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ABSTRACT

Many types of retinal neuron are distributed in an orderly manner across the surface of
the retina. Indeed, the existence of such regularity amongst a population of neurons, termed
a retinal mosaic, may be a defining feature of functionally independent types of retinal
neuron. We have examined the spatial distribution of dopaminergic amacrine cells in the
ferret retina both in the inner nuclear layer (INL) and in the ganglion cell layer (GCL) to
determine whether the cells in each layer form an independent retinal mosaic as evidence of
whether they should be considered as two separate types. Ferret retinas contain approxi-
mately 1,900 dopaminergic amacrine cells, of which 27% are located in the GCL, and the rest
in the INL. Based on analysis of their Voronoi domains as well as autocorrelation analysis
and tests for complete spatial randomness, we found that the distribution of INL cells was
statistically regular, while that of the GCL cells was not. However, by using cross-correlation
analysis, these two groups of cells were found to be spatially dependent: an exclusion zone
was detected in the cross-correlogram of roughly the same size as that found in the autocor-
relograms of both INL and GCL cells. Such a pattern would be expected if dopaminergic
amacrine cells in the INL and GCL were members of a single regular population differing
only in their somatic depth. By using computer simulations, we tested this hypothesis
directly, confirming that a random assignment of 27% from the total population produces
cross-correlograms that are indistinguishable from those of the biological mosaics. We con-
clude, therefore, that the cells in the two layers form a single functional population; those in
the GCL appear to be misplaced. Somatic positioning with respect to depth within the retina
is not, by itself, a reliable guide for functional classification. J. Comp. Neurol. 466:343-355,
2003. © 2003 Wiley-Liss, Inc.

Indexing terms: tyrosine hydroxylase; nearest neighbor; Voronoi domain; autocorrelation; cross-
correlation; density recovery profile
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1989; Dacey, 1990; Miiller and Peichl, 1991; Peichl, 1991),
yet there is little agreement on the spatial patterning
within this mosaic. Even within the same species, differ-
ent investigators have described their distribution as be-
ing “randomly distributed” (Versaux-Botteri et al., 1984),
“irregular” (Gustincich et al., 1997), or “regularly ordered”
(Wulle and Schnitzer, 1989). Others report the mosaic as
being “neither a random nor a highly regular pattern”
(Brecha et al., 1984). The questionable regularity of this
population of cells is understandable; unlike other cell
types that are arranged in a regular array to faithfully
encode and transmit the visual scene (e.g., on-center beta
retinal ganglion cells), the dopaminergic amacrine cells
play a modulatory role in the processing of signals (Daw et
al., 1990; Xin and Bloomfield, 1999; Weiler et al., 2000),
consistent with their extrasynaptic release of dopamine
and the widespread distribution of dopamine receptors
(Veruki and Wissle, 1996; Nguyen-Legros et al., 1999;
Puopolo et al., 2001).

In some species, several of the dopaminergic amacrine
cells are situated within the ganglion cell layer (GCL)
rather than within the inner nuclear layer (INL), but they
are similar with respect to soma size, and they arborize in
the same stratum of the inner plexiform layer (IPL), sug-
gesting that cells in both retinal layers comprise a single
functional population (Oyster et al., 1985; Kolb et al.,
1990; Peichl, 1991). This arrangement is to be contrasted
with the cholinergic amacrine cells: these cells are also
situated in either the GCL or the INL, they have compa-
rable morphologies, and usually have similar soma size
distributions. Unlike the dopaminergic amacrine cells,
however, these two populations arborize in distinct sub-
laminae within the IPL where they participate in func-
tionally distinct ON and OFF visual pathways (Masland
and Mills, 1979; Schmidt et al., 1985; Pourcho and Osman,
1986; Famiglietti and Tumosa, 1987; Brandon, 1987; Ro-
dieck and Marshak, 1992). In the absence of any data
directly addressing the functional contributions of the do-
paminergic amacrine cells in the INL and GCL, one can-
not be sure that, despite their similar pharmacological
and anatomical signatures within the IPL, they are not
functionally independent cell types.

One approach to this problem is to consider the spatial
relationships between these cells. If the cells in the INL
and GCL comprise a single functional type, then there
should be a spatial dependency between their positioning
in the plane of the retina, and their combined population
should create a more regular mosaic than either alone. By
contrast, the cholinergic amacrine cells in the INL and
GCL are spatially independent of one another, and the
mosaic regularity of either population is greater than the
combined population (Vaney et al., 1981; Diggle, 1986;
Voigt, 1986; Rockhill et al., 2000; Eglen and Willshaw,
2002), consistent with their being functionally distinct
populations. To date, however, the spatial distributions of
dopaminergic amacrine cells in the INL and GCL have not
been quantitatively examined to test whether the cells
form a single population or two populations.

In this study, we use several statistical techniques to
investigate the spatial distribution of dopaminergic ama-
crine cells in the INL and GCL. To establish the regularity
of each population of dopaminergic amacrine cells com-
pared with other populations of retinal cells, we calculated
regularity indexes based on the distribution of both
nearest-neighbor distances and Voronoi domain areas. In
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addition, we used statistical tests to determine whether
the INL or GCL cells are discriminable from random dis-
tributions (Diggle, 1986). To address the issue of whether
cells in the INL and GCL are two separate populations or
just one population, we used two related techniques, based
on spatial cross-correlations between cells. First, we used
a test of spatial dependence to ask whether there is any
particular spatial relationship between the cells in the
INL and GCL. Second, we tested whether the positioning
of amacrine cells in the INL vs. GCL was decided at
random. Our results demonstrate that the dopaminergic
amacrine cells in the INL and GCL form a single retinal
mosaic, indicating that the two cells belong to the same

type.

