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Abstract

Retinal bipolar, amacrine and ganglion cells contact each other within precisely defined synaptic
laminae, but the spatial distribution of contacts between the cells is generally treated as random.
Here, we show that not to be the case. Excitatory inputs to inner retinal neurons were visualized by
introduction of a plasmid coding for the postsynaptic protein PSD95-GFP. Our initial finding was
that synapses upon the dendrites of retinal ganglion cells are regularly spaced, at 2-3 pum intervals,
along the dendrites. Thus, the presence of a PSD95 punctum creates a nearby zone from which
other inputs appear to be excluded. Despite their great variation in size and different
morphologies, the spacing is similar for the arbors of different retinal ganglion cell types. Regular
spacing was also observed for the starburst amacrine cells. This regularity is mirrored in the
spacing of axonal varicosities of the stratified bipolar cells, which have a regular, non-random
interval consistent with that of the PSD95 puncta upon ganglion cells. Thus, for each level of the
inner plexiform layer, all three cell types participate in a single two-dimensional mosaic of
synaptic contacts. These findings raise a new set of questions: How does the self-avoidance of
synaptic sites along an individual dendrite arise and how is it physically maintained? Why is a
regular spacing of inputs important for the computational function of the cells? Finally, which of
the three players, if any, is developmentally responsible for the initial establishment of the pattern?
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Introduction

The neurons of the retina are not distributed randomly across the surface of the retina.

Instead, cells of the same functional and morphological type keep a minimum distance from
each other and the resulting "exclusion zone™ leads to a regular mosaic of cells of the same
type (Wassle et al., 1981; Reese and Galli-Resta, 2002). For ganglion cells, the dendritic
arbors of neighboring cells of the same functional type overlap only minimally — thus, they
tile the retina with a mosaic of cells. As there are at least a dozen different functional and
morphological types of ganglion cells, there are more than twelve such mosaics, regular in
themselves but completely independent of each other (Rockhill et al., 2000; Roska and
Werblin, 2001; Rockhill et al., 2002). The physiological significance of this pattern is easy
to understand; a random distribution of cells creates a pattern of clumps and gaps that would
leave some parts of the retina oversampled, while other regions would be uncovered by cells
of one particular type. Clumps in the mosaic represent redundancy, while gaps would create
blind spots for the stimulus feature to which the cell type responds. A similar tiling exists for
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the coverage of body surfaces by somatosensory neurons (Nicholls and Baylor, 1968;
Blackshaw et al., 1982; Grueber et al., 2001; Grueber et al., 2002; Jan and Jan, 2003).

We report here an analogous phenomenon that exists on the scale of individual synapses — a
scale fine enough that the biological utility of the regularity is not immediately evident. The
finding originated from a study directed toward a different goal. We wanted to know
whether different functional types of ganglion cells have characteristically different patterns
of synaptic input (Jakobs et al., 2008). To identify synaptic sites on the non-spiny dendrites
of retinal ganglion cells, we used particle-mediated transfer of GFP-tagged PSD95 into cells
in the ganglion cell layer of the rabbit retina. The tissue was then cultured to allow the
expression of PSD95-GFP, which permits direct visualization of the excitatory synaptic sites
of a single cell (Koizumi et al., 2007).

We found the overall density of excitatory input sites upon ganglion cells to be not notably
different between cell types (Jakobs et al., 2008). What was not anticipated was that
excitatory synaptic inputs onto the dendrites of retinal ganglion cells observe a minimum
distance from each other, leading to a regular spacing along the length of the dendrite. In
more formal terms, the positions of synapses are negatively autocorrelated, so that the
occurrence of a synapse decreases the probability that another one lies nearby.

The spacing of synapses in other types of neuron has previously been studied. A well-
studied example is the very regular mosaicism observed in fish retina, both the outer
(Engstrom, 1963; Wagner, 1976) and the inner layers (Hibbard, 1971; VVan Haesendonck
and Missotten, 1983). The regular spacing in fish retina is observed on the level of cell
bodies, as it is in mammalian retinas, but also for elements within the inner plexiform layer.
Regular cell mosaics have been reported for amacrine and ganglion cell dendritic arbors and
cell bodies (Podugolnikova, 1985a; Cook et al., 1992). The IPL of many fish is made up of
~25 sublayers, several of which contain highly regular lattices of bipolar axon terminals
(Podugolnikova, 1985b) that are filled with glutamatergic vesicles (Van Haesendonck and
Missotten, 1991). Interestingly, the mosaics formed by the axon terminals are even more
regular in spacing than the bodies of the cells to which they belong (Mack, 2007). Although
the postsynaptic elements have not been studied in detail, a high degree of regularity would
be predicted for them as well.

