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Control of Cellular Pattern Formation in the Vertebrate Inner
Retina by Homotypic Regulation of Cell-Fate Decisions
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The vertebrate retina is composed of cellular arrays that are nonrandom across two-dimensional space. The determinants of these
nonrandom two-dimensional cellular patterns in the inner nuclear layer of the retina were investigated using empirical and computa-
tional modeling techniques. In normal and experimental models of goldfish retinal growth, the patterns of tyrosine hydroxylase- and
serotonin-positive cells indicated that neither cell death nor lateral migration of differentiated cells were dominant mechanisms of
cellular pattern formation. A computational model of cellular pattern formation that used a signaling mechanism arising from differen-
tiated cells that inhibited homotypic cell-fate decisions generated accurate simulations of the empirically observed patterns in normal
retina. This model also predicted the principal atypical cellular pattern characteristic, a transient cell-type-specific hyperplasia, which
was empirically observed in the growing retina subsequent to selective ablation of differentiated retinal cells, either tyrosine hydroxylase
positive or serotonin positive. The results support the hypothesis that inhibitory spatiotemporal regulation of homotypic cell-fate

decisions is a dominant mechanistic determinant of nonrandom cellular patterns in the vertebrate retina.
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Introduction

At the cellular level, the vertebrate retina is characterized by a
high degree of spatial order across its tangential plane, and this
structural organization is likely to be a key contributor to the
functional characteristics of the retina. Although these nonran-
dom two-dimensional (2D) cellular patterns are common across
the vertebrate subphylum, the mechanisms that drive their for-
mation during retinal growth are not completely understood.
Empirical and computational investigations of cellular pattern
formation in the vertebrate retina have, however, generated
specific theories regarding the mechanisms that position cells
within two-dimensional space. Three of these hypothesized
mechanisms are the spatiotemporal control of cell-fate deci-
sions (Eglen and Willshaw, 2002; Frankfort and Mardon,
2002; Cameron and Carney, 2004), lateral migration of differ-
entiated cells (Hendrickson, 1994; Reese et al., 1995, 1999;
Galli-Resta et al., 1997; Eglen et al., 2000; Galli-Resta, 2000),
and spatial patterns of apoptosis (Jeyarasasingam et al., 1998;
Cusato et al., 2001; Eglen and Willshaw, 2002; Raven et al.,
2003). Each of these mechanisms may function coincidentally
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or at disparate times during development (for review, see
Cook and Chalupa, 2000).

In the current investigation, a combination of empirical and
computational modeling techniques was used to explicitly evaluate
and differentiate these three hypothesized mechanisms. For the em-
pirical analyses, longitudinal growth assessment, cellular death de-
termination, selective cellular ablation, and quantitative spatial pat-
tern analyses were applied to the growing retina of adult goldfish. In
the computational analyses, a model of cellular pattern formation in
the vertebrate retina, based on a physiologically realistic signaling
strategy (Cameron and Carney, 2004), was used to generate predic-
tions of cellular pattern formation in normal and cell-ablated retinas.
For two independent “cell types” of the inner nuclear layer [tyrosine
hydroxylase positive (TH™) and serotonin immunopositive (5-
HT ™)], the empirical investigations revealed no evidence that either
cell death or lateral migration of differentiated cells was significantly
contributing mechanisms to cellular pattern formation during reti-
nal growth. Application of the computational model and its direct
comparison with the empirically derived data indicated that cellular
pattern formation in this system could be dominated by signals aris-
ing from differentiated neurons that inhibit homotypic cell-fate de-
cisions at the neurogenic epithelium of the retina. Because the two-
dimensional patterns of the analyzed cell types are independent, the
coincident operation of multiple independent cell type-specific con-
trolling mechanisms was inferred. Finally, the results motivated the
development of a model of cellular pattern formation in the growing
retina in which cell-fate decisions at the neurogenic epithelium are
hypothesized to be controlled, at least in part, by neurotransmitter
signaling.
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Materials and Methods

Model system and intraocular drug delivery. Light-adapted goldfish (Car-
assius auratus) of 4.1-6.3 cm standard body length were used for all
experiments, which were approved by the Committee for the Humane
Use of Animals at the State University of New York Upstate Medical
University. Fish received one-time 1 ul intraocular injections in their left
eyes of a 0.9% saline solution containing 5 mm 5-bromo-2'-deoxyuridine
(BrdU) to label proliferative cells at the circumferential germinal zone
(CGZ) or their terminally differentiated progeny (Cameron, 1995). The
same solution was injected into the right eyes, supplemented with a
neurotoxin that targeted either tyrosine hydroxylase-immunopositive
cells [6-hydroxydopamine (6-OHDA)] (Sigma, St. Louis, MO) or
serotonin-immunopositive cells [5,7-dihydroxytryptamine (5,7-DHT)]
(Sigma). The total amount of 6-OHDA and 5,7-DHT delivered to the
eyes was 5 and 15 ug, respectively. Drug selection and injection proce-
dure was based on that described previously by Hitchcock and Vanderyt
(1994) and Negishi et al. (1982). After injection, fish were returned to
their tanks for times ranging from 1 d to 9 months.

Immunohistochemistry and cell death analysis. The methodology for
selectively labeling and visualizing cells in retinal whole mounts or cryo-
sections using indirect fluorescence immunohistochemical techniques
was based on that described previously (Cameron and Carney, 2000).
Briefly, for whole-mount analysis, light-adapted eyes were fixed (4%
paraformaldehyde, 0.25% picric acid, and 0.1 M PO, buffer, pH 7.2), and
the retinas (with pigmented epithelium attached) were flattened. Retinal
whole mounts were then exposed to 5% normal serum (in PBS and 0.3%
Triton X-100), followed by a 1% solution of one of two primary antibod-
ies: anti-TH (catalog #MAB318; Chemicon, Temecula, CA) or anti-5-HT
(catalog #MAB352; Chemicon). Primary antibody labeling was visual-
ized via fluorophore-conjugated secondary antibody (TH ¥ cells) or a
combined secondary and tertiary antibody (5-HT ¥ cells). When a ter-
tiary antibody was required for visualization, the conjugated fluorophore
was matched to that of the secondary antibody, typically cyanine 2 (Cy2)
(Jackson ImmunoResearch, West Grove, PA). BrdU * cells were visual-
ized as described previously (Cameron, 1995; Cameron and Easter,
1995), using either a Cy3- or tetramethylrhodamine isothiocyanate-
conjugated secondary antibody (Jackson ImmunoResearch); actively
proliferating cells were detected with an antibody against proliferating
cell nuclear antigen (PCNA) (catalog #M-0879; Dako, Glostrup, Den-
mark). The terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) method was used to label retinal cells
exhibiting evidence of apoptotic cell death 48 h after neurotoxin admin-
istration (ApopTag kit; Serologicals, Norcross, GA). The protocol of the
TUNEL kit was modified to detect TUNEL-positive cells with a fluores-
cence reporter (Yurco and Cameron, 2005).