MATERIALS AND METHODS
Tissue preparation and data acquisition

Ten adult female ferrets (Mustela putorius furo) ob-
tained from Marshall Research Animals (North Rose, NY)
were sedated with an intramuscular injection of ketamine
(10 mg/kg) and xylazine (1 mg/kg) and subsequently anes-
thetized with a lethal dose of sodium pentobarbital in-
jected intraperitoneally (120 mg/kg). Ferrets were per-
fused transcardially with 200 ml of 0.9% saline followed by
1 liter of 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.2 at 20°C). Retinas were dissected as whole-
mounts and immunostained by using a mouse monoclonal
antibody to tyrosine hydroxylase (TH; 1:10,000; Sigma, St.
Louis; MO) and standard streptavidin—biotin—horseradish
peroxidase immunohistochemical procedures using diami-
nobenzidine as the chromogen. Alternatively, entire eyes
were sectioned at 16 pm and similarly stained, with ad-
jacent negative control sections being treated identically,
other than the substitution of phosphate buffered saline
for the primary antibody solution. All experiments were
conducted under authorization by the Institutional Ani-
mal Care and Use Committee at UCSB, and in accord with
the NIH Guide for the Care and Use of Laboratory Ani-
mals.

Ten retinal whole-mounts were analyzed to determine
the diameter of the Type I TH-immunoreactive (dopami-
nergic) amacrine cells. From each retina, 100 adjacent
TH-immunoreactive amacrine cells in the central retina
were identified and classified as being either Type I or
Type II based on their size and staining intensity (see
Results section), and as residing in either the INL or the
GCL. Cells were drawn by using a 100X oil immersion
objective and a drawing tube, at a final magnification of
1,000X. The areas of these drawn cells were measured by
using a digitizing tablet and morphometric software and
then converted to diameters for circles of equivalent area
(Bioquant; R&M Biometrics; Nashville, TN). Sections and
whole-mounts of the immunolabeled retinas were photo-
graphed on a Nikon Microphot-FXA equipped with an
Olympus DP-11 digital camera. The images were cropped
and contrast-enhanced in Adobe Photoshop 7.0 and as-
sembled into a photomontage in Freehand 10.0.

Data analysis

Three of the best-labeled retinas from different animals
were chosen for detailed spatial analysis. The position of
every individual Type I TH-immunoreactive cell in retinal
whole-mounts was plotted across the entire retina by us-
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Fig. 1. a,b: Sectioned retinas showing dopaminergic amacrine primary dendrite (d) that in turn branches within the IPL, not unlike

cells positioned in the inner nuclear layer (INL; a) or ganglion cell
layer (GCL; b). Cells in either layer contribute processes that stratify
at the outer limit of the inner plexiform layer (IPL). e,d: Whole-
mounted retinas showing dopaminergic amacrine cells in the INL
giving rise to multiple primary dendrites in the IPL (c) or to a single

ing a 40X objective and Bioguant topographer software.
The X-Y coordinates of all cells were then exported to
Excel to display their distributions and to derive one large
square sample field (the largest intact field available from
each retina) for further analysis, being either 2.5 mm X
2.5 mm, or 3.5 mm X 3.5 mm. Those fields were examined
by wusing software programs customized to analyze
nearest-neighbor distance and Voronoi domain area for
each cell within the field (Raven and Reese, 2002). Each of
these sample fields was compared with 10 random simu-
lations matched in density. The placement of cells within
those random simulations was constrained by the soma
size of the real population (being 12.3 *+ 1.5 pm, mean and
SD; derived from the data set in Fig. 1le), effectively pro-
hibiting two cells from overlapping one another. From
these three real distributions (the INL, the GCL, and the
INL+GCL populations) and each of their 10 respective

the morphology of those cells situated in the GCL (b). e: Soma sizes for
the dopaminergic amacrine cells in the INL (filled bars) and in the
GCL (open bars). f: Number (mean * SD) of dopaminergic amacrine
cells in the INL and GCL. Scale bar = 50 pm in d (applies to c,d); 25
pm for a,b.

random simulations, we also calculated the regularity in-
dex associated with their nearest-neighbor and Voronoi
domain distributions. The regularity index is the mean
nearest-neighbor distance or Voronoi domain area for a
given field, divided by the standard deviation (SD), indi-
cating the uniformity of either measure in a field (Wissle
and Riemann, 1978; Raven et al., 2003). For a random
distribution of cells, the nearest-neighbor regularity index
has a theoretical limit of 1.91; values above this usually
indicate a regular distribution of cells, although this de-
pends on both sample size and geometry (Cook, 1996).
Student’s ¢ tests (either two-tailed with unequal variance
or paired) were performed to compare regularity indexes
by using a P value of 0.05 for statistical significance. As we
were interested in knowing whether the addition of cells
in the GCL to the population in the INL improved the
regularity of the mosaic, the 10 random simulations for
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comparison to the INL+GCL population were each com-
posed of the real INL population plus a random population
matched in density to the GCL population.