The spatial distribution of axonal swellings in hippocampal neurons on a local scale is
random, in that there is no significant exclusion zone around individual varicosities.
Interestingly, however, the mean spacing across longer distances is deterministic, in the
sense that an individual axon has the mean spacing characteristic for that type of axon and
even for differing locations along its length (Shepherd et al., 2002; Shepherd and Raastad,
2003). A different kind of spatial ordering is observed for presynaptic active zones in the
photoreceptors and neuromuscular junctions of flies. Within the photoreceptor terminals,
synapses are regularly spaced, such that the presence of a synapse decreases the probability
that another synapse lies nearby. In the neuromuscular junctions, each terminal varicosity
has 15-40 synapses and these were again regularly spaced. This form of regular spacing
suggests the presence of a physical interaction between nearby synapses within the
terminals, perhaps initially during development (Meinertzhagen and Hu, 1996;
Meinertzhagen et al., 1998; Dickman et al., 2006).

In our experiments, regularity of ganglion cell postsynaptic sites turned out to be a robust
principle, observed for every ganglion cell type studied. In retrospect, it can also be seen in
images of retinal neurons published in other contexts (Morgan et al., 2008; Xu et al., 2008).
This is analogous in some ways to the tiling of the retinal surface by ganglion cell types.
However, mosaics of synapses are a more complex case, as regularly spaced postsynaptic
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sites require regular spacing of their presynaptic partners as well. The challenge of the
present study was thus to understand the three dimensional arrangement of synapses among
the interlocking cell populations of the inner retina.

Materials and Methods

Tissue preparation

New Zealand white rabbits of either sex aged 7-10 weeks were used for all experiments
according to a protocol approved by the Committee for Animal Care of the Massachusetts
Eye and Ear Infirmary. The retinas were removed and transfected with an expression
plasmid encoding a fusion protein from PSD95 and GFP via particle-mediated gene transfer
(Lo et al., 1994). The retinas were then cultured for four days in an organotypic retinal tissue
culture. These methods are described in detail elsewhere (Koizumi et al., 2007; Jakobs et al.,
2008). After four days of incubation, retinal tissue was mounted in glycerol and individual
cells were chosen for image acquisition with a confocal microscope.

Ganglion cell types

Our sample included cells of six functional types (local edge detector (G1), small bistratified
cell (G3), ON/OFF DS cell (G7), ON DS cell (G10), OFF-parasol cell (G5), and alpha cell
(G11)), where the functional type had been correlated to a characteristic cell morphology in
earlier studies (Barlow and Levick, 1965; Levick, 1967; Amthor et al., 1989a; Amthor et al.,
1989b; Famiglietti, 1992; Dacey, 1993; Calkins et al., 1998; He and Masland, 1998; Roska
and Werblin, 2001; Rockhill et al., 2002; Roska et al., 2006). The ganglion cells in our
sample have been described and images presented in an earlier publication (Jakobs et al.,
2008). Starburst cells were analyzed specifically for this study.

Statistical analysis

The cells were digitized using the Neurolucida package (Microbrightfield, Williston, VT).
The skeleton of the dendritic arbor was entered, together with the location of PSD95 puncta
and branch points. Cells digitized in this way are shown in Figures 1B, 3B and 7. For
quantitative analysis of dendritic structure, the Neurolucida software package
(Microbrightfield, Williston, VT) was used to trace individual ganglion cells from confocal
image stacks in three dimensions. When the 3D stick figure of the cell’s morphology was
completed, markers were placed on PSD95 puncta and attached to the cell trace to identify
the location of PSD95 puncta. The spatial resolution for each PSD95 punctum was 0.5 um,
because that was the limiting resolution of the confocal images.