In the current report, the phrase cell type, and its variants, is used solely
to indicate detected, labeled, or model-derived cells that share a particu-
lar immunohistochemical profile (Cameron and Carney, 2000, 2004).
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Quantitative analysis of cellular patterns. Reacted retinal whole mounts
were examined with standard epifluorescence light microscopy (Axios-
kop; Zeiss, Thornwood, NY), and digital images were collected with an
associated camera and image analysis system (MetaMorph; Universal
Imaging, Teaneck, NJ). For a given retinal field of ~60,000 wm?, atwo-
dimensional (x, y) coordinate list of positively labeled cells was estab-
lished, with the center of the optic nerve defined as the coordinate origin.
For estimates of cellular density relative to the band of BrdU " cells (see
Results), virtual strips of 20 wm thickness were defined parallel to and
starting from the innermost edge of the BrdU * band. Labeled cells were
counted within each strip, and the total cell count was divided by the strip
area to derive an estimate of cellular density. Statistical comparison of
cellular density between control and experimental (i.e., neurotoxin ex-
posure) conditions was achieved with an independent Student’s # test.

For both empirical- and model-derived (see below) data, the two-
dimensional patterns of labeled cells were analyzed quantitatively with
three previously described spatial-analysis techniques: nearest-neighbor
distance (NND) (Cook, 1996), density recovery profile (DRP) (Rodieck,
1991), and quadrat analysis (Grieg-Smith, 1964). The details, statistical
utility, and application of these techniques, including their application to
empirical- and model-derived cellular patterns in the retina, have been
described previously (Cameron and Carney, 2000, 2004; Stenkamp et al.,
2001). Briefly, NND analysis provides a measure of local pattern regular-
ity or nonregularity. From the NND distribution of a sample, a value,
termed the conformity ratio, is derived (mean * SD of the NND distri-
bution), from which a statistical assessment of pattern regularity is
achieved (Cook, 1996). From the DRP analysis, a metric is derived,
termed the effective radius, which provides evidence for the presence or
absence of anticlustering phenomena among the cells within the sample;
the estimated density of the analyzed cells is also “recovered” (Rodieck,
1991). Quadrat analysis derives a statistic, termed a dispersion “index,”
which characterizes the long-range patterning attribute of a sample as
regular, aggregated (clumpy), or neither regular nor aggregated (e.g.,
random). NND and DRP analyses were performed in either autocorre-
lation (homotypic) or cross-correlation (heterotypic) modes.

Computational modeling. A computational model of cellular pattern
formation in the growing retina, the details of which have been described
previously (Cameron and Carney, 2004), was used to formulate and test
hypotheses of the mechanisms of retinal cell-pattern formation. Briefly,
the model used an exponentially decaying signal, arising from each mem-
ber of an in vivo, empirically derived “seed” of differentiated retinal cells
of a particular type, which inhibited the production of homotypic cells at
the CGZ (i.e., the proliferative neurogenic epithelium of the retina). For
each simulation, a random set of locations was used for the precursor
cells in the CGZ. Application of the model involved the determination of
the space constant (A) of the inhibitory signal that resulted in a model-
derived pattern of cells with an NND distribution that was not signifi-
cantly different from that of the seed (Student’s t test). After determina-

Figure1.

Confirmation of retinal growth from the CGZ. A, PCNA ™ cells (red cells; arrow) are located at the (GZ, as expected for a proliferative neuroepithelium at the retinal margin. ONL, Outer nuclear layer;
INL, innernuclearlayer. B, Whole-mounted retina that was exposed to BrdU for 2 himmediately before tissue processing (see Materials and Methods). BrdU * cellsarelocated primarily at the CGZ (red cells). TH *
cells are also evident (green cells). €, Whole-mounted retina that was exposed to a single dose of BrdU 9 months before tissue processing. Note the persistence of aBrdU * terminally differentiated band of cells
displaced centrally from the retinal margin, consistent with substantial retinal growth after BrdU exposure. TH * cells are evident as in B.
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Figure 2.
whole-mount image of a retina double labeled for TH ™ and 5-HT ™ cells. Conformity ratio analysis indicated that all patterns were nonrandom and characterized by local homotypic zones of
exclusion (Cook, 1996) (see Results) (Table 1). Bottom, Cross-correlational NND analyses for the same pattern of cells. Note the leftward shift of the distributions relative to the corresponding
autocorrelational distributions, indicating an apparent lack of local heterotypic zones of exclusion. Conformity ratio analysis indicated that the heterotypic cell patterns were independent (see
Results), similar to analyses of these cell types in zebrafish retina (Cameron and Carney, 2000, 2004).

Table 1. Statistical analyses for in vivo patterns of TH* and 5-HT™ cells in control retinas double labeled for both
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NND analysis of empirically observed cellular patterns. Top, TH * (red) and 5-HT ™ (green) cells in whole-mounted retina. Middle, Autocorrelational NND analyses for a representative

arrayed in 2D patterns that were nonran-

cell types dom (Fig. 2). Visual inspection of the pat-
Cell type aNND (pm) Quadrat ARy (am) CNND (gem) Ryq(um)  terns of both cell types suggested charac-
T 63.9 + 201 35) Regular 54.1 420 + 264 (59) 185 teristics  of  regularity  and ~local
SHT 620+ 200(45)  Regular 426 N6+218(64) 185 anticlustering (Fig. 2, top). Additionally,
T 630+164(42)  Regular 452 126+ 224(63) 61 for both cell types, autocorrelation NND
5-HT 51.0 = 202 (43) Regular/random 455 39.9 = 22.4(67) 6.1 (aNND) analysis revealed pattern charac-
TH 84.2 = 15.0 (26) Regular 68.2 34.2 = 16.1 (44) 0 teristics that were significantly different
5-HT 61.7 = 15.1(49) Regular 51.6 43.6 = 203 (69) 0 from those expected for random distribu-