Spatial correlograms

Spatial autocorrelograms and cross-correlograms of cell
positions were computed from those three sampled fields.
For each field, an autocorrelogram was produced by plac-
ing each cell at the origin and plotting the relative posi-
tions of all other cells in the field. These correlograms
were then binned into annuli of constant width around the
origin. The number of cells within each annulus was
counted and converted into a density and then plotted as
a function of annulus distance from the origin. Such a
histogram is termed the density recovery profile (DRP;
Rodieck, 1991). These DRPs are useful because a reduced
density, or well, in the initial part of the DRP can indicate
a regular distribution of cells. The size of this well can be
quantified with the effective radius measure (Rodieck,
1991). Cross-correlograms were similarly created, in
which each INL cell is positioned at the origin while plot-
ting the position of all GCL cells. All DRP calculations
were as described in Rodieck (1991), including the correc-
tion for border effects and the expected density for two
independent Poisson processes.

Monte Carlo analysis of spatial
distributions

For statistical analysis of the fields, several related spa-
tial functions were calculated. The K function (Ripley,
1976), K(t), is the cumulative version of a DRP, but nor-
mally using smaller bin widths (4—6 pm). K(t) is the mean
number of cells that are less than or equal to a distance t
of a cell center, divided by the cell density. Using cumu-
lative distribution functions reduces the impact of possible
digitization errors that are introduced when setting bin
widths, especially for small samples (Rodieck, 1991; Zhan
and Troy, 2000). To help visually interpret the K func-
tions, they were transformed into

L) = \/K(t)/ﬂ'.

For a Poisson process, L(t) = t and thus the L function
would appear as a straight line along the leading diagonal
in a graph of L plotted as a function of t. However, if the
cells are regularly arranged, the L function should dip
below the leading diagonal of the plot. (Conversely, if the
L function appeared above the leading diagonal, the cells
may be clustered.) Taking the square root of the K func-
tion also helps to stabilize sampling fluctuations (Diggle,
1986). Subscripts on K and L indicate which population of
cells was used: 1 = INL cells; g = GCL cells; and i+g = all
cells, regardless of their layer. Finally, the cross-
correlation function L;,, is derived from K;,(t), which
measures the mean number of INL cells within distance t
of a GCL cell.

To test whether a population is randomly distributed,
we used the test of complete spatial randomness (CSR)
from Diggle (1986). We compute the L function for an
experimental field and also the L function for 99 random
simulations of points in a field the same size as the exper-
imental field. An informal test of CSR is to observe
whether the experimental field falls within the envelope
(min, max) of the 99 random simulations. If the L function
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of the experimental field falls outside the envelope, it is
likely that the experimental field is not completely ran-
dom. This can be quantified by using the ranking test
proposed by Diggle (1986). For each field (experimental
and 99 simulations), we compute a score comparing its K
(e.g., K, for the INL cells) function to the expected value
for a Poisson distribution

u= f”wm e
0

The higher the value of u for the experimental field
compared with the simulations, the less likely the field is
random. Formally, if u for the experimental field is ranked
within the top 5% of u values, we can reject a hypothesis
of CSR at the 5% level. (This and the other tests proposed
by Diggle [1986] are one-tailed: a low value of u indicates
that the experimental field is consistent with the null
hypothesis, and so we are concerned only with finding
when u is much higher than u for the random simula-
tions). The rank of the experimental field is reported as a
P value calculated by r/(1 + ng;,.), where r is the rank of
the experimental field amongst the simulations (lowest
score = lowest rank) and n; . is the number of simula-
tions. The integral is evaluated up to a distance t,, which
is usually 1/4 of the shortest side-length of the field.

Diggle also proposed a similar test for spatial indepen-
dence between two populations of cells (Diggle, 1986). If
two populations are spatially independent, we expect to
find L;,.,(t) = t. So the corresponding equation for u is

u = f (Ro®) — (et

In this case, as well as computing u for the INL and GCL
cells of an experimental field, we generate 99 simulated
fields. Each of these simulations consists of shifting all the
INL cells a certain direction (chosen randomly) from their
real position. Toroidal wraparound conditions are imposed
so that cells remain within the observed field. If there is no
spatial relationship between the two cell types, the u
value for the experimental field should be similar to the u
values generated by the simulated fields.

To test whether one group of cells is randomly drawn
from a larger population (e.g., the minority cells in the
GCL from the total population of dopaminergic amacrine
cells), Diggle (1986) suggested using

f 0 v(t)dt

where v(t) is the sample variance of (K;(t), K,(t),
VKixg(t). Under the null hypothesis of such a random
assignment, we would expect K;(t) = K,(t) = K, (t), and
so u increases as the K functions diverge. Again, u is
computed for the experimental fields and for the 99 sim-
ulations. If N, is the number of GCL cells, each of these
simulations consists of randomly selecting N,, cells out of
the total population to be GCL cells and labeling the rest
as INL cells.

u =
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As another test of random assignment, we measured the
effective radius from the cross-correlogram DRP of the
experimental field and 999 simulations of random assign-
ments of the field. The effective radius quantifies the
volume of dead space in the central part of the auto- and
cross-correlograms (Rodieck, 1991). Under the null hy-
pothesis of random assignment, we expect the effective
radius from the experimental field to be similar to the
effective radii from the simulated fields. The rank of the
effective radius for the experimental field among the sim-
ulated fields then determines a P value. Unlike the sta-
tistical tests from Diggle (1986), this test is two-tailed: if
the null hypothesis is false, we do not predict whether the
effective radius of the field will be lower or higher than the
radii from the simulated fields. Hence, we reject the null
hypothesis at the 5% significance level if the rank of the
experimental field is < 25 (P < 0.025) or > 975 (P > 0.975)
of the 1,000 possible ranks. Spatial computations were
performed using the SPLANCS library and custom-
purpose software written in R (Ihaka and Gentleman,
1996).

