Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 8357-8362, July 1998
Neurobiology

Normal retina releases a diffusible factor stimulating cone
survival in the retinal degeneration mouse

SADDEK MOHAND-SAID*, ALAIN DEUDON-COMBE*, DAVID HICKS, MANUEL SIMONUTTI, VALERIE FORSTER,
ANNE-CLAIRE FINTZ, THIERRY LEVEILLARD, HENRI DREYFUS, AND JOSE-ALAIN SAHELT

Laboratoire de Physiopathologie Rétinienne, Université Louis Pasteur, Clinique Ophtalmologique, Centre Hospitalier et Universitaire, BP 426, 1, Place de

I’'Hopital, 67091 Strasbourg Cedex, France

Communicated by John E. Dowling, Harvard University, Cambridge, MA, May 6, 1998 (received for review July 21, 1997)

ABSTRACT The role of cellular interactions in the mech-
anism of secondary cone photoreceptor degeneration in in-
herited retinal degenerations in which the mutation specifi-
cally affects rod photoreceptors was studied. We developed an
organ culture model of whole retinas from 5-week-old mice
carrying the retinal degeneration mutation, which at this age
contain few remaining rods and numerous surviving cones
cocultured with primary cultures of mixed cells from postna-
tal day 8 normal-sighted mice (C57BL/6) retinas or retinal
explants from normal (C57BL/6) or dystrophic (C3H/He)
5-week-old mice. After 7 days, the numbers of residual cone
photoreceptors were quantified after specific peanut lectin or
anti-arrestin antibody labeling by using an unbiased stereo-
logical approach. Examination of organ cultured retinas
revealed significantly greater numbers of surviving cones
(15-20%) if cultured in the presence of retinas containing
normal rods as compared with controls or cocultures with
rod-deprived retinas. These data indicate the existence of a
diffusible trophic factor released from retinas containing rod
cells and acting on retinas in which only cones are present.
Because cones are responsible for high acuity and color vision,
such data could have important implications not only for
eventual therapeutic approaches to human retinal degenera-
tions but also to define interactions between retinal photore-
ceptor types.

Despite recent advances, our understanding of the mecha-
nisms underlying visual malfunction and cell loss in retinitis
pigmentosa (RP) has provided few clinically significant clues
to improve retinal cell survival (1-3). RP forms a group of
inherited photoreceptor dystrophies characterized largely by
early features of rod photoreceptor impairment (1, 4). Most
identified forms of RP are caused by defects in proteins
restricted to rod photoreceptors (5-8). Yet, at various stages
of the disease, a loss of the photopic function reflecting
degeneration of cone photoreceptors is found consistently (1,
4). Of extreme importance for the patient, cone cell death and
its functional consequences appear to be secondary events. No
current data exist to account for cone cell death, but obser-
vations made on animal models of RP provide arguments for
cone survival depending on the presence of rods. In several
models with selective elimination of rods, secondary loss of
cones is observed (9-11). The cause of rod cell death in these
animals, either transgenic or spontaneous mutants, cannot
account for direct cone cell loss (9-17). Putative mechanisms
of cone cell death include the liberation of endotoxins by
degenerating rods, environmental alteration, or deprivation of
rod-derived trophic factor(s). Recent studies using chimeras of
normal and transgenic mice carrying mutations in rods showed
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that photoreceptor cell death was diffuse rather than restricted
to areas with mutations in rods, providing evidence for a role
of cellular interactions between photoreceptors in survival and
degeneration of these cells (18). Based on these data, the
authors suggested that photoreceptors draw from a common
pool of trophic factor necessary for photoreceptor survival.

Rod photoreceptor degeneration caused by a mutation in
the B subunit of rod ¢cGMP phosphodiesterase has been
described in both the retinal degeneration (rd) mouse and in
human RP (6, 9, 16). In the rd mouse, a differential effect of
the mutation on rods and cones was demonstrated by Carter-
Dawson et al. (10, 11, 19); that is, cones die after rods. This
model appears appropriate to test the hypothesis of the
dependence of cones on the viability of rods. Indeed, we found
that transplantation of rod-rich photoreceptor transplants to
these animals at an age when most rods have disappeared
induced a significant increase in host cone survival (20).