Data are from fish that were not subjected to any experimental manipulations. Data in each row correspond to cellular patterns derived from one represen-
tativeimage. AlNND and effective radius values are presented as mean == SD (number of cellsin retinalimage). a, Auto-correlation mode; ¢, cross-correlation

mode; R, effective radius derived from DRP analysis.

tion of the value for A, several model-derived patterns (n = 3 for each
seed pattern) were further compared with the seed using DRP and quad-
rat analyses. For modeling cellular pattern formation subsequent to cell
ablation, the seed of differentiated cells was removed (ablated), and the A
value was assigned to that determined for the corresponding control
retina. The density of precursor cells in the CGZ was assigned a constant
value of 100,000 cells/mm?, a mean value estimated from toluidine blue
labeling of CGZ cells in five radial sections obtained from a control
retina. A 50-wm-wide arc of precursor cells was added for each step of the
simulation. Locations of precursor cells were uniformly distributed
across each newly added arc. Additional details of the model are included
in the supplemental material (available at www.jneurosci.org).

Results
Growth and structure of cellular patterns in normal retina
Analyses of PCNA labeling and BrdU incorporation confirmed
cell-cycle progression at the CGZ and CGZ-mediated retinal
growth. Specifically, PCNA-positive cells were located at the ex-
treme margin of all retinas (Fig. 1A), corresponding to the loca-
tion of the CGZ (Johns, 1977; Easter, 1992; Cameron 1995).
BrdU incorporation was also observed in this location (Fig. 1 B),
supporting the interpretation of a proliferative neuroepithelium
at the retinal margin. Longitudinal BrdU analysis revealed that,
over time, some proliferative cells at the CGZ cease to proliferate;
that is, the BrdU label was not diluted away by subsequent pas-
sages through the cell cycle. These cells retain the BrdU marker
after their terminal mitosis, and they become displaced centrally
(but apparently do not migrate; see below) by subsequent cellular
addition to the retina from the CGZ (Fig. 1C).

The 2D patterns of two inner nuclear layer cell types (TH ™
and 5-HT ) were quantitatively analyzed. Both cell types were

tions of the same number of cells within
the same two-dimensional areas, as re-
ported previously for the same cell types in
zebrafish retina (Cameron and Carney,
2004). The aNND distributions for each
cell type were normally distributed (Fig. 2,
middle), and conformity ratio analysis indicated that the patterns
were regular and significantly different from those expected for
random patterns ( p < 0.01; n = 3 retinas for each cell type and a
mean of 34 and 45 for TH™ and 5-HT ™ cells, respectively, per
data set). Autocorrelation DRP (aDRP) analysis also indicated
that the cellular patterns were nonrandom and characterized by
local anticlustering: each soma was surrounded by a 2D zone of
exclusion within which the probability of another like-type soma
was low, as defined by effective radius values that were substan-
tially greater (fivefold or more) than the soma diameter (Table 1;
compare Fig. 2, top). Finally, quadrat analysis revealed that nearly
all of the cellular patterns were regular (Table 1); that is, the
calculated dispersion index functions were consistently below the
regions expected for random or aggregated patterns (Grieg-
Smith, 1964). The pattern analyses thus revealed that the 2D
patterns of TH ™ and 5-HT * cells in goldfish retina were nonran-
dom and anticlustered.

For control retinas that had been double labeled for both TH *
and 5-HT ™ cells, cross-correlation pattern analyses indicated
that the two cell types were arrayed independently across 2D
space. The cross-correlational NND (cNND) distributions (Fig.
2, bottom) were all significantly different from the corresponding
aNND distributions (Fig. 2, Table 1) (Student’s ¢ test; p < 0.02;
n = 3 retinas). Independent of the direction of correlation (e.g.,
TH ™" to 5-HT " or 5-HT * to TH *), conformity ratio analysis of
the ctNND pairings revealed that the TH™ and 5-HT * patterns
were arrayed randomly with respect to each other, and thus the
location of a given soma provided no predictive information
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Figure 3.
cells are observed at or proximal to the CGZ. ONL, Outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer. B, In whole mounts of retinas exposed to 6-OHDA 24 h previously,
TUNEL-positive cells are sometimes evident within the depth of the neural retina (red arrows) but not at the CGZ. €, In sections of retinas exposed to 6-OHDA 24 h previously, TUNEL-positive cells are
sometimes (but rarely) encountered in the neural retina (red arrow) at a location in the INL that corresponds to the normal location of TH ™ somata.

about the location of any other heterotypic soma ( p > 0.05; n =
3 retinas). Cross-correlational DRP analyses (cDRP) confirmed
independence between the cellular patterns, with effective radius
values that were always significantly lower than the correspond-
ing values derived from the aDRP analyses ( p < 0.001) (Table 1).
In two of six comparisons, the cDRP-derived effective radius
values were equal to zero, indicating the complete absence of a
zone of exclusion between heterotypic cells. The cNND and
cDRP analyses thus provide evidence that the 2D patterns of
TH™ and 5-HT ™ cells in goldfish retina, although nonrandom
and sharing similar pattern attributes (e.g., local anticlustering),
are not correlated with each other across 2D space (Cameron and
Carney, 2004).