RESULTS

Size, positioning, and number of
dopaminergic amacrine cells

Type I TH-immunoreactive amacrine cells, believed to
be the dopaminergic amacrine cells in mammalian retina
(Mariani and Hokoc, 1988; Kolb et al., 1990; Gustincich et
al., 1997), have large heavily labeled somata that are most
commonly found within the INL at the border with the
IPL (Fig. 1a,c). These cells give rise to an elaborate spread
of processes within S; of the IPL, emanating from a few
primary dendrites (Keyser et al., 1987; Williams et al.,
2001), consistent with the widefield nature of their pro-
cesses described in various species (Kolb et al., 1981;
Versaux-Botteri et al., 1984; Oyster et al., 1985; Savy et
al., 1989; Wulle and Schnitzer, 1989; Dacey, 1990; Miiller
and Peichl, 1991). These cells are readily distinguished
from a second class of small, faintly labeled TH-
immunoreactive amacrine cells (Type II cells, thought to
be catecholaminergic amacrine cells that do not use dopa-
mine as their transmitter) which have been excluded from
the present analysis (Mariani and Hokoc, 1988; Nguyen-
Legros, 1988; Tauchi et al., 1990; Gustincich et al., 1997).
Other Type I cells are situated within the GCL (Wang et
al., 1990; Peichl, 1991), extending a single primary den-
drite through the IPL to reach S;, subsequently branching
to contribute to the dense plexus at this level (Fig. 1b).
Occasionally, individual cells within the INL show a sin-
gle primary dendrite that arborizes some distance from
the soma (Fig. 1d), as though they possessed the morphol-
ogy of those in the GCL but had failed to migrate to this
level or had migrated back. Those cells in the INL and
GCL were not discriminable from one another on the basis
of their soma diameter (Fig. 1e), averaging roughly 13 pm
(t test; P = 0.073).

There were nearly three Type I cells in the INL (73%)
for every Type I cell positioned within the GCL (27%; Fig.
1f), with the total number being 1,873 + 160 cells (mean
and SD). Their percentage in the GCL ranged from 19% to
41% (determined from samples of each retinal quadrant).
Most of this variation was from sampling across the dif-
ferent retinas; the percentage in temporal retina was al-
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ways slightly lower than in nasal retina, but those differ-
ences were minor by comparison with the interanimal
variability. These Type I TH-immunoreactive amacrine
cells will be referred to as dopaminergic amacrine cells
hereafter.

Distribution and density of dopaminergic
amacrine cells

These dopaminergic amacrine cells were found to be
distributed across the retinal surface, showing little con-
sistent variation with retinal eccentricity or retinal quad-
rant (Fig. 2). There was no obvious increase in density
associated with the area centralis, situated in the far
temporal retina in the ferret (Henderson et al., 1988).
Averaged across the retinal surface, density was 22.8 =
1.94 cells/mm? (mean and SD). Density was greatest in
the nasal retina, averaging 30 cells/mm?. These trends
were true for both the cells in the INL and in the GCL, as
well as their combined distribution (Fig. 2).

Mosaic regularity of dopaminergic
amacrine cells

A single, large, square field was identified in each of
these three retinal whole-mounts for analysis of the spa-
tial geometry of dopaminergic amacrine cells. Total den-
sity in these fields was 20, 30, and 26 cells/mm?, these
samples coming from either the ventral or nasal retina.
Figure 3 (left column) shows the position of each of these
dopaminergic amacrine cells within the INL along with
their Voronoi domain boundaries for the three sample
fields A, B, and C. Likewise, Figure 3 (middle column)
shows the position and Voronoi domains of dopaminergic
cells within the GCL. Figure 3 (right column) shows the
position of both the INL and GCL populations together
and their Voronoi domains associated with the combined
population. By visual inspection alone, it is unclear
whether any of these mosaics is randomly or nonrandomly
arranged, especially for the GCL cells which are at a much
lower density than the INL cells.

To quantify the regularity of each population, we com-
puted the standard measure of mosaic order, the regular-
ity index (mean/SD of nearest-neighbor distances; Wassle
and Riemann, 1978). Figure 4a (left and middle paired
histograms) plots the mean regularity index (and SD) of
the INL and GCL cells (filled bars), together with the
regularity index for the 30 random simulations of equiv-
alent density (open bars). Although in both cases the reg-
ularity index of the fields is higher than the random sim-
ulations, these differences were not statistically
significant (¢ test; P = 0.166 and 0.281, respectively). By
contrast, when we examined the regularity index based on
Voronoi domain analysis (Fig. 4b), we found the INL pop-
ulation to be more regular than random (P = 0.009), but
not the GCL population (P = 0.104). These results sug-
gest, by either measure of regularity, that the GCL popu-
lation is random. However, depending on whether we cal-
culate the regularity index by using the data derived from
the nearest-neighbor analysis or the Voronoi domain anal-
ysis, we might conclude that the INL cells are randomly or
regularly distributed, respectively. We believe that the
index based on Voronoi domain areas is a more natural
measure of regularity, because it depends on the position-
ing of several neighboring cells and not merely the dis-
tance to the nearest neighbor (see also Raven et al., 2003).
Hence, we suggest that the dopaminergic amacrine cell
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Fig. 2. A-C: Distribution of dopaminergic amacrine cells in the
inner nuclear layer (INL) and ganglion cell layer (GCL) across the
entire retina from three different ferrets. Scale bar = 2 mm.
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mosaic in the INL is not randomly distributed, although it
does not approximate the regularity typical of other reti-
nal mosaics in mammalian retina for which their indexes
climb to 4—6 (Wissle and Riemann, 1978; Cook, 1996).