To search for rod-derived trophic factors influencing cone
survival, we used an in vitro model permitting a more con-
trolled and reproducible assessment of photoreceptor cell
interactions in the rd mouse retina. We demonstrate the
existence of such a factor. In view of the importance of cones
for high acuity vision and color perception (21), such a
beneficial effect has important implications for both the
understanding of retinal degeneration and the development of
therapies.

MATERIALS AND METHODS

Experimental procedures adhered to the Association for Re-
search in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmology and Vision Research.

Animals and Tissue Preparation. Both normal C57BL/6
and mutant C3H/He strains were obtained from both Janvier
Animal Suppliers, Le Genest St. Isle, France (C3H/He/J) and
Charles River France, Saint-Aubain-Leés-Elbeuf, France
(C3H/He/N). All animals were reared in cyclic light (12 hr
on/12 hr off, with a room illumination of ~15 lux) at 25°C from
birth. The animals were killed with anaesthetic overdose: i.e.,
0.5 ml of ketamine (Imalgene 500, 5 mg/ml or 140 mg/kg body
weight; Rhone Merieux, Lyon, France). After enucleation and
removal of the anterior segment, the retina was separated from
the posterior segment in DMEM. Retinas destined for organ
culture experiments were isolated from 5-week-old C3H mice
homozygous for the rd locus (C3H/He, rd/rd). This age was
selected in view of earlier work (17, 18) showing that, at this
age, almost no rods are left whereas >50% of cones are still
present. Retinas from rd mice aged 5 and 6 weeks also were
isolated to estimate the cone cell loss during the sixth 1-week
period in vivo.

Abbreviations: rd, retinal degeneration; RP, retinitis pigmentosa; PNA

peanut agglutinin.
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Tissue Culture. After isolation, retinas were flattened gently
at the bottom of culture wells, the photoreceptor layer facing
up, in 0.5 ml DMEM. Control retinas were cultured in DMEM
only for 7 days whereas treated retinas were cocultured for the
same period under Falcon minicell inserts containing disso-
ciated cell cultures prepared from retinas of postnatal day 8
normal or rd mice (22) or intact explanted retinas from
5-week-old normal or rd mice, respectively. This experimental
system avoided direct contacts between the populations. The
first experimental series using C3H/He/J mice comprised:

retinas cultured in DMEM alone (n = 12);

retinas co-cultured with dissociated cells from two 8-day
normal mouse retinas (n = 12);

retinas co-cultured with dissociated retinal cells from two
8-day rd retinas (n = 12);

retinas co-cultured with 2 whole retinal explants from 5 week
normal mouse retinas (n = 12);

retinas co-cultured with 2 whole retinal explants from 5 week
rd mouse retinas (few remaining rod photoreceptors) (n = 12);
The same as for condition 5 but using four explanted rd retinas,
to compensate for mass differences between 5 week C57BL/6
and rd retinas (n = 10).

All controls included the retina from the fellow eye. An equal
number of right and left eyes were studied in each experimen-
tal setting, and all retinas in this series were processed for
peanut agglutinin (PNA) labeling. A second independent
series of cultures prepared from C3H/He/N mice examining
only conditions 1 and 2 (n = 10 for each treatment) and using
an antibody rather than lectin cytochemistry to visualize cones
(see below) also was performed.

Morphological and Immunocytochemical Analysis. After 7
days in culture, the retinas were fixed for 1 hr with 4%
paraformaldehyde, rinsed in PBS, permeabilized in PBS con-
taining 0.1% Triton X-100 (5 min), and immersed in PBS
containing 0.1% BSA and 0.1% Tween 20 (solution A) for 30
min. The different probes used were screened initially on intact
retinas isolated from 5-week normal and rd mice to ensure
their specificity. Labeling of cones in cultured retinas was