Evaluating cell death and migration as mechanisms of
pattern formation
The observation of nonrandom independent cellular patterns
across 2D space implied that cellular patterns emerge from the
operation of one or more mechanisms that control, in a homo-
typic manner, the spatial arrangement of somata. Three candi-
date mechanisms for the formation of TH* and 5-HT * cellular
patterns, spatiotemporal control of cell death, lateral migration,
and spatiotemporal control of cell-fate decisions, were assessed.
If cell death contributes to cellular patterning, evidence of cell
death would be expected at the CGZ, the spatial location of cel-
lular patterning in this system. Additionally, based on the num-
ber of proliferative cells at the CGZ at any given time (Fig. 1 A, B),
the number of those cells that terminally differentiate (Fig. 1C),
and the large number of different cell types in the fish retina
(Yazulla and Studholme, 2001), a substantial number of cells
exhibiting evidence of death would be expected. TUNEL-positive
cells, however, were absent from the entirety of the CGZ of con-
trol and neurotoxin-exposed retinas (n = 5 retinas) (Fig. 3A, B).
However, TUNEL-positive cells were observed outside the retina
(Fig. 3A) or, in retinas exposed to neurotoxin, occasionally at the
inner nuclear layer, corresponding to the location of the cell type
targeted by the neurotoxin (Fig. 3 B, C). Because TUNEL-positive
cells were detected in this model system, the lack of such cells at,
or proximal to, the CGZ suggested that neither retinal cytogen-
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TUNEL-positive cells in goldfish retina. 4, In control tissue, the only consistently observed TUNEL-positive cells were located outside the neural retina (red arrows). No TUNEL-positive
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Control

5-HT

5,7-DHT

Figure4. Neurotoxin-mediated cellular ablation. Three days after 6-OHDA, 5,7-DHT, or con-
trol solution exposure (BrdU only), retinas were screened for BrdU ™ cells (red arrows) and TH ™
or 5-HT ™ cells (green arrows). Note that TH * cells are absent from retinas exposed to 6-OHDA,
and 5-HT ™ cells are absent from retinas exposed to 5,7-DHT.

esis nor cellular pattern formation in the goldfish retina is sub-
stantially influenced by cell-death mechanisms.

During normal retinal growth, new cells are appositionally
added to the retinal margin from the CGZ, which in turn
progresses outward over time, leaving nonrandom cellular pat-
terns in its “wake” (see supplemental figure, available at www.
jneurosci.org as supplemental material). The presence and extent
of cellular migration mechanisms during this process were eval-
uated by examining cellular patterns subsequent to selective ab-
lation of specific retinal cell types (TH™ or 5-HT ™). If lateral
migration mechanisms contribute to cellular pattern formation
during retinal growth, newly born cells would be expected to
migrate into the ablated region (see supplemental figure, avail-
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was not affected by 6-OHDA (compare control retina).
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Figureé.

was not affected by 5,7-DHT (compare control retina).

able at www.jneurosci.org as supplemental material), driven by
hypothetical homotypic repelling signals that establish the ho-
motypic zones of exclusion. A single intraocular administration
of a neurotoxin (6-OHDA or 5,7-DHT; see Materials and Meth-
ods) successfully ablated >99% of cells of the target cell type,
TH™ or 5-HT *, respectively (Fig. 4). Neurotoxin selectivity was
indicated by the lack of ablation of the nontargeted cell type (see

5-HT

Cellular patterns 9 months after 6-OHDA exposure. In each panel, red arrows indicate the direction of retinal growth.
Top, Control retinasindicating TH ™ and 5-HT ™ cells (green arrows) located central to (left of) and peripheral to (right of) the band
of BrdU ™ cells. Bottom, Retinas exposed to 6-OHDA. TH * cells, the target of 6-OHDA, are absent from the central retina but are
evident in the retina formed after the 6-OHDA exposure (i.e., to the right of the BrdU * band). The nontargeted cell type, 5-HT ™,

5-HT

Cellular patterns 9 months after 5,7-DHT exposure. In each panel, red arrows indicate the direction of retinal growth.
Top, Control retinasindicating TH ™ and 5-HT  cells (green arrows) located central to (left of) and peripheral to (right of) the band
of BrdU ™ cells. Bottom, Retinas exposed to 5,7-DHT. 5-HT T cells, the target of 5,7-DHT, are absent from the central retina but are
evident in the retina formed after the 5,7-DHT exposure (i.e., to the right of the BrdU ™ band). The nontargeted cell type, TH ™,
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below). Neurotoxin exposure did not af-
fect BrdU incorporation at the CGZ, as
judged qualitatively by successful incorpo-
ration of BrdU, suggesting that undiffer-
entiated progenitor cells at the CGZ were
not targeted by the neurotoxins (n = 13
control and neurotoxin-exposed retinas
each) (Fig. 4). Growth of retinas exposed
to either 6-OHDA (Fig. 5, bottom) or 5,7-
DHT (Fig. 6, bottom) was confirmed up to
9 months after neurotoxin exposure, with
the amount of growth (assessed by the dis-
placement of BrdU * cells into central ret-
ina) matching that observed in corre-
sponding control retinas (n = 15 paired
retinas; paired ¢ test; p > 0.26) (Figs. 5, 6,
top).

In retinas exposed to neurotoxin, there
was no evidence for lateral migration of
differentiated cells. Although cells of the
targeted type were generated subsequent
to neurotoxin exposure, up to 9 months
later, none of these somata were located in
the ablated region; that is, central and non-
adjoining to the band of BrdU * cells,
which demarcates the location of the CGZ
atthe time of neurotoxin exposure (Figs. 5,
6). If lateral migration of differentiated
cells was a dominant mechanistic determi-
nant of the physical attributes of the cellu-
lar patterns (for example, local anticluster-
ing), newly generated cells would be
expected to migrate into that region of the
retina denuded of the homotypic cell type
(see Discussion and supplemental mate-
rial, available at www.jneurosci.org).

Evidence for the operation of mecha-
nisms that spatiotemporally control cell-
fate decisions at the CGZ was observed. An
atypical increase in the density of the
neurotoxin-targeted cell types was ob-
served immediately distal to the band of
BrdU ™ cells (Fig. 7). This increase in den-
sity, which was present within the first 20
um of new retinal growth after neurotoxin
exposure, was statistically significant for
both TH " and 5-HT * cells ( p < 0.01 and
0.003, respectively; n = 7 and 6 retinas for
each condition, respectively). Because of
the appositional nature of cellular addition
from the CGZ, the region of higher density
corresponds to the location in which neu-
rogenesis occurred immediately after neu-
rotoxin exposure (Figs. 4—6). The cell
density function in the neurotoxin-treated
retina peaked at a location just distal to the
BrdU labeling and at more distal locations (Fig. 7, abscissa values
>(0) was not different from that of control retina. This density
profile indicated, subsequent to BrdU incorporation, a greater
number of the targeted cell type in the neurotoxin-treated retinas
compared with control, suggesting that the elevated density was
attributable to an induced transient hyperplasia and to atypical
cellular migration (for example, the region of elevated density
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Figure7.  Normalized cell densities of neurotoxin-targeted and nontargeted cell types dur-