Given that these populations have similar soma sizes
(Fig. le), that they stratify in the same depth within the
IPL (Fig. 1a,b), and that they have similar morphologies
(Fig. 1a—d), those in the GCL may simply be displaced
relative to those in the INL. If they together comprise a
single population of cells executing the same function,
then one would expect their combined mosaic (Fig. 3, right
column) to be more regular than either alone. Figure 4a
and b (right plots, filled bars) show the regularity indexes
for the combined populations, indicating that the addition
of the GCL cells to the INL cells appears to improve the
regularity of the mosaic (compare the regularity index for
the real INL population with the real INL+GCL
population—that is, the filled bars in Fig. 4a,b, left with
right plots). However, these increases in regularity were
not statistically significant (P = 0.077 for this comparison
in a, and P = 0.158 for it in b; because this comparison is
looking at the regularity index with and without the GCL
population added to the INL population, the paired ¢ test
was used).

As the GCL cells appear to be irregularly arranged, one
might wonder by how much the regularity of the INL
mosaic is changed by adding a random distribution of cells
of the same density as that found in the GCL. Figure 4a,b
indicates that the random addition of cells to the weakly
regular INL mosaic serves only to degrade that mosaic
further (compare Fig. 4a and b, filled bars in left histo-
gram with open bars in right histogram), although this
difference was significant only for the Voronoi analysis
(P = 0.332 for nearest neighbor analysis; P = 0.039 for
Voronoi domain analysis). By contrast, the combined mo-
saic of INL + GCL cells yielded a regularity index that
was greater than that produced by randomly adding GCL
cells to the real INL distribution (Fig. 4a,b, right plots,
although this difference did not reach significance for the
nearest-neighbor analysis either: P = 0.077; for the
Voronoi domain analysis, P = 0.005). Hence, this finding
would indicate that the GCL cells are not randomly posi-
tioned but just of a sufficiently low density that their
distribution alone is not discriminable from a random
distribution.

The results from the regularity indexes both indicate
that the GCL population is not discriminable from random
distributions of equivalent density, although they differ as
to whether the INL population is discriminably different
from random. To help resolve the issue of regularity, we
used a third technique for detecting complete spatial ran-
domness (CSR, see Materials and Methods section; Diggle,
1986). This technique has been used only rarely in the
study of retinal mosaics, due to its relative complexity
compared with nearest-neighbor or Voronoi methods but,
together with related tests for spatial independence and
random assignment (see below), has proven particularly
useful for determining whether cells of similar phenotype
in two different retinal layers comprise either one or two
distinct populations (Diggle, 1986). Figure 5a—c shows the
results of applying the CSR test to one field, that for ferret
B. First, we find that the population of INL cells is not
consistent with CSR, because their L function (red lines)
falls outside the limits defined by the 99 random simula-
tions (indicated by the two blue lines), i.e., they are regu-
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Fig. 3. Single fields of retina derived from ferrets A, B, and C in
which the distribution of cells in the inner nuclear layer (INL, left
column) and in the ganglion cell layer (GCL, middle column) is shown,
along with their Voronoi domains. Their combined distributions, and

lar (Fig. 5a). Second, the GCL cells, by contrast, are con-
sistent with CSR, i.e., they appear to be arranged in a
spatially random manner (Fig. 5b). Third, the combined
population of cells, like those in the INL, is also not con-
sistent with CSR; i.e., they are arranged in a regular
manner (Fig. 5c¢).

Beneath each cumulative histogram, the rank ordering
(u) of the L function for the field (red), relative to the 99
simulations (blue), is shown, from which a P value can be
ascribed, confirming that only the GCL cells (Fig. 5b) are
consistent with CSR. Similar results were found for all
three fields (A, B, and C), and the P values associated with

associated Voronoi domains, are shown on the right column. Field size
is indicated along the right margin. Note that the field for C was
smaller than those for A and B.

those L functions relative to their 99 simulated compari-
sons are indicated in Table 1 (tests 1-3). The results of the
CSR test and the analysis of Voronoi domain regularity
indexes agree, suggesting that the INL and INL+GCL
mosaics are not randomly distributed. Again, the lack of
regularity indicated by the index derived from nearest-
neighbor distances (Fig. 4a) may simply reflect its relative
insensitivity, based as it is on the positioning of only the
nearest neighboring cell.