a
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performed by using the following methods, with all incubations
being performed in solution A: (i) Incubation in PNA lectin
from Arachis hypogae (Sigma) (50 ug/ml for 1 hr) (23)
followed by anti-PNA polyclonal antibody (Chemicon) (10
pg/ml for 1 hr) and finally with goat-anti rabbit IgG-Texas Red
(Molecular Probes) (10 wg/ml for 1 hr). In some trials,
cultured retinas were incubated in a mix of PNA-biotin (Sig-
ma) (50 ug/ml) and anti-arrestin polyclonal antibody (gener-
ous gift of I. Gery, National Institutes of Health) (10 wg/ml)
for 2 hr and were visualized with a mix of Streptavidin-Texas
Red (5 pg/ml) and goat-anti rabbit [gG-BODIPY FL (both
from Molecular) (5 pg/ml) for 1 hr; (if) Incubation in anti-
arrestin polyclonal antibody and rho-4D2 anti-opsin mAb (24)
(10 pg/ml each) for 2 hr, then incubation in goat anti-rabbit
IgG-Texas Red (10 wg/ml) and goat anti-mouse I[gG-BODIPY
FL (10 pg/ml for 1 hr). After extensive rinsing, the retinas
were flat mounted in PBS/glycerol (1:1), with the photore-
ceptor layer facing up, and were examined by using a Nikon
Optiphot 2 fluorescence photomicroscope equipped with the
corresponding filter sets.

Cell Counting. The total numbers of labeled cones were
estimated in the flat-mounted retinas by using a stereological
approach to obtain unbiased samples (25). Because the sur-
viving cones form a monolayer, the optical dissector method
aimed at avoiding oversampling errors could be restricted to a
sharp focus on every single counted area. The cells were
counted on 200 sampled, nonoverlapping 1,825-um? zones
determined in a systematic random fashion to sample equally
the whole retinal surface extending from the center of the optic
nerve head over a radius of 2 mm (Fig. 1). The whole retinal
surface that did not differ between the various experimental
paradigms represented, on average, 12.8 mm? and was divided
into 1,600 fields of 8,000 um?-areas. Among these, 50 fields
distributed throughout the whole retinal surface were chosen
with a stage encoder by using a systematic random sampling
procedure: An initial random choice was made within the first
measurement interval, and all subsequent sampling was per-
formed at predetermined intervals throughout the entire
retinal surface. Each field was observed by using a Nikon Plan
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F1G. 1. (a) Systematic random sampling of the retinal surface for stereological counting. ON, optic nerve. (b) Each sample was subdivided into
four counting fields after focusing and digitization. (c¢) Counting was performed by using a stereological dissector. (d) Example of a counted sample
from a 5-week-old rd mouse retina cocultured for 8 days with dissociated cells from 8-day-old C57 rod-containing retina. White arrow head, counted

cells; black arrow head, excluded cells. (Bar = 5 um.)
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40X objective with a numerical aperture of 0.70 differential
interference contrast microscopy using fluorescence optics on
an Optiphot 2 Nikon photomicroscope equipped with a Sony
trinitron color graphic display camera (Sony, Tokyo). Each
image was focused on a plane allowing reliable counting of all
cones present in the area under observation, was digitized by
using a Multiscan 17se II (lilyama, Croissy-Beaubourg,
France) and a Matrox Millenium (2 M) graphic card (Matrox,
Quebec, Canada), and was stored. By using the software
AUTOMATOR for Windows provided by Biocom (Paris), the 50
fields were zoomed and divided into 4 fields of 1,825 um?. Cell
counts were performed on the 200 fields viewed on the
computer screen by using an unbiased counting frame (25)
(Fig. 1). This strategy for sampling was calibrated previously by
comparison of the estimates with numbers obtained after
counting of the entire retina with double and triple sample
numbers.

Statistical Analysis. For comparisons of cocultured vs.
control retinas, difference analysis was performed with the
StatWorks Data STUDENT’S T STATISTIC software (Cricket
Software, Malvern, PA) by using the parametric method of
Student’s ¢ test for unpaired series (26) for one variable: i.e.,
the total cone number estimates per retina. Because the
numbers found in control cultured C3H/He/J retinas did not
vary significantly (mean = SD = 102118 = 6436), a series of
24 PNA-labeled controls taken from all experiments using this
strain were used for comparison. The use of Student’s ¢ test for
paired series comparing the numbers in paired cocultured and
control retinas did not change the significance of the data.