Intervals between puncta were measured as illustrated in Figure 2. In general, measurements
of synapse spacing were made along the dendrites, i.e. distances were measured along the
extent of the dendrite. The exception was the spacing of varicosities of bipolar cell axons,
which were measured from a stained field of cells or from individual cells, as described
below; and these measurements were made in the conventional way (Waéssle and Riemann,
1978; Rodieck, 1991), i.e. the spacing between varicosities was measured without reference
to whether or not they lay on the axon of a particular cell. As a test of regularity for the
intervals, they were compared with a model cell having the same number of PSD95 puncta
placed at random by the uniform random generator of MatLab (The MathWorks, Natick,
MA\) on that dendritic arbor. The bin size for the random distributions was 0.5 pum. Possible
differences between the interval distributions of real or randomized positions were
statistically analyzed by the nonparametric 2 sample Kolmogorov-Smirnov test
(Chakrarvarti et al., 1967; Rodieck, 1991) in Igor Pro (WaveMetrics, Lake Oswego, OR).
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Nearest neighbor distances along the dendrites were analyzed using loglogistic fits of the
distributions. Because it is constrained to a bounded space — essentially a line — the
distribution of nearest neighbors along a dendrite was not fitted well with the usual Gaussian
or Poisson distribution (chi-square test, P < 0.1). We evaluated exponential, Weibull,
lognormal, and loglogistic curves. According to the chi-square goodness of fit test, the
loglogistic curve fitted our data best. Curve fitting was done with the loglogistic probability
density function shown below, by user written procedures in Igor Pro.

Loglogistic probability density function(x)=

with location parameter p (1 > 0) and scale parameter ¢ (0 < ¢ <1).

Possible differences between the nearest neighbor distributions of real or randomized
positions were statistically analyzed by the 2 sample Kolmogorov-Smirnov test.

The spatial autocorrelation (Density Recovery Profile, (Rodieck, 1991)) was measured
within dendritic segments (Figure 2). Each punctum was considered once as the reference
point. The distance from that punctum to all other puncta within its dendritic segment (i.e.
between branch points) was measured. (Allowing the analysis to cross branch points gives
the same fundamental result — the same exclusion zone — but incorporates much meaningless
data from the hundreds of possible long paths that lead through distant parts of the cell’s
total dendritic arbor.) The inter-punctal distances were binned at 0.5 um. If the dendritic
segment had just one punctum, a DRP within that segment could not be measured. The
density (puncta / linear um) of puncta at any distance from the reference punctum was
calculated as follows:

N ref
Z N puncta (ref #)(bin #i)
=1
N ref
S- Z N dendrite(ref #j)(bin #i)
j=1

Density (bin #i)=

Where N ref = the number of reference puncta, N puncta (ref #j)(bin #i) = the number of
puncta in bin #i from the reference punctum #j, S = bin size (0.5 um), and N dendrite(ref #j)
(bin #i) = the number of dendritic segments from the reference punctum #j that contain bin
#i.

In this expression the average density is calculated as total number of reference puncta
divided by the total length of the dendritic segments that have two or more of reference
puncta. This is to allow for the varying length of the segments. It has the units puncta/ linear

pm.

The distribution of PSD95 puncta around branch points was measured in a similar way. We
calculated the distance from every branch point to all possible PSD95 puncta located on
adjacent dendritic segments. The density (puncta / linear pum) was calculated as follows:
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N
ZN puncta (branch point #j) (bin #i)
Density (bin #i)= F'N

S- ZN branch (branch point #j)(bin #i)
j=1

Where N = total number of branch points, N puncta (branch point #j)(bin #i) = the number
of puncta in bin #i from the branch point #j, S = bin size (0.5 um), and N branch (branch
point #j)(bin #i) = the number of branches from the branch point #j that contain bin #i.

In all cases where the observed distributions were compared with random spacing, the
randomly spaced data were fitted by an unsmoothed Gaussian. The distribution has a
characteristically pointed shape because intervals smaller than 0.5 um were not permitted in
generating the random spacing.

The spacing of axonal varicosities in bipolar cells

The spatial distribution of axonal varicosites of bipolar cells was analyzed by nearest
neighbor analysis (Wassle and Riemann, 1978). Immunostained terminal varicosities (CD15
cells) were analyzed as single fields sized 204 x 204 pm (Figure 4).

A different way to measure the spacing of varicosities of bipolar cells was to measure the
spacing of varicosities in single-stained bipolar cells. As discussed later (Results) the nearest
neighbor spacing of varicosities on single bipolar cells is a valid index of the population
spacing because cone bipolar cells tile the retina: there is little or no overlap between
neighbors. Thus many bipolar cells — as long as they are of the same type and are narrowly
stratified — can be combined for analysis of the population statistics, i.e. the distribution of
nearest neighbor distances. The bipolar cells studied here were from the set of stained cells
collected by MacNeil et al. (MacNeil et al., 2004) and classified by them. Nearest neighbor
distances were measured by conventional methods for the field of varicosities belonging to
individual Golgi-stained cells of a single type, as shown in Table 3. The distributions of
nearest neighbor distances were well fitted by Gaussian curves. Varicosities of the bipolar
cells were also analyzed after staining of those cells as a population in retinal whole mounts
using antibodies against the carbohydrate epitope CD15 (Brown and Masland, 1999).