Figure 6a—c shows the average DRPs derived from the
autocorrelograms from the three fields, for the cells in the
INL (Fig. 6a), in the GCL (Fig. 6b), and for the combined
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Fig. 4. a: Regularity indexes (mean and standard error) derived
from the measurement of nearest-neighbor (NN) distances of the real
data (filled bars, n = 3) and of the random simulations coupled to each
real data set (open bars, n 30). The left pair shows regularity
indexes for the inner nuclear layer (INL) data, whereas the middle
pair shows them for the ganglion cell layer (GCL) data. The right pair
shows the regularity indexes for the combined population, and, for

INL+GCL population (Fig. 6¢). A reduction in the density
of cells in these DRPs is clearly observed in a and c, less
obviously in b, up to distances of around 200 pm. Such a
well in the DRP for the GCL population is obscured by the
second bin which had large variance; the error bars on the
DRPs are largest for the GCL cells, because these are at a
much lower density than either the INL or combined pop-
ulation. (Note also that these correlograms and their de-
rived DRPs were produced by using bin widths of 50 pm,
much larger than used elsewhere, because of the overall
lower density of dopaminergic amacrine cells.) Finally, we
also computed the cross-correlogram of the INL and GCL
cells and derived its DRP, finding a comparable reduction
in density at these lesser distances out to 200 pm (Fig. 6d).
This finding is in contrast to most previous analyses cross-
correlating pairs of retinal cell types, where no spatial
dependence between the two cell types was typically ob-
served (Rodieck and Marshak, 1992; Galli-Resta et al.,
1999; Rockhill et al., 2000; but see also Kouyama and
Marshak, 1997; Zhan and Troy, 2000).

To test whether this well in the DRP for the cross-
correlograms was significant, we used the test for spatial

comparison, the regularity indexes from a field in which the real INL
mosaic has added to it a random simulation of the GCL mosaic.
b: Same comparisons of regularity indexes derived from measurement
of the Voronoi domain (VD) areas. Asterisks indicate significant dif-
ferences (P < 0.05) between the regularity indexes for the real vs.
simulated mosaics.

independence of two populations (Diggle, 1986). This tests
how the L., function varies as one population of cells is
moved randomly relative to the other population of cells. If
there is no spatial dependency between the two populations,
the L, for the real cell positions should look similar to L.,
from the random cell populations. However, this is not the
case (Fig. 5d): the L function for the real field (red line) is
much lower than those generated from the random simula-
tions, and the Monte Carlo analysis of u scores bears this
out. This was also the case for the other two fields (Table 1,
test 4). This analysis suggests that the well in the DRP for
the cross-correlograms out to 200 pm (Fig. 6d) truly repre-
sents a spatial dependency between the two populations.
The next statistical test we applied to our data sets was
the random assignment test. This test was originally de-
scribed in the context of examining cholinergic amacrine
cells in the INL and the GCL (Diggle, 1986). One hypoth-
esis considered by Diggle was that all cholinergic ama-
crine cells are initially formed as a single mosaic, with
differentiation into two subtypes occurring later in devel-
opment, leading to their occupying different nuclear lay-
ers. His random assignment test considered whether each
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Fig. 5. Tests for complete spatial randomness (CSR) and indepen-
dence of the inner nuclear layer (INL) and ganglion cell layer (GCL)
cells. The layout of each subfigure is the same. In the cumulative
histogram, the solid red line shows the experimental L function, and
the solid blue lines are the envelope (min, max) of the 99 random
simulations. The broken black line indicates L(t) = t, the theoretical
value of L under the null hypothesis (CSR for a—c; spatial indepen-
dence for d). The lower graph in each panel plots the ranking score, u,
as a vertical line for each field: a tall red line for the experimental
field, and smaller blue lines for each of the 99 simulations. Because
only the ordering, not the magnitude, of each is important, each u plot
is scaled to the maximum u value. a: Test of CSR for the INL cells.
Because the experimental field falls out of the envelope of the random
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simulations, the INL cells are nonrandomly arranged. This conclusion
is confirmed by the experimental field having a rank of u of 99 out of
100 (P = 0.99). b: Test of CSR for the GCL cells. Both visual compar-
ison of the field with the envelope and the ranking (P = 0.59) indicate
that the GCL population is consistent with CSR. ¢: Test of CSR for the
whole population of cells. The L function again falls out of the enve-
lope of the random simulations, consistent with the u score ranking
(P = 0.99), and so we reject CSR. d: Test of spatial independence
between the INL and GCL cells. Here again, the difference between
the cumulative histogram for the data relative to the simulations and
the u score ranking (P = 1.00) leads us to reject the test for spatial
independence between the two populations.
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TABLE 1. P Values Assigned by Monte Carlo Testing to Examine
the Spatial Distribution of INL and GCL Cells,
and Their Possible Dependencies®

Field
Statistical test: null hypothesis A B C
1. Complete spatial randomness of INL cells 1.00* 0.99*% 0.95
2. Complete spatial randomness of GCL cells 0.78 0.59 0.68
3. Complete spatial randomness of INL + GCL cells 0.99* 0.99* 1.00%
4. Spatial independence of INL and GCL cells 0.97* 1.00% 1.00%
5. Random assignment of INL and GCL cells 0.53 0.78 0.82
6. Effective radius derived from random assignment 0.06 0.86 0.87

