®eld of simplex or multiplex
patients (n � 8) with concentric RP further illustrate

s � 50 mm. (A) More normal central part of the RP retina
etinal blood vessels. The RPE across the bottom of the panel

ined (blue) with DAPI. (B) Far periphery of RP retina shows
owheads) around the deposits of extracellular matrix. The
les. Nuclei are stained (blue) with DAPI. (C) Far periphery of

f extracellular matrix associated with the migrated RPE cells
rrowhead) also contains Oil Red O positive lipid. (D) Higher
osits. The Oil Red O positive material is ®nely granular in the
heral area of the RP retina stained with Oil Red O and

ner segments of the photoreceptors, which have very short
th. Bruch's membrane (arrowhead) is also Oil Red O positive.
the photoreceptor inner segments. The short outer segments
ve.



ad RP revealed no coding sequence changes in this

FIG. 7. Fundus photographs and OCT results in concentric RP patients illustrating the relatively abrupt transition from
normal appearing retina to pigmentary retinopathy. (A) Fundus photographs of three simplex or multiplex patients with
concentric RP. Upper panels: views of the left eye (left, nasal retina; right, superior retina) of Patient 3. Lower panels: superior
retina views in two siblings, Patients 1 and 2. (B) Vertical OCT scans in the superior retinas of Patient 5 and a normal subject.
For orientation, sclera is toward the bottom of the scans. OCT images are displayed with logarithm of re¯ectivity mapped to a
grey scale; numbers 1±6 permit comparison to more commonly used pseudocolor displays (Jacobson et al., 2000). (C) Retinal
thickness over the region of the transition zone in Patient 5 compared with a similar region in a normal subject. Scan depth
was measured from the onset of the high vitread re¯ectivity (vitreoretinal interface) to the average peak of the more sclerad
re¯ectivity (outer retinal choroidal complex) following alignment. Locations were identi®ed by computer algorithm (Huang et
al., 1998, 2000). To enable comparison of normal and patient data, scan depths were equated at 298 and relative thickness ( %)

epth
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the concentric pattern [Fig. 9(A)]. Measurements
were made using dark and light adapted static
threshold perimetry and color transitions depict the
50th percentile contour for a given level of sensitivity
loss as speci®ed on the color scale (Cideciyan et al.,
1998; Jacobson et al., 2000). Fig. 9(B) shows
horizontal pro®les of dark adapted sensitivity to a
500 nm stimulus (left column) and light adapted

plotted across the retinal region. Data points are averaged d
sensitivity to a 600 nm stimulus (right column) in
Patients 1,3 and 5. The pro®les indicate that there can
be normal or nearly normal function within the
residual ®eld despite differences in extent.

Screening for mutations in genes known to cause

measurements over 18.
group of other concentric RP patients.

4. Discussion
The concentric form of RP is a rare but recognizable
topographical pattern of retinal degeneration (Grover



FIG. 8. Kinetic perimetry and ERGs in concentric RP. (A) Kinetic visual ®elds using V-4e and I-4e test targets in three simplex
or multiplex patients, demonstrating similarity of ®eld pattern. (B) Kinetic ®elds from three other patients (including Patient IV-
2 from the eye donor's family) illustrating a proposed disease sequence based on these cross-sectional data. (C) ERG parameters
from recordings in simplex or multiplex patients (d) and Patient III-2 from the family of the eye donor (n). Rectangles
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et al., 1998). The de®ning stage of the disease is when
there is a wide, almost circular expanse of retina
(centered at the fovea) that is normal or nearly
normal in ophthalmoscopic appearance and in rod
and cone function. This relatively normal retina is
well demarcated from more peripheral retina that has
pigmentary degeneration and no measurable visual
function. It is expected that there must be an earlier
disease stage preceding the time of circular ®elds
when the temporal ®eld of vision is lost. This stage
was demonstrated in some patients who had circular
central ®elds and residual temporal islands. Later
stages likely involve slow progression of retinal
degeneration toward the fovea from the boundaries
of the large central island. Presumably, although
outside of our clinical experience, there may be even

represent+2 S.D., from mean normal.
later stages when this pattern merges with others and
becomes indistinguishable.
The patients with concentric RP in the current
study would fall under Pattern IA in the seminal work
that classi®ed patterns of visual ®eld loss in RP
(Grover et al., 1998). The patients probably represent
a smaller subset of this group because of the
additional restrictive criteria applied. Could the
concentric pattern simply be a stage through which
most RP patients pass on the way to a small central
island of vision? The close relationship of isopters to
the two conventionally used kinetic perimetric targets
and near normal rod and cone mediated static
perimetric thresholds within the boundaries of the
residual ®eld, together with the ophthalmoscopic
signs of an abrupt transition from normal to
degenerate retina, are not seen in other geographic
patterns of RP, at least those that we have analysed

with similar techniques (Cideciyan et al., 1998;
Jacobson et al., 2000). The concentric geographic