Antibody characterization

Please see Table 1 for a list of all antibodies used. A monoclonal mouse IgM anti-CD15
antibody was used to stain for the population of CD15* bipolar cells (Brown and Masland,
1999). We have tested previously that preincubation of the tissue with synthetic CD15
epitope (Lacto-N-fucopentatose 111, Sigma) completely blocks antibody staining in retinal
tissue (Jakobs et al., 2003).

Calbindin immunoreactivity characterizes a type of bipolar cell in the rabbit retina (Massey
and Mills, 1996), that has been identified with the CBb5 type in more recent studies
(MacNeil et al., 2004). The affinity-purified rabbit polyclonal antibody against calbindin
D-28k recognizes a 28kD protein in mouse brain extracts (Millipore, product data sheet). In
the retina it detects horizontal cell bodies and processes in addition to CBb5 bipolar cells
(Massey and Mills, 1996).

The mouse monoclonal antibody against CtBP2 (RIBEYE) recognizes a 48 kD band in
BC3HL1 cell extracts (BD Biosciences product data sheet). CtBP2 is one component of the
natural fusion protein RIBEYE that is the major structural protein of synaptic ribbons in
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photoreceptors and bipolar cells (Schmitz et al., 2000). Since RIBEYE contains a unique A
domain in addition to the C-terminal portion of the protein that is nearly identical to the
transcriptional repressor CtBP2, the antibody recognizes a ~110/120 kD double band in
retina extracts that corresponds to RIBEYE, in addition to the 48 kD band that corresponds
to CtBP2 which is also expressed in low levels in the retina (Schmitz et al., 2000). This
antibody has been used in several immunohistochemical studies in the retina (Hirano et al.,
2007; Jakobs et al., 2008; Lin et al., 2008), and was also shown to label ribbons in electron
microscopy (tom Dieck et al., 2005). Secondary antibodies were FITC- or rhodamine-
labeled donkey anti-mouse IgM or donkey anti-rabbit Fab2 fragments obtained from
Jackson Immunoresearch (West Grove, PA).

Immunohistochemistry and image acquisition

Rabbit retinas were whole mounted on filter paper and incubated in primary antibodies for 3
days, followed by over-night incubation in the appropriate secondary antibody. The tissue
was mounted in Vectashield (Vector Laboratories, Burlingame, CA) and imaged the day
after mounting. All images were acquired on a Zeiss Axioplan Il equipped with a BioRad
Radiance confocal system. Images were taken with a C-Neofluar 63x/1.4 water immersion
objective. The images were imported into Adobe Photoshop CS2 (Adobe) to adjust
brightness or contrast. No other image processing was carried out.

Modeling the effects of synapse spacing

Results

Three-dimensional cell traces captured by the Neurolucida program package were imported
into the NEURON simulator (Neuron version 5.7 was downloaded from
http://neuron.duke.edu/, (Hines and Carnevale, 1997; Carnevale and Hines, 2006). The
reconstructed cells preserved the three dimensional direction, dendritic thickness, and
connectivity of the dendrites. We incorporated excitatory synaptic input sites (PSD95
puncta) on the dendrites of the cell. The default passive parameters were: passive membrane
conductance (g_pas = 25 pS/cm?), intracellular cytoplasmic resistance (Ra = 150 ohm-cm),
and membrane capacitance (Cm = 1 uF/cm?) that were determined in retinal cultured
neurons by previous patch-clamp recordings and NEURON simulations (Koizumi et al.,
2004; Koizumi et al., 2005). These parameters were incorporated uniformly in the
reconstructed cell. No active currents were incorporated.

Excitatory synaptic inputs were mathematically described as an alpha-function with a
decaying time course (tau = 1 msec), an appropriate maximum conductance (go, 1 mS/cm?
in Figure 5, 50 pS/cm? in Figure 6 and Figure 7) and an equilibrium potential (Estim: for
excitatory synaptic inputs, Estim = 0 mV). We assumed all synapses to have the same
properties. The membrane potential of the cell was set to be =70 mV. We applied
stimulation on all or parts of these synaptic input sites and recorded the somatic potential
changes, as described under results. Subsequent statistical analysis was done with user-
written procedures in MatLab and Igor Pro.

