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Brief Communication

The Spatial Order of Horizontal Cells Is Not Affected by
Massive Alterations in the Organization of Other
Retinal Cells

Chiara Rossi, Enrica Strettoi, and Lucia Galli-Resta
Istituto di Neuroscienze del Consiglio Nazionale delle Ricerche, Sezione di Neurofisiologia, 56100 Pisa, Italy

To test whether retinal mosaics develop through interactions that are restricted primarily to the mosaic cells, we studied the horizontal
cellmosaic in mutant mice (rd/rd and rd/bcl2) displaying severe retinal abnormalities. These mutants show that the horizontal cell mosaic
develops normally even if these cells lack part of their synaptic input, have anomalous morphologies, eventually decrease in number, and
reside in an abnormally packed retinal layer. These data strongly support a developmental design in which the final position of each cell
in a retinal mosaic is controlled by interactions between homotypic cells and is independent of other cell types.

The present analysis is also an investigation of the effects of photoreceptor degeneration on the horizontal cells in an established
animal model of retinitis pigmentosa, the rd/rd mouse. We find that the organization of the horizontal cell mosaic resists photoreceptor
degeneration and, furthermore, that bcl2 overexpression prevents the partial loss of horizontal cells secondary to photoreceptor loss.
Secondary degeneration hampers attempts to restore retinal function by transplanting photoreceptors or promoting their survival. The
anti-apoptotic gene bcl2 appears to be a promising tool to rescue inner retinal neurons, increasing the probability that photoreceptor

rescue or substitution may be beneficial to subjects suffering from retinal degenerative diseases.
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Introduction

The retina consists of microcircuits arranged in a sheet. These
must sample every part of the visual scene. Facing these demands,
cells of the same type are commonly regularly spaced, forming
what have become known as retinal mosaics. Pioneering studies
have shown the orderly spatial arrangement of cone photorecep-
tors, horizontal cells, and ganglion cells (Wéssle and Riemann,
1978). Nonrandom spacing has now been confirmed for most
retinal cell types (Wissle and Boycott, 1991; Cook and Chalupa,
2000).

Mosaics arise early in development, and recent studies show
that minimal spacing rules between like cells are sufficient to
form most mosaics, so that each mosaic could develop indepen-
dently of other neuronal types in the retina (Cook and Chalupa,
2000; Galli-Resta, 2002). Experimental testing of this develop-
mental rule, however, has only just begun (Galli-Resta et al.,
1999; Galli-Resta, 2000; Rockhill et al., 2000; Raven and Reese,
2003).

As a contribution to this analysis, we focused here on the
horizontal cell mosaic in animal models of retinal degenerative
disease, in which we can simultaneously investigate how pathol-
ogy affects mosaic organization and whether retinal mosaics de-
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velop independently of abnormalities in other neuronal types.
We analyzed here rd/rd and rd/bcl2 mutants, in which the hori-
zontal cells lack normal synaptic input, have anomalous mor-
phologies, eventually decrease in number, and reside in an abnor-
mally packed retinal layer.

In the rd/rd mouse, photoreceptors undergo a progressive fast
degeneration, which is almost complete by 1 month of age
(Carter-Dawson et al., 1978; Jimenez et al., 1996). Transient syn-
aptic contacts between rods and horizontal cells develop to an
initial stage, but only some of them mature (Blanks et al., 1974).
Severe alterations in the morphology of horizontal cells are ob-
served in the rd/rd mutant, comprising hypertrophy and loss of
processes. By 3 months, horizontal cells also decrease in number
(Strettoi and Pignatelli, 2000). This mutant allowed us to test
whether horizontal cells form a mosaic independently of the par-
tial loss of synaptic input and notwithstanding their morpholog-
ical abnormalities. We also tested the effects of partial cell loss on
mosaic organization.

We generated the rd/bcl2 mutant by crossing the rd/rd mouse
with a transgenic overexpressing the anti-apoptotic gene bcl2 in
all CNS neurons but the photoreceptors. As a consequence of a
reduced developmental cell death, most neuronal types are su-
pernumerary in this mutant, including most cells in the retinal
inner nuclear layer (INL) but not the horizontal cells. This mu-
tant allowed us to test whether the horizontal cell mosaic is nor-
mal despite abnormal development of synaptic input, eventual
loss of input cells, and an increased number of cells in the very
layer in which the horizontal cells reside. We also tested the pro-
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tective effects of bcl2 overexpression on the secondary loss of
horizontal cells induced by the rd mutation.