ing retinal growth after neurotoxin exposure. The position of the BrdU * band of cells is defined
asabscissa value 0.0. Plotted values are mean == SE. Top, Normalized cell densities of TH ™ cells
(black lines) in control retinas (dashed line; n = 6) and retinas exposed to 6-OHDA (solid line;
n = 6)and 5-HT * cells in retinas exposed to 6-OHDA (gray dotted line; n = 2). There is a
statistically significant elevation in TH ™ cells within 20 wm of the BrdU * band (see Results).
Bottom, Normalized cell densities of 5-HT * cells (gray lines) in control retinas (dashed line;
n = 6) and retinas exposed to 5,7-DHT (solid line; n = 6) and TH * cells in retinas exposed to
5,7-DHT (black dotted line). There is a statistically significant elevation in 5-HT ™ cells within 20
pm of the BrdU ™ band (see Results). Error bars represent SEM.

being populated by cells that migrated to that location from some
other region). Because there was no corresponding statistically
significant increase in the density of the nontargeted cell type
(Fig. 7), the transient hyperplasia was likely to be cell-type spe-
cific. Furthermore, the persistence of the elevated cellular density
throughout the growth period, which extended to 9 months,
provided additional indirect evidence that neither cell death
nor lateral migration were significant patterning mechanisms;
that is, neither cell death nor migration mechanisms ulti-
mately “pruned” the hyperplastic region to the “appropriate”
cellular density (Fig. 7).

The cellular patterns of both TH™ and 5-HT " cells formed
subsequent to their respective hyperplasia were not significantly
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different from those of corresponding control retinas. With re-
spect to cellular density, at distances of new growth >20 wm from
the BrdU ¥ band, there was no significant difference between
ablated and control retinas ( p > 0.3 for distances from 20 to 140
wm for both TH ' and 5-HT ™ cells derived from seven and six
retina pairs, respectively) (Fig. 7). Similarly, the NND distribu-
tions of TH™ and 5-HT * patterns in control and postablation
retina were not significantly different ( p > 0.1 for both TH * and
5-HT " cells derived from five and four retina pairs, respectively).
Quadrat analysis of the TH ™ and 5-HT " patterns revealed that
all of the patterns in ablated and control retinas were regular
(data not shown). DRP analysis also revealed no significant dif-
ferences between the patterns: expressed as a percentage, the ef-
fective radius values for TH™ and 5-HT * patterns in their re-
spective ablated retinas differed by +5.2 * 14.7 and +0.8 =
24.2% of the corresponding control values (n = 5 and 4 retina
pairs, respectively). These results indicated a posthyperplasia re-
sumption/restoration of the nominal regulation of cell number
and patterning during retinal growth.

A computational model predicts normal and experimental
cellular pattern formation

Because cell death and lateral migration mechanisms were appar-
ently not dominant contributors to pattern formation in this
model system, the role of spatiotemporal control of cell-fate
decisions at the CGZ was further evaluated. A computational
model of this mechanism has been developed (Cameron and
Carney, 2004) (see Materials and Methods and supplemental
material, available at www.jneurosci.org), and its ability to
predict cellular pattern formation in control and experimental
goldfish retina was tested.

The computational model accurately predicted cellular pat-
tern formation in control goldfish retinas out to 9 months after
BrdU exposure. For both TH ™ and 5-HT * cell types, a value of
the model parameter A (the space constant of the signaling mech-
anism, arising from differentiated cells, that inhibited homotypic
cell fates) was identified that generated model-derived patterns
with NND distributions that were not significantly different from
those of the corresponding seed (Fig. 8, top, Table 2) ( p > 0.1 for
TH™ and 5-HT * cells; n = 18 and 15 pattern pairings, respec-
tively). Poor matches between the seed and model-derived pat-
terns were, however, readily achieved with values of A above or
below the identified value (data not shown). For both TH ™ and
5-HT * cells, the value of A used in the simulations was similar to
the aNNDs for the seed data, with A/NND varying between 1.00
and 1.14, similar to that derived for modeled pattern formation of
TH ™ and 5-HT ™ cells in zebrafish retina (Cameron and Carney,
2004). Quadrat analysis revealed that all of the model-derived
patterns matched the corresponding seed in being regular (Fig. 8,
middle). Furthermore, DRP analysis indicated that the effective
radius values for the seed and model-derived patterns were not
significantly different ( p > 0.6 and 0.2 for TH © and 5-HT * cells,
respectively) (Table 2). These results indicated that a homotypic
signaling mechanism that controls cell-fate decisions at the CGZ
recapitulates qualitative and quantitative aspects of cellular pat-
terns in the normal goldfish retina.

The computational model was also tested for its ability to
predict the effects of targeted cellular ablation after subsequent
pattern formation; specifically, the transient hyperplasia and sub-
sequent restoration of the normal homotypic pattern (Fig. 7). In
the model, progenitor cells at the CGZ, freed from the homotypic
inhibitory signal arising from central retina, transiently (i.e.,
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Figure8.

Spatial pattern analysis of TH ™ and 5-HT * cellular patterns in vivo and in modeled control retinal growth. NND (top), quadrat (middle), and DRP (bottom) analyses of a representative

TH ™ (Control TH) and 5-HT * (Control 5-HT) cellular pattern are shown. These patterns served as the seed for the corresponding model-derived patterns (Model TH and Model 5-HT). Mean NND
values and recovered cell densities from the DRP analysis are indicated; in the DRP plots, the recovered cell density is indicated graphically by the horizontal dotted line, and the effective radius is
indicated by the vertical dashed line. The quadrat functions, which mostly lie below the central demarcated field of each plot, indicate cellular patterns that exhibit long-range regularity (rather than
aggregation or randomness) (Grieg-Smith, 1964; Stenkamp et al., 2001; Cameron and Carney, 2004). Note the overall similarity between the in vivo and model-derived patterns (see Results)

(Tables 1,2).

proximal to the BrdU * band) increased the number of targeted
cells that were produced (see supplemental figure, available at
www.jneurosci.org as supplemental material). The inhibitory
signaling mechanism of the model was defined as being homo-
typic, which conceptually matches the apparent homotypic ef-
fects of the neurotoxins (Figs. 5-8).