Synaptic inputs are regularly spaced along the dendrites of retinal ganglion cells

We transfected retinal ganglion cells in an ex-vivo tissue culture of rabbit retina with
expression plasmids for GFP-tagged PSD95 to label excitatory synaptic sites on the
dendritic arbors. High-resolution confocal image stacks were taken of 56 cells, 10 of which
were digitized using the NeuroLucida program package. This resulted in a database of 3-
dimensional representations of the dendritic arbors and the excitatory synaptic sites of these
cells. Evidence that PSD95 expressed in this way accurately reflects the sites of
glutamatergic input was given previously (Jakobs et al., 2008), and was demonstrated
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independently by Morgan et al. (2008). A preliminary analysis of this dataset was presented
in our earlier publication, and the unprocessed data — images of the cells — have been made
available (supplemental material to Jakobs et al., 2008). Here we report a detailed analysis
of the local spatial patterns of excitatory synaptic inputs to the ganglion cells.

The spacing of PSD95-GFP puncta gave the visual impression of regularity (Figure 1, see
also Figure 7) and this was confirmed by several measures. First, the overall frequency of
the intervals between puncta showed a disproportionate number of mid-sized intervals, with
a mode at about 3 um for all cell types (Figure 2). When the same number of puncta were
assigned positions at random, the distribution of intervals was significantly broader: it had
more short intervals between puncta and more very long ones. These correspond to the
clumps and “lakes” that visually characterize random spatial distributions. The inter-synapse
interval was basically independent of the overall size of the dendritic arbor or the length of
the individual segments, even though the dendritic field diameters vary by more than a
factor of five from the smallest cells to the largest cells (Table 2).

Commonly used measures of spatial regularity in two dimensional spatial arrays are the
nearest neighbor distances (Wéssle and Riemann, 1978) and the spatial autocorrelation
(density recovery profile, (Rodieck, 1991); see Cook (1996) for review). The nearest
neighbor distributions for PSD95-GFP puncta along the dendrites of retinal ganglion cells
were calculated as the nearest neighbors in the one dimensional case, i.e. the nearest
neighbor along the dendrite (Figure 2). The events that cause this deviation from
randomness are clearly seen in the spatial autocorrelation function (density recovery profile,
DRP), which displays the distance from each punctum, taken as the origin, to all of the other
puncta on that dendritic segment (a segment is the region of dendrite that lies between two
branch points). Surrounding each punctum, there is a zone from which other puncta appear
to be excluded.

The size of the exclusion zone did not vary significantly when the puncta were deliberately
over- or undercounted during digitization of the raw images (data not shown). This is
because a very large over- or undersampling of the image is required to obscure the
underlying regularity (See Rodieck (1991); Cook (1996).)

Regular spacing of excitatory inputs to starburst amacrine cells

In addition to ganglion cells, many of the transfected retinas also contained labeled ON
starburst amacrine cells, whose cell bodies reside in the ganglion cell layer. Inspection of the
images suggested that their synaptic sites are regularly spaced and this was confirmed by
quantitative analysis (Figure 3). The frequency distribution of synaptic intervals was wider
than that for ganglion cells, with a mean nearest neighbor distance of 6.07 um (Table 2), but
the most frequent (modal) distance of about 3.5 um was similar to that for ganglion cells.
(This suggests that starburst cells skip potential inputs more often than ganglion cells, so that
the mean interval is closer to the mode for ganglion cells than for starburst cells — see
Discussion.)

Branch points affect the synapses of adjoining dendritic space

We repeated the autocorrelation analysis, but this time used the branch points as the points
of reference — we computed the distribution of PSD95-GFP puncta on the two dendritic
segments adjacent to the branch point, taking the branch point as the origin. The results are
clearest for the largest cells, because these provide a larger sample of branch points, but
were consistent for all cell types: a branch point appears to act as though it were a spatial
organizer. Excitatory synaptic inputs may or may not be present at the branch point, as
indicated by the presence or absence of intervals near 0. For the small bistratified (G3) cells
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and ON DS cells there was a tendency for inputs to avoid branch points, but for the others
the frequency of puncta at the branch point was near that expected by chance. In all cases,
the branch points were surrounded by a zone from which excitatory synaptic inputs tended
to be excluded. This zone was essentially the same size (~2 um) as the exclusion zone that
separates puncta within a segment. In other words, whether there was an excitatory input at
the branch point or not, it tended to set the start point for the series of regular intervals that
divide up the dendritic segment.