RESULTS

Cytochemical Labeling. Rod photoreceptors in dissociated
cell cultures of 8-day normal and rd retinas were identified by
using rho-4D2 and represented in both cases ~50% total
neurons (Fig. 2). The specificity of labeling of the different
lectin and antibody probes was verified by using in vivo and in

FiG. 2. Five-day in vitro cultures of normal (a) and rd (b) mice
retinal cells from postnatal day 8 animals, stained with rho-4D2
anti-rod opsin antibody. In both cases, numerous immunoreactive cells
are visible. (Bar = 10 um.)
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vitro normal and rd retinal tissue. Double labeling of rd retina
with PNA and anti-arrestin antibody showed that the former
stained only the photoreceptor outer segment region whereas
the latter stained the entire cell body, inner and outer segment
(data not shown). Double labeling with anti-arrestin and
anti-opsin antibodies showed that opsin-immunopositive rods
formed a minor subset of the arrestin-immunopositive cells
(both rods and cones). PNA labeling of cultured retinas
revealed small rounded structures present exclusively at the
outer surface (Fig. 3 @ and ¢). Double immunolabeling of some
retinas with arrestin antiserum revealed underlying cell bodies
and small irregular outer segments overlapping with the PNA
stain (Fig. 3 b and d). Correspondence between the two labels
did not change between control and test retinas (Fig. 3a-d). In
addition, cross sections taken from PNA-labeled cultured
retinas that were reembedded confirmed that the labeling was
restricted to superficially located cones (Fig. 4).

Cone Losses During the Sixth Postnatal Week in Vivo. The
stereological method used as described in Materials and Meth-
ods for estimating the total number of PNA-labeled cones
allowed us to detect changes in cone numbers over a short
period of time. The average number of PNA-labeled cones in
5-week-old C3H/He/J mice in vivo was 140508 = 7008
(mean = SD), which decreased by 10% to 126682 = 6816 at
6 weeks (Fig. 5). This difference was statistically significant
(P < 0.01). The number of PNA-labeled cones in C3H/He/N
retinas was ~25% less than in C3H/He/J mice (data not
shown).

FiG. 3. Explanted rd mice retinas cultured for 1 week in DMEM
alone (a and b) or in the presence of dissociated young retinal cells (¢
and d), then double immunolabeled with PNA lectin (¢ and ¢) and
arrestin antiserum (b and d). The same fields are shown in @ and b and
in ¢ and d and reveal that PNA lectin labels rounded matrix-associated
structures protruding from the retinal surface whereas arrestin is
present throughout the photoreceptor cell bodies and outer segments.
The differing focal plane of the two labels makes superimposition
difficult, but the overlapping nature of the staining pattern can be
observed (corresponding arrowheads in paired fields @ and b and in
paired fields ¢ and d). (Bar = 10 um.)
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F1G. 4. Cross section through a PNA-labeled flat-mounted retina,
showing that labeling is restricted to cones. (¢) Nomarski image of
outer 50 um of retina; (b) The same field viewed by fluorescence
microscopy, showing lectin staining present only at the surface (ar-
rows). (Bar = 10 um.)

Cone Changes in the Coculture Models. In the C3H/He/J
strain, PNA labeling of 5-week-old rd mouse retinas cultured
alone (control) for 8 days revealed 102118 * 6436 (mean *
SD) cones (Fig. 6). In contrast, in retinas cocultured with cells
from 8-day-old rd or normal retinas, the average number of
PNA-labeled cones was 117805 * 7581 (15% increase) and
122692 = 7384 (20% increase), respectively. Statistical analysis
with the Student’s ¢ test provided P value <0.0001 (z statistics
—6.498 and —8.611, respectively, with 34° of freedom). Rd
retinas cocultured with 5-week-old normal retinal explants
also showed significantly higher numbers of PNA-labeled
cones, 120359 = 7462 (t-statistic —7.603, 34° of freedom, P <
0.0001). No such difference was found when the mutant retina
was cocultured with 5-week-old rd mice retinal explants
(100875 = 5420 in controls vs.102118 * 6436) (¢ statistic 0.574,
34° of freedom, P > 0.5). When the number of 5-week rd
retinas in the cocultures was increased to four (approximately
the same total tissue mass as two 5-week normal retinas), we
observed a significant reduction in PNA-labeled cone numbers
in the target rd retina (77589 * 2852) (Fig. 6).