Materials and Methods

Animal handling, tissue acquisition, and histological treatment. C57BL/6]
mice (Nossan, Milan, Italy) [from now on referred to as wild type (wt)],
C3Hrd/rd mice (Iffa Credo, Reims, France), and bcl2 overexpressing
transgenic mice on a C57BL background (a strain originated by J.-C.
Martinou, University of Geneva, Switzerland) were bred in the labora-
tory colony. All procedures using mice were conducted in accordance
with national regulations and the Association for Research in Vision and
Ophthalmology statement. Whole-mount retinas were analyzed in this
study; three retinas for each strain were taken at 1 and 3.5 months of age.
Animals were anesthetized with Avertin (0.1 ml/5 gm body weight, i.p.),
perfused with 4% paraformaldehyde in 0.1 M phosphate buffer for sec-
tions, or the eyes were enucleated and fixed for 30 min for whole mounts.
Horizontal cells were labeled using a calbindin D 28K monoclonal anti-
body [(Sigma, St. Louis, MO; clone CB 955 1:100 (sections) or 1:1000
(whole mounts)], followed by Oregon-Green-488 secondary antibody
(1:200; Molecular Probes, Eugene, OR). Nuclei were stained with red-
POPO3 (Molecular Probes). Dissection, sectioning, and immunostain-
ing are described in Strettoi and Pignatelli (2000).

Generation and characterization of rd™F b2 mutants. To obtain
rd* " bcl2 ' mice, rd™/" females were bred with bcl2-overexpressing
transgenic males. Bcl2 females have a closed vagina and cannot be mated.
Bcl2 transgenics are therefore heterozygous. The offspring (F1 generation),
heterozygous for the rd mutation, were analyzed by PCR to identify the
animals carrying the human bcl2 transgene; genomic DNA was extracted
from tail biopsies, using the primers 5'-ATGAGCCTTGGGACTGTGAA-3’
and 5'-GAAGACTCTGCTCAGTTTGG-3'.

F1 males rd ™/ ~,bcl2 7/~ were backcrossed with females rd ™. In F2
generation, the males carrying the homozygous rd mutation and the
human bcl2 transgene were identified by PCR analysis [for bcl2 primers
see above; for rd primers see Gustincich et al. (1997)]. These founders
were always backcrossed with rd*/* females, and the offspring were
tested by PCR for bcl2 primers. The presence of the human Bcl2 protein
in horizontal cells of rd/bcl2 mice was confirmed by double-labeling
immunocytochemistry using calbindin and anti-human Bc/2-fluorescein
antibodies (Dako, Carpinteria, CA; clone 124). The latter does not cross-
react with endogenous mouse Bcl2.

Data sampling. Samples were acquired using a Leica (Nussloch, Ger-
many) TCS-NT confocal microscope. In each whole-mount retina, 20
(250 X 250 wm?) regularly spaced fields were sampled along the four
major retinal axes. Retinal areas and the coordinates of cell positions in
each sample were obtained using an Image Analyzer (Imaging, Ontario,
Canada). The total number of horizontal cells in each retina was deter-
mined multiplying the retinal area by the average density of horizontal
cells in that retina.

Data analysis, statistical analysis, and simulations. To study the organi-
zation of the horizontal cell mosaic, we analyzed three distributions: the
nearest neighbor distribution, by which we obtained the regularity index,
defined as the ratio between the mean and the SD of the distribution of
nearest-neighbor distances; the distribution of the Delaunay segments
(segments that link each cell with its surrounding homotypic neighbors);
and the distribution of the Delaunay areas (enclosed by the Delaunay
segments). To determine the Delaunay triangulation, a domain is de-
fined for each cell containing all the points in the plane that are closer to
that cell than to any other cell in the mosaic (Voronoi domain). Delaunay
segments link cells with adjacent domains. We have chosen the Delaunay
triangulation because it provides very reliable statistics: each cell has one
nearest neighbor, one Voronoi domain, and an average of 2.5 Delaunay
segments.

Although the number of horizontal cells is constant, adult mouse ret-
inas vary in areas, with a consequent variability in horizontal cell density
(Jeon et al., 1998). This variability in cell density obviously affects cell
spacing, but we found that the Delaunay curves obtained for different wt
animals perfectly superimpose with one another if we first normalize the
average density of horizontal cells in each retina to the average wt density.