The axonal varicosities of bipolar cells are also regularly spaced

The major excitatory input to retinal ganglion and amacrine cells comes from the axon
terminals of bipolar cells. Like ganglion cells, these come in a variety of different types,
distinguished primarily by their level of stratification within the inner plexiform layer
(MacNeil et al., 2004; Wassle, 2004; Wassle et al., 2009). It seemed possible that
regularities would be found in their axonal terminals as well: a given level of the inner
plexiform layer is occupied by only a few types — in some cases a single type — of retinal
ganglion cell. If that is the case, and if the ganglion and starburst cells have excitatory input
zones spaced at ~3 um, then a corresponding spacing would be expected on the presynaptic
side. We therefore undertook to study the axonal varicosities — the sites where their ribbon
synapses are located — of bipolar cells.

Two independent types of material were used. First, we stained the population of type CBb4
bipolar cells (MacNeil et al., 2004) in whole mounts using an antibody directed against the
carbohydrate epitope CD15 (Brown and Masland, 1999). We carried out nearest neighbor
analysis on the axonal swellings of these cells, which are the primary sites of their ribbon
synapses (Figure 4AB). Because the whole population of cells was simultaneously stained,
here we could use the standard two dimensional nearest neighbor analysis. We found that
these varicosities were regularly spaced, with a mean nearest neighbor distance of 4.2 + 0.1
pum (n= 3 fields).

Does this principle apply to other types of bipolar cell? If we had ways to stain all of the
bipolar cell types as whole populations, then we could have used standard NND or DRP
analysis of the fields of stained axonal varicosities, as for the CD15 cells. For most bipolar
cell types, we did not have such a staining capability. We realized, however, that the
characteristics of bipolar cell axonal arbors allow testing the hypothesis by a different
method, in which the spacing of synapses on individual cells is examined and from this the
population spacing derived. The cells were Golgi-impregnated (Figure 4C) and have been
described and classified in a previous study (MacNeil et al., 2004). It was possible to
achieve an adequate sample for nearest neighbor analysis because nearest neighbor analysis
depends only upon the single nearest neighbor to the reference varicosity; in contrast to DRP
analysis, it ignores any members of the population more distant than the nearest neighbor.
As long as the processes of neighboring cells do not overlap substantially, the nearest
neighbor will virtually always be from within the same cell — indeed, it is usually along the
same dendrite — so that an approximation of the nearest neighbor distance of the whole
population can be obtained from the nearest neighbors that occur within a series of its
individual members; it is not necessary to stain the cells as a population. The necessary
condition of non-overlap is met for cone bipolar cells, most of which have axonal coverage
factors of unity or less (Mills and Massey, 1992; Milam et al., 1993; Brown and Masland,
1999; Lin and Masland, 2005).

We studied bipolar cells that terminate at four different depths; they arborized at

approximately 20, 40, 55, and 75% depth of the inner plexiform layer. (The CD15
population arborized at 80%.) The results are illustrated for cells stratified at 0 to 20% of the
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IPL in Figure 4B and detailed in Table 3. The spacing of varicosities was similar at all levels
of the inner plexiform layer, with a mean nearest neighbor distance of 3.98 pum.

This is slightly wider than the spacing of postsynaptic sites along ganglion or amacrine cell
dendrites, but the difference is within the experimental errors of measurement. The largest of
these is the necessity to correct for shrinkage in the Golgi material, which was dehydrated
and cleared: We applied the usual 30% correction, but there was no internal standard by
which this value could be cross-checked. Another limitation is that axonal varicosities of
bipolar cells, some of which are as much as 3 um in extent, sometimes contain more than
one ribbon synapse. We measured the frequency of occurrence of varicosities containing
one, two or more synaptic ribbons in wholemounts double stained for calbindin, which
marks the CBb5 type of bipolar cell, and RIBEYE (data not shown). Varicosities containing
one or two ribbons were observed in the large majority (81%) of all cases. Multi-ribbon
varicosities tended to be associated with extended PSD95 puncta but these were not
distinguished in our mapping of postsynaptic sites, which made no distinction between large
PSD95 puncta and small ones.