For both TH™ and 5-HT ™ cells, the computational model
recapitulated both the transient hyperplasia of the targeted cell
type and the subsequent restoration of the normal cellular pat-
tern in ablated retina. In the model, removal of the homotypic
inhibitory signal resulted in undifferentiated cells at the CGZ
being more likely to differentiate into the ablated cell phenotype,
and this was manifested, for both TH™ and 5-HT * cells, as an
approximately threefold increase in cellular density proximal to
the denuded retina compared with control (Fig. 9). This elevation
in cellular density was similar to, but approximately twofold
greater than, the observed in vivo hyperplasia (compare Fig. 9,
solid blue and red lines) (see Discussion). The posthyperplasia
restoration of the normal cellular density was evident as densities
that, at distances >50 um from the BrdU * band, were not sig-
nificantly different between the control and neurotoxin-exposed
model patterns (p > 0.15; n = 2 sets of seed data from each of
nine control retinas labeled for TH ™ cells and five model simu-
lations for each set) (Fig. 9). Similarly, there were no significant
differences in the NND distributions for model-derived patterns

generated in the presence or absence of a seed, the latter analyzed
subsequent to the transient hyperplasia ( p > 0.7 and 0.5 for TH *
and 5-HT * cells, respectively) (Table 2, Fig. 10, top). The
quadrat analyses of these patterns revealed no significant dif-
ferences (Fig. 10), and DRP analysis indicated that the effec-
tive radius values were not significantly different ( p > 0.8 and
0.2 for TH™ and 5-HT " cells, respectively) (Table 2). These
results indicated that the computational model, which used a
homotypic cell-fate control mechanism, was able to recapitu-
late qualitative and quantitative aspects of both the typical
cellular pattern formation of control retina and the atypical
cellular pattern formation associated with targeted ablation of
differentiated cells.

Discussion

Regularity and independence of TH* and 5-HT * cell patterns
in goldfish retina

The high degree of cellular order in the vertebrate retina provides
an important structural basis for its functional characteristics
(Wissle and Riemann, 1978; Wissle et al., 1983; Galli-Resta,
1998, 2000; Raven and Reese, 2002). The observation that cells in
the vertebrate retina are arranged nonrandomly across two-
dimensional space was originally reported by Hannover (1840),
and a large number of subsequent investigations have confirmed
this cellular attribute of the vertebrate retina (Eigenmann and
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Table 2. NND and DRP analyses of empirical and model-derived patterns of TH* and 5-HT™ cells for control and neurotoxin-exposed retinas

Model control

Model ablated

Cell type Data aNND (um) Data aR.¢ (um) aNND (pm) Model control aR. (um) aNND (m) Model ablated aR 4 (um)
TH 80.9 = 20.0 (28) 54.2 773 £10.6 (42) 66.0 76.7 = 18.5 (30) 7.4
79.1 = 142(23) 823 73.1 = 13.8(26) 65.1
752 =116 (34 755 774 £17.9(29) 74
TH 76.2 =12.2(24) 722 743 £16.7 (27) 62.7 79.1 =153 (21) 67.8
77.2 = 15.6 (16) 63.2 78.8 = 13.8 (43) 705
73.7 =15.1(30) 77.1 75.7 =133 (50) 88.5
TH 82.8 =21.0(24) 81.6 81.5 £ 16.1(30) 75.2 81.8 £20.6 (31) 81.7
81.8 = 129 (27) 75.7 81.2 = 17.7 (30) 718
83.8 = 12.9(27) 86.5 83.2+17.4(34) 82.7
TH 64.3 = 15.9 (34) 61.0 65.0 = 13.8(35) 68.0 71.0 = 11.6 (34) 61.7
69.3 = 13.8(27) 60.9 741 = 146 (52) 66.6
69.7 == 14.4(25) 579 69.2 = 16.7 (37) 61.0
TH 86.5 £ 27.6 (24) 90.7 88.4 £ 17.9(24) 78.7 82.6 £ 26.5(19) 723
82.9 = 18.8 (19) 89.9 81.7 = 17.0 (29) 73.7
85.8 = 16.1(18) 81.9 85.9 +17.0(29) 80.2
TH 93.3 £229(24) 71.0 86.9 = 18.1(29) 66.7 873 £223(21) 75.8
94.1 = 21.1(24) 80.6 89.8 = 22.0 (23) 75.7
83.4 = 17.2(20) 844 93.6 = 22.0 (30) 82.6
5-HT 62.0 £ 12.7 (42) 57.0 622 =143 (32) 52.0 61.7 = 12.7 (60) 56.7
63.5 = 12.2 (42) 573 63.5 = 18.1(57) 59.7
60.4 = 12.5(38) 58.9 65.9 = 10.8 (25) 579
5-HT 50.5 = 12.4 (48) 433 50.1 £ 9.6 (51) 48.1 49.1 £ 113 (39) 437
51.9 = 8.3 (47) 732 50.9 = 8.8 (42) 4.8
48.8 = 11.8 (47) 513 524 +105(37) 489
5-HT 529 £ 11.5(76) 42.8 55.5 £ 10.4 (68) 435 55.5 £ 12.2(126) 448
51.7 = 11.1(76) 46.9 57.9 = 11.5(121) 475
54.7 =12.0 (68) 477 55.112.1(80) 417
5-HT 63.8 = 14.2 (41) 527 589 £ 11.4(85) 59.9 58.9 £ 11.4(85) 59.1
62.3 == 17.3 (45) 57.1 66.2 == 12.9 (61) 49.8
61.2 == 14.5 (45) 55.6 64.7 = 11.4(60) 514
5-HT 58.0 = 14.7 (36) 50.8 61.3 £ 16.9 (36) 53.2 57.6 £ 9.7 (51) 429
59.8 == 11.3 (30) 43.6 58.0 == 12.5 (38) 54.7
60.1 = 9.1(25) 536 60.2 = 12.5 (46) 51.6

In each row, the cell type s indicated; NND and effective radius values are presented as mean = SD (number of cells). Data were derived from retinas exposed to BrdU alone (control) and served as the seed for the “Model control” condition
(results from 3 model simulations of control growth, using the same data seed, are indicated). “Model ablated" refers to simulations in which the seed was removed to mimic in vivo ablation. The A values derived from the Model control
simulations were used in the corresponding Model ablated condition (see Materials and Methods). Symbols and abbreviations are as in Table 1.