In other words, the wt retinas have a constant number of horizontal
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cells and a common geometry of horizontal cell distribution, so that
larger retinas space them proportionately more than smaller retinas.
Therefore, to analyze true differences in the geometry of the horizontal
cell mosaics between wt and mutant mice, we adopted this normalization
procedure whenever the number of cells in the retina analyzed were
within the normal wt range. This normalization was not performed in the
cases of the 3.5-month-old rd mutants that have a decreased number of
horizontal cells (Strettoi and Pignatelli, 2000). Plots and frequency his-
tograms were produced by means of Origin 5.0 (Microcal). Statistical
comparisons between histograms from wt and mutant animals were per-
formed using the bootstrap analysis. This analysis avoids assumptions
about the data distribution and takes into account the variability within
each dataset. This is possible because the bootstrap uses computational
power to obtain a numerical estimate of the quantity of interest, in this
case the difference between the distributions associated with the mosaics
of the wt and the mutant retinas. Briefly, from a data set x = (x;,%,,. . . .
Xy) of size N, a sample of the same size is obtained by drawing with
replacement elements from x. The bootstrap sample is denoted x* = (x,*,
%%, ., xgY). Each of the xj* is one of the original x value, randomly
selected. For example x;* = x,, x,* = x5, x3* = x5. The bootstrap estimate
of the quantity of interest is obtained as follows: (1) a large number ( B) of
independent bootstrap samples is drawn from the data, (2) the quantity
of interest is calculated for each bootstrap sample, and (3) mean and SD
of quantity of interest are derived from the B bootstrap samples. In our
case a bootstrap sample is obtained by randomly drawing (with replace-
ment) N wt histograms and M mutant histograms, where N is the num-
ber of wt histograms and M the number of mutant histograms obtained.
For each bootstrap sample we computed the total wt histogram and the
total histogram for the mutant data, normalized them, and subtracted
one from the other to obtain the difference. From the 10,000 bootstrap
samples we derived the mean and SD for the count contained in each bin
of the different histograms. This was performed for every comparison
shown in Figures 3 and 4, enabling us to determine the extent to which
the wt and mutant histograms differed. A difference between wt and
mutant is scored as significant when the bootstrap estimate of the quan-
tity of interest remains for all bins within the difference obtained com-
paring independent data sets from wt animals. The wt samples showed a
variability =13%.

Bootstrap was performed by means of a custom-made program (Galli-
Resta et al., 1999). A detailed explanation of the bootstrap method is in
Efron and Tibshirani (1991).

The random elimination of horizontal cells in the wt samples was
performed with a custom-made program.

Results

Significant abnormalities of retinal architecture are evident in the
rd/rd and rd/bcl2 mice even in low-power vertical sections (Fig.
1A-C). At 1 month of age, both mutants lack photoreceptors. In
addition, the rd/bcl2 displays an abnormally thick INL in which
many more cells than normal are packed (Fig. 1C), as in the
parent bcl2 strain (Strettoi and Volpini, 2002). The horizontal
cells (green) are in a monolayer in both mutants, appropriately
positioned in the outer part of the INL. Examples of the horizon-
tal cell organization as seen in whole-mount retinas of the wt and
mutant strains are shown in Figure 1 D-F. The number of hori-
zontal cells in either mutant is not significantly different from
that observed in the wt animals at 1 month of age, as shown in
Figure 2 A. At 3.5 month of age, the rd/rd mutants show a slight
decrease in the number of horizontal cells (Fig. 2A, left), as re-
ported previously (Strettoi and Pignatelli, 2000).

To test the organization of the horizontal cell mosaic we first
analyzed the regularity index, a common measure of regularity,
defined as the ratio between the mean and the SD of the distribu-
tion of nearest neighbor distances. As shown in Figure 2B, this
measure did not provide significantly different values for the wt
and the two strains of mutant mice (f test significance level, p =
0.01). To further study the spatial organization of horizontal
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cells, we analyzed the distribution of
Delaunay segments, which link each hori-
zontal cell to its surrounding homotypic
neighbors, and the distribution of the ar-
eas of the triangles enclosed by the Delau-
nay segments (Fig. 3A). This analysis al-
lows us to measure the regularity of cell
spacing within the mosaics and that of the
tiling associated with the mosaic. The cor-
responding histograms (Fig. 3B—E) show
that at 1 month of age, there is no differ-
ence between the geometrical organization
of the horizontal cell mosaic in the wt and
the rd/rd or rd/bcl2 mutants (bootstrap
analysis). 20um

At 3.5 months of age a difference in the Nl
horizontal cell mosaic becomes apparent
between the wt and the rd/rd mutant in the
Delaunay triangulation (Fig. 4A), whereas
there is no difference between wt and rd/
bcl2 (Fig. 4 B) (bootstrap analysis). At this
age, however, the rd/rd mutants have lost
some horizontal cells (Fig. 2A) (Strettoi
and Pignatelli, 2000), suggesting that a dif-
ference in their mosaic could simply be the
result of cellular loss. To test this hypoth-
esis, we produced simulations by taking
the wt samples of the horizontal cell mo-
saic and randomly eliminating cells until
their number had dropped to the rd/rd
level (Fig. 4C). These simulations have Delaunay segment distri-
butions indistinguishable from the rd/rd case (Fig. 4 D), suggest-
ing that the cell loss by itself can explain the observed change in
the horizontal cell mosaic at this age.