Regular spacing decreases the variability of an individual dendrite’'s response to small
stimuli, but this has little effect in a structurally realistic cell

We next investigated the possible physiological consequences of regularly spaced inputs to
the retinal ganglion cells. This was studied by biophysical modeling, comparing the
behavior of a retinal ganglion cell that possesses regularly spaced inputs with the same cell
having its inputs distributed at random positions. These studies utilized first a highly
simplified retinal ganglion cell and then a more spatially realistic one.

We began by asking the extent to which the biophysical contributions of individual synaptic
inputs are affected by neighboring ones. Do inputs to neighboring synapses sum linearly or
non-linearly; and to what extent is this affected by the distance between them? We
constructed a model cell that had only a single straight dendrite. As a starting point, this
dendrite was assigned membrane properties obtained by double patch-clamp recording from
dendrites of retinal neurons in culture (Koizumi et al., 2005). In the simulation, we injected
current into individual synapses or pairs of synapses spaced at various distances; the
response at the soma was recorded. In the range of PSD95 spacing observed in our data, we
found virtually no interaction between neighboring inputs: the inputs summed linearly at all
distances between pairs of inputs. This result held for all plausible values of the biophysical
parameters assumed in the simulation (Figure 5).

A different question is how the spacing of synapses might, or might not, affect the
transmission of information through the ganglion cell under various conditions of inputs. In
this exercise we imagine the ganglion cell as a device that samples the output of a field of
bipolar cells. We ask how reliably the ganglion cell can report the bipolar cell output when
the ganglion cell’s synaptic inputs have regular or random spacing. The simulated cell was
assigned glutamatergic inputs at an average spacing of 3 um, approximating that observed
for synapses of the ganglion cells in our sample. To avoid distortion by chance variation in a
single random drawing, quantitative comparisons were made using a series of random
positions.

The first test case used the simplified cell that has only a single 250 um dendrite (Figure 6).
If the whole cell was stimulated, there was no difference in the soma response with random
or regular spacing of the synapses. We considered the response of the cell to patches of
inputs that covered a span of 27, 51 or 75 um, a range similar to the diameters of the
smallest bipolar cell axonal arbors in the rabbit (McGillem and Dacheux, 2001; MacNeil et
al., 2004). All of the synapses covered by the stimulus were considered to be activated. The
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response of the cell at the soma was measured. In all cases there was a gradual decrement as
the input moved from near the soma to the distal end of the dendrite. When the spacing of
synaptic inputs was random, the resulting irregularities caused variability in the somal
output: this would increase the uncertainty with which this cell signals the presence of an
input. (The timing of the responses was little affected, Figure 6, inset). The variance in the
simulated response to a 27 um bar was ~ fourfold greater for the randomly spaced inputs
than for the regular spacing: s.d. = 0.64 mV; random spacing: s.d. = 2.64 mV (n=59). For the
51 pm stimulus the corresponding values were 1.38 and 2.93 mV (n=51) and for the 75 pm
stimulus they were 1.88 mV and 2.57 mV (n=43).

Would the same thing happen in the case of the actual geometry of a ganglion cell? Such a
simulation is shown in Figure 7. The cell was the same OFF parasol cell analyzed in Figure
2. In one case the synaptic input zones were assigned their actual positions as observed from
PSD95 expression; in the other, the same number of synaptic zones was positioned
throughout the dendritic arbor at random. Inputs of different spatial extent were applied
throughout the dendritic arbor and the cell’s response at the soma was calculated. At 50 um
there was little difference between the random input and the regular input case. At 25 um
there was somewhat more variability in output with random spacing of inputs than with
regular. The largest effect was a slightly greater number of particularly effective locations
(hot spots) in the random case (arrows). These are caused by clumps of inputs that occur
when inputs are assigned at random positions. If such a clump occurs near the soma, where
it efficiently drives the somatic membrane potential, a hot spot in stimulus effectiveness
results. However, the difference between regular and random spacing is much less than in
the reduced cell with only a single axon. This is because of the space-filling character of the
dendritic arbor (Panico and Sterling, 1995): a test probe approximating the size of a bipolar
axonal field usually falls upon more than one dendritic branch, and the averaging that this
creates smoothes the final output of the model cell.