1 Asterisks denote significant differences from the null hypothesis at the 5% level. Tests
1-5 are one-tailed, and so P > 0.95 for significance; test 6 is two-tailed, and so P < 0.025
or P > 0.975 for significance at the 5% level. Tests 1-3 examine whether the INL cells,
GCL cells, or combined INL + GCL cells, are randomly arranged. The GCL cells alone
were found to be consistent with a random arrangement, while the INL cells and the
INL + GCL cells were found to be regularly arranged. Test 4 examines whether INL cell
positioning is spatially independent of cells in the GCL; for each field, we found that the
INL and GCL cells are spatially dependent. Test 5 examines the possibility that an
initial population randomly divides into the INL and GCL population; the low P values
indicate that this hypothesis cannot be rejected. Finally, test 6 shows that the size of the
effective radius in the cross-correlograms is consistent with random assignment of cells
to either the INL or GCL. INL, inner nuclear layer; GCL, ganglion cell layer.
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Fig. 6. Average density recovery profiles (DRPs) of the sample
fields shown in Figure 3. Each bin shows the mean (and standard
deviation) derived from the three DRPs associated with those fields.
Bin width, 50 pm. Before averaging, each DRP was normalized such
that its mean density was 1.0 (indicated by the horizontal bar at the
top of each plot), to account for different densities across samples. The
arrowhead beneath each DRP denotes the mean effective radius, and
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cell independently (and randomly) decides its laminar
fate from within such an initial mosaic. We applied this
test to our data sets to examine whether the INL and
GCL cells have subdivided from some initial population
of cells. Here, one simulation consists of fixing the po-
sitions of the cells to be the same as the experimental
data set, but independently randomly labeling each cell
to be either an INL or GCL cell, respecting the relative
number of INL and GCL cells in the experimental fields.
For this test, the metric for a field (simulated or real)
was the variance of each of \fK, \fig, \/I?Xg The ranking
of each of the three experimental fields against their
random simulations showed that each field was consis-
tent with random assignment (Table 1, test 5). These
results, therefore, suggest that the dopaminergic ama-
crine cells in the INL and GCL initially form a single,
modestly regular, array, before a certain proportion of
cells become displaced to the GCL. According to this
hypothesis, those cells should bear no particular spatial
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this mean and its standard deviation are indicated beneath the ar-
rowhead. a: Mean DRP of the autocorrelation of cells in the inner
nuclear layer (INL). b: Mean DRP of the autocorrelation of cells in the
ganglion cell layer (GCL). ¢: Mean DRP of the autocorrelation of all
cells, irrespective of layer. d: Mean DRP of the cross-correlation of the
INL cells with the GCL cells. Note that the effective radius is similar
in all four conditions.
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Fig. 7. Density recovery profiles (DRPs) of the cross-correlation
between cells in the inner nuclear layer (INL) and ganglion cell layer
(GCL) for field B. Conventions as in Figure 6, except that, because
each DRP represents a single field, there are no error bars and each
bin is not normalized. The top-left DRP is calculated from the exper-
imental data; the remaining DRPs are computed after randomly as-

relationship to the INL cells relative to a completely
random assignment of some 27% of the cells from the
initial population of all cells.

To test further this hypothesis, we took the entire
population of cells in each of the three experimental
fields (A, B, and C), and randomly labeled the cells as
either INL or GCL cells, respecting the ratio of INL to
GCL cells, and plotted their cross-correlograms. Figure
7 (top left) shows the DRP of the real data derived from
field B, whereas the other five DRPs (randomly selected
from a total now of 999 simulations) are derived from
these random assignments of INL or GCL status. Each
of the random cross-correlograms in Figure 7 exhibited
the same sized “well” as shown for the real data. We can
objectively compare these by computing the effective
radius for each of these 999 simulations, as well as for
the real data (indicated by the arrowheads beneath each
DRP in Fig. 7), and verify that the P values do not
discriminate the real data from the randomly assigned
mosaics. In each case, the ranking of the experimental
field was within the central 95% confidence interval
from the simulations (Table 1, test 6). This finding
supports the notion that the factors determining
whether a cell is to reside in the INL or GCL are
operating randomly within the total population.

Distance (um)

Distance (um)

signing each cell in field B to either the INL or GCL in their normal
proportion. Notice the similarity in the size of the effective radius in
all six DRPs, suggesting that those occupying the GCL in the real
fields in Figure 3 are randomly drawn from an otherwise homoge-
neous population of dopaminergic cells.

DISCUSSION

In this study, we show that although dopaminergic am-
acrine cells in the ferret are found in both the INL and the
GCL, they should be regarded as one functional popula-
tion. This conclusion is based on the cross-correlation
analysis of cell position between the two layers. Further-
more, based on computer simulations, we suggest that the
spatial distribution of cells in the INL and GCL is consis-
tent with each cell being randomly determined, indepen-
dent of the other cells, to reside in the INL or GCL.

Support for this hypothesis also comes from examining
the size of the effective radius from the autocorrelograms
of each field (Fig. 6). In each case, the effective radius is
around 100 pm. (The variance is largest for the effective
radius for the GCL cells, again because of the lower den-
sity of GCL cells compared with INL cells.) Previous work
has shown that the effective radius is robust to random
undersampling of a population of cells (e.g., Fig. 9b of
Cook, 1996). Only when the mosaic is severely under-
sampled (typically leaving less than 30—-40% of cells) does
the effective radius start to increase. Hence, our result
that the effective radius is similar across three autocorre-
lograms is to be expected if the INL and GCL cells are both
randomly chosen from some initial INL+GCL population.
Data from Cook (1996) also explain why the regularity
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index of the INL mosaic is higher than the GCL mosaic
but not much higher when the two are added together: the
regularity index decreases sharply as a mosaic is under-
sampled (see Fig. 9¢ in Cook, 1996).