Figure 1.
staining outlines the different retinal layers. B, Cross section of a 1-month-old rd/rd retina. Notice the complete loss of photore-
ceptors. C, Cross section of a 1-month-old rd/blc2 retina. Notice the complete loss of photoreceptors and the significant increase in
the thickness of the INL. D—F, Notwithstanding significant retinal abnormalities, the horizontal cell mosaics in the rd/rd ( £) and
rd/bcl2 (F) mutants are indistinguishable from the wt (D) when visualized in retinal whole mounts. Retinal eccentricities are

Discussion

We have found that the spatial organization of the horizontal cells
is not affected in mutant retinas displaying profound alterations
in the horizontal cell synaptic input and in the density of the cell
layer where the horizontal cells are located. This analysis focused
on two mutant strains, the rd/rd and rd/bcl2 mice. In the rd/rd
mouse the horizontal cells lack functional input from rod photo-
receptors. In this mutant, the rapid and massive degeneration of
the rod photoreceptors is complete within the first weeks of life,
paralleled by a slower loss of cones (LaVail et al., 1997). Rod
bipolar cells are never observed to form appropriate synaptic
contacts with photoreceptors (Blanks et al., 1974; Strettoi and
Pignatelli, 2000). This mutant thus allows testing of the depen-
dence of the horizontal cell mosaic on the cell providing the
major synaptic input.

In the rd/blc2 mutant the horizontal cells are in normal num-
ber, but lack functional input as in the rd mutation, and reside in
an abnormally densely populated layer, because the number of
cells forming the INL is significantly higher than in the wt animals
(Fig. 1C), as in the bcl2 parent strain (Strettoi and Volpini, 2002).
This mutant allows testing of the independence of the horizontal
cell mosaic from the density of cells in the layer where they reside
and in general from the cell populations in the INL.

We found that in both mutants the organization of the horizontal
cell mosaic is indistinguishable from normal. The conclusion seems
inescapable that the maintenance of the regular spacing of horizontal
cells does not require normal synaptic interactions or normal cell
packing.
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A, Cross section of a 1-month-old wt retina. Horizontal cells are shown in green (arrow), whereas a red nuclear

matched in all retinal samples illustrated. Scale bars, 20 pm.
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Figure2. A, Thenumberofhorizontal cellsis normalin the rd/rd and rd/bcl2 mice at 1 month

of age. It hecomes slightly but significantly lower in the rd/rd mutant by 3.5 month of age. Such
a decrement is not observed in the rd/bcl2 mutants. B, No significant difference is observed in
the regularity index between the wt and either mutants. The regularity index is the ratio be-
tween the mean and SD of the distribution of nearest-neighbor distances.

These findings indeed show that the horizontal cell mosaic can
form even when there are profound alterations in other cell types
atthe time the mosaic develops. In the rd/rd mouse the horizontal
cell mosaic attains a mature spatial organization not earlier than
postnatal day (P) 10, when horizontal cells become positioned in
a single monolayer (Schnitzer and Rusoff, 1984; Reese et al.,
1999). At this time both mutants that we analyzed already display
severe retinal abnormalities. At P10 the rd/rd mice have abnormal
and reduced synaptic contacts between photoreceptors and hor-
izontal cells and already display conspicuous photoreceptor de-
generation (Blanks et al., 1974). These alterations affect the mor-
phology of the horizontal cells [which show a 10-fold increase in
axonal sprouting by the second postnatal week (Strettoi et al.,
2002)] but not their spatial ordering.