Shafer, 1900; Lyall, 1957; Engstrom, 1963; Marc and Sperling,
1976; Williams, 1988; Wikler and Rakic, 1990; Wissle and Boy-
cott, 1991; Cameron and Easter, 1993; Vaney, 1994; Cook, 1996;
Cameron and Carney, 2000, 2004; Cook and Chalupa, 2000;
Galli-Resta, 2000; Rockhill et al., 2000; Stenkamp et al., 2001).
In an effort to identify and characterize the determinants of
these nonrandom cellular patterns, we took advantage of the
goldfish retina as a model system. The goldfish retina grows
throughout life by the appositional addition of new cells at the
retinal margin (Fig. 1) (Johns, 1977; Kock, 1982), thus providing
an identifiable, accessible, and geometrically well defined sub-
strate against which alternative mechanisms of cellular pattern
formation such as cell death, lateral migration, and cell-fate de-
cision could be directly evaluated. Additionally, TH " and 5-HT *
cells in the goldfish inner retina are arrayed nonrandomly and
independently across 2D space (Fig. 2), thus providing well char-
acterized patterns for evaluating formation mechanisms. Finally,
TH™ and 5-HT ™ cells in the retina, as confirmed here, can be
selectively ablated by exposure to specific neurotoxins (Fig. 4)
(Dowling and Ehinger, 1978; Negishi etal., 1982, 1985; Watling et
al., 1982; Reh and Tully, 1986; McAvoy and Chamberlain, 1990;
Braisted and Raymond, 1993; Hitchcock and Vanderyt, 1994;
Yazulla and Studholme, 1997; Raven et al., 2003), thus enabling
the direct testing of hypotheses regarding the contribution of
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Figure 9.  Empirically observed (red) and model-derived predictions (blue) of normalized
cellular densities in control and neurotoxin-exposed retina. Using TH ™ cells as the illustrated
example, the predicted cellular densities for control (dotted lines) and ablated (solid lines)
conditions are plotted as a function of distance from the BrdU * band of cells, and the latter is
defined as abscissa value 0.0. Note in the experimental conditions the lack of cells central to the
BrdU * band, the elevated density of cells in the region of new growth immediately adjacent to
the BrdU * band (arrows), and the ultimate resumption of the control density. The differential
amplitude of hyperplasia between the model and empirical data is considered in Discussion.



Tyler et al. @ Cellular Pattern Formation in the Retina

Control
TH

Ablated
TH

J. Neurosci., May 4, 2005 - 25(18):4565— 4576 + 4573

Ablated
5-HT

Control
5-HT

12 12 12 12
10 Mean NND = 83.5 um i Mean NND = 80.4 pm - Mean NND = 62.3 pm A Mean NND = 63.7 pm
2 = =2 ]
G} o) ] o)
8 8 o 8 8 8 o 8
S 4 B . 2 % %
— - Y 13
2 2 2 2
5 y g ¢ g 4 g 4
3 3 3
Z 2 Z Z 3 Z 2
00 50 100 150 200 ° 9 )
(] 50 100 150 200 0 50 100 150 200 0 50 100 150 200
NND (um) NND (tm) NND (iim) NND (um)
150 150 150 150
% % 5 5
3 100 3 ZE 100 E .
K| g 10 K] . & 100 )
g 5 =]
uadrat : 1 & g -
@ 3 e : . @ ‘ :
8 50 g 50 i .4 § 50 ) o P 8 5 : -
& g, & e & e 7 ' /
2 P 2 . s A 5 o =) ) 2
: L - - N RN
o= s D )
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 % 20 40 60 8 100
Number of boxes Number of boxes Number of boxes Number of boxes
300 300 300 300
250/  Density = 88 mm2 20 Density =73 mm” 20|  Density =138 mm2 20| Density = 124 mm™2
& ] o N
) L ' D
g 20 g 200 g 200 g 200
g
5 150 T 150 5 \E' 150
2 2 2 2
E 16 , E 100 § E 100
A sl | II A s =] A s
0 100 200 300 400 o 200 400 600 [ 100 200 300 400 [ 200 400 600

Distance (Lm)

Figure 10.

Distance (um)

Distance (um)

Distance (um)

Spatial analyses of model-derived cellular patterns for control and neurotoxin-ablated retinas. NND (top), quadrat (middle), and DRP (bottom) analyses of representative model-

derived TH* and 5-HT ™ cellular patterns in control (Control TH and Control 5-HT), 6-OHDA-exposed (Ablated TH), and 5,7-DHT-exposed (Ablated 5-HT) retinas are shown. Mean NND values,
quadrat function, and DRP functions are indicated as in Figure 8. In the ablated conditions, the region of hyperplasia was excluded. Note the overall similarity between the control and neurotoxin-

exposed model-derived patterns (see Results) (Table 2).

differentiated cells in providing instructive cues that guide cellu-
lar pattern formation during retinal growth.

Cell death and lateral migration mechanisms do not
dominate TH* and 5-HT * pattern formation

Nonrandom cellular patterns could be established via multiple
mechanisms, including regulation of cell death, lateral migration
of cells, or spatiotemporal regulation of cell-fate decisions. Our
empirical evidence suggested that the patterns of TH™ and
5-HT " cells in goldfish retina are not formed via spatiotemporal
regulation of cell death. Although TUNEL-positive cells were
readily detected, there was no evidence for such cells at the CGZ
(Fig. 3), the site at which cell death, if it was controlling cellular
patterning, would be expected to be observed. Furthermore, in
retinas exposed to neurotoxin, the long-term persistence of local-
ized regions of hyperplasia indicated that cell-death mechanisms
did not ultimately prune these atypical patterns into more appro-
priate patterns.