FIG. 9. Dark and light adapted static perimetry in concentric RP. (A) Topography of rod sensitivity loss (ROD; measured with
500 nm stimulus, dark adapted) and L/M (long/middle wavelength) cone sensitivity loss (CONE; 600 nm stimulus, light
adapted) for simplex or multiplex patients (n � 8) with concentric RP. Color transitions depict the 50th percentile contour for a
given level of sensitivity loss (speci®ed on color scale). Maps are shown as a visual ®eld of the right eye. (B) Horizontal pro®les of
dark adapted sensitivity to a 500 nm stimulus (left column) and light adapted sensitivity to a 600 nm stimulus (right column)

ent 6
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pattern showed intrafamilial consistency in our ad RP
family and in a multiplex family, suggesting that it is a
heritable disease pattern rather than an individual

in three patients (Patient 1, age 39; Patient 3, age 30; Pati
within different extents of ®eld.
expression. Screening of genes known to cause ad RP
did not detect mutations in our patients.
In the donor retina from the ad concentric RP
family, the disease was retina-wide with shortening of
rod and cone outer segments throughout, but extreme

, age 40) illustrating normal or nearly normal sensitivities
differences in severity of expression between the
periphery and center. The macula of the donor retina



different geographic patterns of photoreceptor
degeneration in RP.

data analyses; and Gulraiz Malik and Jama Bouy for
technical assistance.
appeared slightly thinned grossly but otherwise
normal. Microscopically there was some photo-
receptor cell loss and shortening of the rod and cone
outer segments. The mid periphery showed similar
changes in the photoreceptors up to an abrupt
transition point where photoreceptor cells lacked
outer segments and then were lost.

The far periphery, with heavy bone spicule pigment
observed grossly, contained no photoreceptors and the
retina was severely degenerate and gliotic. Previous
descriptions of bone spicule deposits noted thick ECM
deposits associated with the migrated RPE cells (Li
et al., 1995a,Li, Possin and Milam, 1995b). The ECM
deposits in the present case were numerous and
extremely thick, and resembled drusen in their
content of lipid, calcium, elastin and PAS- and
Ricinus-positive materials. As shown previously (Li et
al., 1995a,b), the ECM deposits occluded the vascular
lumina, correlating with the severe loss of inner
retinal neurons noted in the far periphery.

Use of Oil Red O stain to characterize the ECM
deposits revealed novel lipid droplets in the inner
segments of the photoreceptors near the zone of
photoreceptor dropout. These lipid droplets were
smaller than the photoreceptor nuclei and may
correlate with an early stage of photoreceptor cell
death. Cells of the RPE have been noted to undergo
lipoidal degeneration (Fine and Kwapien, 1978; Tso
and Fine, 1979; Fine, 1981; El Baba et al., 1986).
However, to our knowledge, cytoplasmic lipid droplets
have not previously been described in degenerating
human photoreceptors; it is unknown if these novel
droplets are unique to concentric RP or also found in
other forms of photoreceptor disease.

Although a great deal of information is now
available about speci®c gene mutations that cause
RP, little is known about the different geographic
patterns of visual ®eld loss. Certain patterns are
consistently associated with speci®c gene mutations.
For example, a subgroup of ad RP patients with RHO
mutations shows an inferior-nasal to superior-
temporal retinal gradient of disease expression (Heck-
enlively, Rodriguez and Daiger, 1991; Li, Jacobson
and Milam, 1994; Gal et al., 1997; Cideciyan et al.,
1998). Presumably all rods across the retina express
the mutant RP allele, yet not all degenerate at the
same rate, suggesting that other factors in¯uence the
topographic pattern of photoreceptor death. From
transgenic mice carrying a RHO mutation, it is known
that dim overhead light accelerates rod cell death in
the inferior retina (Naash et al., 1996). The same may
be true for human patients with severe disease of the
inferior retina, thought to re¯ect increased light levels
incident to that region from overhead illumination
(Heckenlively et al., 1991; Li et al., 1994). Another
form of ad RP caused by RP1 mutations shows early
defects in the nasal retina, more inferior than superior

CONCENTRIC RETINITIS PIGMENTOSA
(Jacobson et al., 2000). In many forms of RP, the mid
periphery in all quadrants is the ®rst area to
degenerate (Grover et al., 1998) but the physiologic
basis for this common pattern remains unknown.

Concentric RP is another topographic variant that
requires elucidation. The pattern suggests that
unknown retinal molecule(s) with peripheral to
central gradients of distribution may be defective or
modify photoreceptor degeneration in RP. Although
intraretinal gradients of various molecules are present
during development and postnatally (van Ginkel et al.,
1995; Marcus et al., 1996; McCaffery et al., 1999;
Schulte et al., 1999; GruÈ n et al., 2000; Mic et al.,
2000; Suzuki et al., 2000), to the authors' knowledge
none of these gradients match the pattern of
photoreceptor death found in concentric RP. Rather,
the opposite is true for the distribution of one known
photoreceptor survival factor, basic ®broblast growth
factor, which is highest in rods in the far periphery and
lowest in rods in the macula (Li, Chang and Milam,
1997). Much remains to be learned about possible
gradients of other photoreceptor survival factors
within the human retina, as well as the basis of the
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