In the rd/bcl2 mutants the horizontal cells are confronted with
the photoreceptor loss derived from the parent rd mutation; they
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Figure 3.  No significant difference is observed between the Delaunay triangulation associ-
ated with the horizontal cell mosaic in the wt or in either mutation at 1 month of age. A, An
example of the Delaunay triangulation. Delaunay segments link each cell with its surrounding
neighbors. B, C, No significant difference is observed in the distribution of Delaunay segments
between the rd/rd and the wt ( B) or the wt and the rd/bcl2 mutant ( (). D, £, The distribution of
Delaunay areas is not statistically different between the wt and either mutant. (Kolmogorov—
Smirnov test between average distribution; in each case p << 0.05. Differences are also not
statistically significant when analyzed with the bootstrap method.)
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Figure 4.  Quantitative analysis of the horizontal cell mosaic in the wt, rd/rd, and rd/bcl2
mutations at 3.5 months of age. 4, B, A slight but significant difference is observed between the
distribution of Delaunay segments of the rd/rd and wt (A), whereas the rd/bcl2 remains indis-
tinguishable from the wt (8). G, D, By 3.5 months of age, the rd/rd has lost a small but significant
number of cells (Fig. 2 A). The random elimination of cells in the wt samples until these had the
same number of cells found in the rd/rd (() suffices to reproduce the rd/rd distribution of
Delaunay segments (D).

also reside in an abnormally dense layer, for the increased cell
survival caused by bcl2 overexpression (Strettoi and Volpini,
2002). Still, we found that the spatial organization of the horizon-
tal cells is normal.

These data nicely complement previous findings showing that
the horizontal mosaic forms independently of the developmental
abnormalities brought about by albinism or of the presence of
cone photoreceptors (Raven and Reese, 2002, 2003). Taken to-
gether the results of this and previous studies (Raven and Reese,
2002, 2003) strongly suggest that the spatial organization of the
horizontal cell mosaic is largely independent of other cells types.

The hypothesis that most retinal mosaics develop indepen-
dently of each other originates from studies showing that mosaics
formed by cells of different types lack any spatial correlation
(Rockhill et al., 2000) and from the observation that in most
retinal mosaics the only detectable pattern is a minimal spacing
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between mosaic cells (Galli-Resta, 1998, 2000). This minimal
spacing rule is sufficient to simulate the geometry of mosaics,
suggesting that interactions between the mosaic cells suffice for
mosaic formation (Galli-Resta et al., 1997; Galli-Resta, 1998,
2001). The minimal spacing rule must be complemented by ad-
ditional constraints when a single cell population splits into two
mosaics [the ON-OFF mosaics of ganglion cells (Bodnarenko
and Chalupa, 1993; Zhan and Troy, 2000) or in the case of spa-
tially correlated mosaics (Kouyama and Marshak, 1997)].

The independent assembly of most retinal mosaics is an im-
portant feature of retinal development. In a system in which 50 or
so cell types are generated (Masland, 2001), it is not difficult to
envision the need for spatial positioning to be controlled inde-
pendently of the events by which the cells are originally specified
(Rockhill et al., 2000). The different cell types appear to be spec-
ified by a combination of a progressive restriction in the potential
of the cell progenitors and inductive events (Perron and Harris,
2000; Livesey and Cepko, 2001). If the spatial positioning of cells
could not undergo additional and separate controls it would be
difficult to explain how each cell type would regularly tile the
retina and yet be positioned independently of other cells types.

A much more effective developmental design, consistent with
the experimental observations so far available, is that cell genesis
and cell positioning are determined separately. Once generated,
cells migrate to their layer, and a simple rule controlling the spac-
ing between cells of the same type suffices to control mosaic
formation (Galli-Resta et al., 1997; Galli-Resta, 2001). This en-
sures uniform coverage of the retina by each cell type, indepen-
dent of the mechanisms that control the genesis of the different
retinal cells.

The finding that the horizontal cell mosaic is unaffected in the
rd/rd and rd/bcl2 mice is also relevant in the context of retinal
degeneration, because the rd/rd mutation is a classic animal
model for retinitis pigmentosa (Chang et al., 2002). Promising
attempts are in progress to prevent photoreceptor loss or restore
functional photoreceptors in this family of diseases (Frasson et
al., 1999; Acland et al., 2001; Lund et al., 2001). The degree of
preservation of the inner retina is critical for the potential of these
attempts to lead to functional recovery. Although recent studies
show significant alterations in the horizontal cell morphology
(Strettoi and Pignatelli, 2000; Strettoi et al., 2002), this study
reveals that the horizontal cells retain the even coverage of the
retina that ensures the physiological tiling of the visual scene.

Finally, this study provides new insight into the mechanisms
controlling horizontal cell death, as revealed by the rd/bcl2 mice,
in which bcl2 overexpression is capable of preventing the second-
ary loss of horizontal cells observed in the central retinas of rd/rd
mice at 3.5 month of age. Thus, this anti-apoptotic agent could be
used to rescue inner retinal neurons from secondary degenera-
tion, enlarging the time window in which receptor transplants or
substitution may be beneficial to subjects suffering from retinal
degenerative diseases.
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