These results of a spatial dependency between the INL
and GCL cells are in contrast to most previous work test-
ing for cross-correlations between cells in the retina. A
recent comprehensive study found no evidence for cross-
correlations between six types of neuron in adult rabbit
retina (Rockhill et al., 2000). In particular, they found no
spatial correlation between the cholinergic amacrine cells
in the INL and GCL, in agreement with the earlier work
by Diggle (1986) where most of the statistical methodology
used in our study was first described. Because these cho-
linergic amacrine cells also have dendrites that ramify in
different sublaminae of the IPL, there is little doubt that
they are in fact independent functional types. By contrast,
the dopaminergic amacrine cells in both the INL and GCL
position their dendrites in the same sublamina within the
IPL, strongly suggestive of a functional commonality. The
present results solidify this view, because their position-
ing relative to one another indicates a single spatial pat-
tern from which both populations are drawn.

Developmentally, these results suggest that a single
population of dopaminergic amacrine cells is produced,
from which a subset is randomly chosen to migrate further
vertically into the GCL. One would like to know the mech-
anism(s) by which the initial population of cells is con-
strained to form a mildly regular array. One hypothesis is
that retinal mosaics are formed by lateral dispersion of
neighboring cells as they interact with one another (Reese
et al., 1995, 1999), perhaps mediated by homotypic den-
dritic interactions (Galli-Resta, 2000; Galli-Resta et al.,
2002). However, dopaminergic amacrine cells, at least in
the mouse, do not undergo much tangential migration
(Reese et al., 1999; Raven et al., 2003). Instead, feedback
inhibition might prevent neighboring cells surrounding
each dopaminergic amacrine cell from acquiring the same
fate, suggested in the larval frog retina (Reh and Tully,
1986). This mechanism is unlikely to be universal, how-
ever, because bcl-2—overexpressing mouse retinas contain
many dopaminergic amacrine cell somas in close proxim-
ity, indeed, as many as would be expected from a random
distribution (Raven et al., 2003). Alternatively, a regular
distribution of dopaminergic amacrine cells might emerge
from a random population by a process of cell death,
because there is thought to be massive cell death amongst
the dopaminergic cells (Strettoi and Volpini, 2002) and the
cell death would only need to be weakly directed to trans-
form a random into a regular population (Eglen and
Willshaw, 2002; Raven et al., 2003).

The present results also raise the issue of the determi-
nants of positional depth for dopaminergic amacrine cells.
As these cells are positioned at only one of two levels,
rather than showing the variable positioning typical of
some ganglion cell classes throughout the IPL and GCL in
fish retina (Cook and Becker, 1991), they clearly distin-
guish the cellular from plexiform layers. They are, per-
haps, more like horizontal cells that are misplaced to the
ganglion cell layer (Silveira et al., 1989; Wissle et al.,
2000). But it is still unclear as to whether an initial array
of cells first settles within the INL from which a subset
then migrates into the GCL, or whether radially migrat-
ing cells simply cease their migration at two different
depths. The percentage of dopaminergic amacrine cells
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situated in the GCL is known to vary among species. For
example, less than 1% is positioned in the GCL of the rat’s
retina (Martin-Martinelli et al., 1994), whereas around
40% are so positioned in the dog’s retina (Peichl, 1991).
Indeed, within the dog’s retina, their proportion varies
across the retina from 10% to 85%, with no consistent
pattern (Peichl, 1991). This variability across and within
species is consistent with the view that a single functional
population exists and that the spatial constraints imposed
upon these cells as they migrate radially are more loosely
controlled in some species than others, but still does not
shed light on the above questions.

Even though we find that the mosaic regularity is high-
est (Fig. 4) when we consider the combined INL+GCL
mosaic, the nearest-neighbor regularity index is still very
modest (~2.43) compared with other retinal mosaics (e.g.,
~4 for cholinergic amacrine cells, Galli-Resta and Novelli,
2000; ~5 for horizontal cells, Raven and Reese, 2002).
Clearly, dopaminergic cells are nonrandomly arranged,
but their mosaics are not precise. This finding may reflect
their modulatory role in visual processing, rather than
relaying any spatial features in the pattern of photorecep-
tor excitation, and is consistent with the extensive yet
irregular spread of their processes coupled with their sub-
stantial overlap (Voigt and Wissle, 1987; Dacey, 1990).
Neither the positioning of these cells in the plane of the
retina, nor their positioning within its depth, appears to
be regulated as precisely as found for other cells that
transmit the spatial relationships contained within the
visual image.

In summary, our results show that the dopaminergic
cells in the INL and GCL are not independent functional
types but, instead, should be regarded as a single func-
tional type, whose cell bodies form a modest tiling of the
retina when they are considered together. While this con-
clusion may be expected given their similar morphologies
and stratification, the present results provide an objective
means of advancing this view. Furthermore, we suggest
that the decision for a dopaminergic amacrine cell to lo-
cate itself in either the INL or GCL is made probabilisti-
cally. Subtle variations in the environment may be suffi-
cient to enable some number to move into the GCL,
although the nature of those environmental events is un-
clear at this stage. Although some amacrine cell types
situated in the GCL do comprise independent classes, this
is not the case for the dopaminergic amacrine cells—those
situated in the GCL appear to be misplaced.
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