A substantial role for lateral migration was ruled out by the
lack of evidence for migration of TH™ or 5-HT ™ cells into re-
gions of retina denuded of the homotypic cell, even up to 9
months after cellular ablation (Figs. 5, 6). If lateral migration of
somata had occurred, particularly a migration driven by homo-
typic mutual-repelling mechanisms, the most favorable migra-
tory direction would have been into the denuded region (attrib-
utable to its lower total complement of cells, this region should
also have provided a more advantageous microenvironment for
migration than normal retina). Lateral migration mechanisms

could also not account for the transient elevation in TH* and
5-HT *cell production subsequent to their ablation, and the
long-term persistence of hyperplastic regions indicated that cells
within these regions of atypical patterning did not redistribute
themselves into more appropriate patterns, via migration into
either the denuded retina or the retina formed subsequent to
ablation. The combined lack of evidence for cell death at the CGZ
and the apparent absence of lateral migration of differentiated
cells indicated the operation of some other mechanism(s) for
controlling cellular pattern formation in this system.

Evidence that pattern formation is dominated by
spatiotemporal control of cell-fate decisions
A computational model of cellular pattern formation suggested
that a mechanism that controls cell-fate decisions at the CGZ
could account for cellular pattern formation in this system. Using
a signaling mechanism, arising from differentiated cells, that in-
hibited the formation of homotypic cells, the model accurately
predicted quantitative aspects of TH ™ and 5-HT * cellular pat-
terns in control retina, as determined by NND, DRP, and quadrat
analyses (Fig. 8, Table 2). Additionally, and perhaps most impor-
tantly, using the same parameter values as those used for control
retinal growth, for both cell types, the model accurately predicted
the transient hyperplasia and the subsequent restoration of the
normal cellular patterns after selective cellular ablation (Fig. 10).
The spatial attributes of TH " and 5-HT ¥ cellular patterns
argued against alternative signaling schemes for controlling cell-



4574 - ). Neurosci., May 4, 2005 - 25(18):4565— 4576

fate decisions. Because they are homotypically anticlustered, the
operation of a homotypic promotive signal for controlling cell-
fate decisions was ruled out, because such a strategy would gen-
erate aggregated patterns that do not exhibit homotypic zones of
exclusion. Additionally, because the 2D patterns of TH ™ and
5-HT ™ cells are independent (as are other inner retinal cell types)
(Cameron and Carney, 2004), the contribution of heterotypic
promotive signaling is questionable. Such signaling would gen-
erate cellular patterns that are spatially correlated in some non-
random manner, yet no such spatial correlation was observed.
Although the operation of promotive signaling strategies cannot
be formally ruled out, the spatial characteristics of the observed
cellular patterns, as derived from autocorrelational and cross-
correlational analyses, indicate that homotypic inhibitory signal-
ing mechanisms are parsimonious.

The statistically significant, transient, cell-type-specific hyper-
plasia that occurred during retinal growth subsequent to neuro-
toxin exposure was similar to that reported previously (Negishi et
al., 1982; Reh and Tully, 1986; Li and Dowling, 2000). That the
hyperplasia was limited to the ablated cell type was consistent
with a lack of heterotypic inductive or instructive patterning cues
between TH " and 5-HT *cells, although the somata of both cell
types occupy the inner nuclear layer. Spatial pattern analysis re-
vealed that cellular patterns formed subsequent to hyperplasia
did not differ from those of corresponding control retina (Fig. 10,
as predicted by the computational model), indicating an ultimate
resumption/restoration of the mechanism(s) that controls the
number and patterns of differentiated cells.

We hypothesize that compared with the situation in vivo, the
greater predicted hyperplasia of the model (Fig. 9) was attribut-
able to an overestimate of the number of progenitor cells within
the CGZ that could differentiate into the TH * or 5-HT * pheno-
types. The model assumed that all proliferative cells within the
CGZ could differentiate into the seed cell type. Although we are
currently unable to define the number of progenitors that, at any
given time, are competent to differentiate into TH " or 5-HT *
cells, the model results suggest that not all proliferative cells in the
CGZ have equivalent lineage potential.

Hypothesized signaling mechanisms for controlling cell-fate
decisions in the growing retina

The success of the model in simulating the formation of cellular
patterns raises the question of the underlying molecular basis.
The physical characteristics of instructive signals that are known
to affect cell-fate decisions in the retina are varied and include
cell-surface signaling (Link et al., 2000; Scheer et al., 2001) and
diffusible agents (Altshuler and Cepko, 1992; Hicks and Cour-
tois, 1992; Watanabe and Raff, 1992; Hyatt et al., 1996; Neumann
and Nuesslein-Volhard, 2000; Stenkamp et al., 2000). Addition-
ally, there is ample evidence for the operation of signals that
inhibit, at some level, the production of retinal cells (Negishi et
al., 1982; Reh and Tully, 1986; Hewitt et al., 1990; Hunter et al.,
1992; Lillien, 1995; Ezzeddine et al., 1997; Fadool et al., 1997;
Levine et al., 1997; Neophytou et al., 1997; Waid and McLoon,
1998; Belliveau and Cepko, 1999; Malicki and Driever, 1999; Do-
erre and Malicki, 2001; Jensen et al., 2001; Kay et al., 2001; Frank-
fort and Mardon, 2002). The computational model used in this
study provides physical constraints to which any hypothesized
molecular signaling mechanism must adhere: it must operate
over a spatial scale that extends considerably beyond the soma
size, and it must operate in a homotypic manner. The latter con-
straint might rule out agents known to target multiple cell types,
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such as retinoic acid (Hyatt et al., 1996) or sonic hedgehog (Neu-
mann and Nuesslein-Volhard, 2000).

We hypothesize that neurotransmitters could mediate the ho-
motypic inhibitory signaling implied by our results. Several at-
tributes of neurotransmitters and their signaling mechanisms
make them attractive candidates: they provide a basis for cell-type
specificity; plausible mechanisms for neurotransmitter delivery
have been reported, including volume transmission of molecules
released from a synaptic apparatus (Mora-Ferrer et al., 1999;
Cragg and Rice, 2004); neurotransmitters can activate complex
intracellular signaling cascades, potentially resulting in changes
in gene transcription (Paspalas and Goldman-Rakic, 2004);
neurotransmitters are known to regulate various aspects of
cellular development (Lankford et al., 1988; Rodrigues et al.,
1990; Jung and Bennett, 1996; Lima et al., 1996; Buznikov et
al., 1999; Moiseiwitsch, 2000; Zachor et al., 2000; Herlenius
and Lagercrantz, 2001). Direct evaluation of the neurotrans-
mitter hypothesis of cell-fate determination and cellular pat-
tern formation in the growing goldfish retina is the subject of
ongoing investigation.
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