In the second series using cocultures of C3H/He/N retinas
in which both rod and cone numbers were estimated through
double immunolabeling using anti-rod opsin and -arrestin
antibodies (rods being immunolabeled by both antibodies
whereas cones were stained uniquely with anti-arrestin anti-
body), lower overall cone numbers were scored, but the ratio
of the difference between controls and those cocultured in the
presence of dissociated cells from 8-day normal mice retinas
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FiG. 5. Estimated total number of cones (mean * SD) in retinas
from 5-week and 6-week rd mice in vivo. *P < 0.01.
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F1G. 6. Estimated total number of cones (mean * SD) in 5-week-
old rd (C3H/He/J) mice retinas cultured in DMEM alone and from
5-week-old rd mice retinas cocultured with cells from 8-day-old normal
mice retinas with cells from 8-day-old rd mice retinas, with retinal
explants from 5-week-old normal mice, and with retinal explants from
S-week-old rd mice. *P < 0.0001.

was similar (74818 = 4901 vs. 88911 = 6796, or an increase of
19%) (Fig. 7a). Rods represented ~10% total photoreceptor
numbers, and, in contrast to cones, their numbers were not
altered significantly by coculture (11988 + 341 vs. 12652 =+
429) (Fig. 7b).

DISCUSSION

The stereological approach used in this study allows a more
precise estimation of cone cell numbers in the rd mouse retina
compared with other studies (9, 10, 27). Previous reports
stated that counting of morphologically identified cones in
representative transverse sections did not reveal any changes
between 36 and 47 postnatal days (10). Our stereological
sampling of the entire retinal surface demonstrated a statis-
tically significant decrease of 10% between 35 and 42 postnatal
days. Stereology is accepted as the most unbiased and repro-
ducible method for enumerating neurons in the central ner-
vous system (25, 28). This approach compensated the differ-
ences between the superior and inferior hemispheres because
the total surface of the retina was sampled. It reduced greatly
the large variation observed in other studies relying on the
sampling of relatively few tissue sections (9, 27). We calculated
SD values of 5-8% of the mean value, permitting reliable
statistical treatment of the data. Cones were identified by using
two independent probes, PNA lectin and anti-arrestin anti-
body, which concorded in their staining patterns. PNA binds
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FiG.7. Estimated total number (mean * SD) of cones (@) and rods
(b) in retinas from 5-week-old rd mice (C3H/He/N) cultured in
DMEM alone and in retinas from 5-week-old rd mice cocultured with
8-day-old normal C57BL/6 mice. *P < 0.0001. There was no signifi-
cant difference between rod numbers.
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specifically to the glycocalyx surrounding cone outer segments
in both normal (23) and rd mice (29) in vivo whereas arrestin
was detected throughout the cell body and outer segments of
both cones and rods (30). These markers identified faithfully
photoreceptors in normal and rd mice retinas in vivo and in the
different culture paradigms. Although cone loss was slightly
greater in vitro than during the corresponding period in vivo
(presumably because of manipulation of the retina and main-
tenance in chemically defined medium for one week), this loss
was reduced significantly by coculture with dissociated cells
from young postnatal retina or intact adult normal retina.
Because such effects were not observed in the presence of
rod-less retina (indeed an equivalent tissue mass of rd retina
actually exacerbated cone death, possibly because of compe-
tition for trophic factors or liberation of toxic substances), we
hypothesize that retinas containing rods release a diffusible
survival-promoting factor for cones.

To our knowledge, this study represents the first report of
any objective rescue effect on cones in genetic retinal degen-
erations affecting primarily rods. The existence of diffusible
trophic factors influencing photoreceptor survival initially was
suggested from studies of chimeric normal and dystrophic rat
retina in which regions of rod survival overgrew normal retinal
pigmented epithelium (31). This hypothesis is supported by our
recent findings (20) that transplantation of isolated outer
nuclear layer fragments from C57BL/6 mice (and hence 97%
pure in rods) promote survival of cones in the rd host retina,
including at distance from the transplantation site (20). Taken
together, these studies support a role for cellular interactions
in cone survival within dystrophic and possibly normal retina.
Our experimental paradigm, avoiding direct contact between
the source of the putative factor and the target tissue, suggests
that trophic interactions between photoreceptor populations
are mediated by diffusible signal(s).

Our study is in agreement with previous findings (12-17) in
several animal models and in numerous patients with RP
corresponding to diffuse rod dystrophies demonstrating that
cone photoreceptor death lags behind that of rods (12-17).
These studies included spontaneous mutants such as the rd
mouse in which this sequence of events was demonstrated well
by Carter-Dawson et al. (10) as well as transgenic models
carrying a mutation in the rhodopsin gene or constructs aimed
at selectively destroying rod cells (12-17). All demonstrated a
similar pattern of photoreceptor loss. In chimeric retinas
composed of patches of normal and transgenic photoreceptors
expressing a mutant rhodopsin gene, uniform retinal degen-
eration independent of the genotype was observed (18). The
authors proposed that each photoreceptor contributes to and
draws from a common pool of trophic factor. Apoptosis, often
observed in the central nervous system as a consequence of
growth factor deprivation, has been demonstrated to be in-
volved in rod death (3). The mechanism of cone death has not
as yet been reported.

Experiments using retinal cell transplantation also support
arole for trophic interactions in photoreceptor cell survival. In
the Royal College of Surgeons rat, an animal model of RP in
which defective phagocytosis of rod photoreceptor outer seg-
ments by retinal pigmented epithelium leads to retinal degen-
eration (32), several investigators have demonstrated a rescue
effect of retinal pigmented epithelium transplants on host rod
photoreceptors (33, 34). Of importance, rescue also could be
observed at some distance from the grafted cells, suggesting
the existence of diffusible trophic factors released by the
transplant. Furthermore, this salvaging effect also was ob-
served after intraocular injection of growth factors (35) and
transiently following sham surgery (36).

Data on the presence and effects of soluble polypeptide
growth factors such as fibroblast growth factors and neuro-
trophins in photoreceptors and other retinal cells are numer-
ous (33, 38). The therapeutic potential of these and other
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neurotrophic factors in neurodegenerative disease is consid-
erable (39) because the beneficial effects of growth factors
have been demonstrated in a variety of in vivo and in vitro
retinal models (37-41). Trophic effects have been demon-
strated recently intravitreal injection of ciliary neurotrophic
factor in some mutants in which the primary gene defect is
located within the photoreceptors (42). Rods were protected
partially by this growth factor whereas no significant protec-
tion of cones could be demonstrated. It is interesting to note
that rods were not protected under the experimental condi-
tions used in our study, presumably because, by this stage, their
apoptotic cycle already has been activated. Such data indicate
that timing of treatments will be of paramount importance in
protecting one or the other photoreceptor population.

Research aimed at alleviating human retinal degenerations
currently is exploring three main avenues: gene therapy,
pharmacology, and transplantation. The first includes at-
tempts at replacing defective genes (43-46), the second in-
cludes attempts at slowing photoreceptor cell loss by using
growth factors (37, 42) or protecting putatively remaining
cones with vitamin supplements (47), and the third includes
attempts at slowing such cell loss by grafting different retinal
cell populations (48, 49). Recently, evidence has been provided
using the same rd mouse model that early in vivo gene transfer
produces a significant delay in photoreceptor cell death (46).
This therapeutic approach is of major interest but carries some
clinically significant limitations such as the diversity of genes
mutated in human RP and the fact that replacement therapy
is not applicable for dominant forms of RP (20% of all human
RP). Moreover, Bennett ez al. (46) emphasize that this effect
was limited to the area of injection and suggest that the whole
retina should be treated. In the vast majority of previous
animal studies (30, 35, 40, 46), data have been presented on the
rod cells and not on the more clinically important cones. Our
data show that cones can be protected even after loss of almost
all rods.

The present study sits astride pharmacological and trans-
plantation approaches to retinal degeneration. The rescue of
cones could be attempted either by transplantation of photo-
receptor cells or by administration of the trophic factor.
Identification of a diffusible substance accounting for im-
proved cone survival would not only provide a significant
incentive for possible surgical or pharmacological therapeutic
approaches to treatment of RP. It also would provide a better
understanding of cone survival and death pathways in retinal
health and disease.
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