Discussion

The mosaic of excitatory synapses in the inner plexiform layer

In trying to conceptualize the mosaic of synapses, it is useful to begin by focusing on the
array of axon terminals of any single type of narrowly stratified bipolar cell — a sheet of
terminals like the one shown in Figure 4A. These arrays are themselves regular, both from
cell to cell and within the varicosities of a single cell. This was measured quantitatively in
the present study and is evident from simple inspection of many previously published
images (Massey and Mills, 1996; Jacoby et al., 2000; Trexler et al., 2001; Zhang et al.,
2002; Li et al., 2004; MacNeil et al., 2004). It seems to be a general pattern for many, if not
all, types of bipolar cells — at least those that are narrowly stratified within the inner
plexiform layer. In the present study, significantly non-random nearest neighbor distances
were seen at four different depths within the IPL. Furthermore, all types of retinal ganglion
cells had regularly spaced excitatory inputs along their dendrites, and those include ganglion
cells that stratify at many different depths within the inner plexiform layer. Thus, regularly
spaced mosaics are the rule for many, if not all, bipolar and ganglion cells.

Without imputing causality (see below), it is evident that the regular spacing of bipolar cell
varicosities is associated with the appearance of the "exclusion zone" along the length of the
ganglion cell dendrites: A ganglion cell dendrite that samples from a regularly spaced two
dimensional mosaic of synaptic outputs necessarily has some degree of regularity in the
positions of synaptic inputs along its dendrites. This is illustrated in Figure 8, a schematic
representation of the present results. The fundamental mosaic of excitatory inputs is shown
by the red dots, representing output sites (with one or more ribbon synapses) of the bipolar
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varicosities. The ganglion cell (blue) and the amacrine cell (green) both sample from this
mosaic.

Just as for the retinal mosaics of cell types, the exclusion of excitatory synapses from each
others’ neighborhood pertains to other synapses of the same type — to excitatory synapses
but not to inhibitory ones. Inhibitory synapses (either glycinergic or GABAergic) make up
approximately 80% of all synapses upon most retinal ganglion cell dendrites and are thus far
more numerous than the excitatory inputs studied here (Stevens et al., 1980; Freed and
Sterling, 1988; Macri et al., 2000; Jeon et al., 2002; Famiglietti, 2005). They clearly are
permitted to lie within the exclusion zone of the excitatory inputs. This is in many ways
analogous to the problem raised by tiling of the retinal surface by ganglion cells, which are
evenly spaced with respect to other members of the same cell type, but are randomly spaced
with respect to ganglion cells of other functional types.

How is the regular mosaic created?

It is easy to fall into conceptualizing the mosaic of inner retinal contacts as being organized
developmentally around the mosaic of varicosities of the bipolar cells. The problem is that
the bipolar cells are the last retinal neurons to be developmentally specified (Young, 1985);
and their ribbon synapses are the last synapses to appear within the inner plexiform layer
(McArdle et al., 1977). Therefore, at least two sequences of events should be considered,
here described in simplified terms.

(1) Ganglion cell dendrites contain the signals that create regular spacing. Ganglion cells are
the first retinal neurons to develop (Young, 1985), for review see Marquardt and Gruss
(2002). They could contain a cell-intrinsic mechanism for creating regular spacing of their
synaptic input sites. In the extreme case, the cell could "know" where each synapse should
lie. More plausibly, a mechanism could exist — possibly in the cytoskeleton — that defines a
minimal space between excitatory synapses. Since PSD95 is an intracellular protein, it
would provide a recognition site. This would create the exclusion zone, with the eventual
consequence of regular spacing of postsynaptic sites along the dendrite. In this scenario, the
postsynaptic sites would attract input from the bipolar cells, so that the primary spacing
event is the spacing of sites along the ganglion or starburst cell dendrites and the regular
spacing of bipolar cell axon terminals is a secondary consequence.

(2) Bipolar cell endings are the original source of regular spacing. In this sequence the
spacing of bipolar cell outputs is created first, and the postsynaptic specializations follow:
the regular spacing of PSD95 puncta on ganglion and amacrine dendrites is induced by the
spacing of the presynaptic elements. Bipolar cells taken as a whole repel other bipolar cells
of the same type. Conceivably the same signals could cause self-repulsion of the branches of
bipolar cell axons (Fuerst et al., 2008), resulting in the regular mosaic of bipolar cell axon
terminals. The presynaptic elements of bipolar to ganglion synapses would induce PSD95
aggregates in the ganglion cells, which would then be regularly spaced because the bipolar
cell synapses are regularly spaced. This would require that the formation of postsynaptic
elements be delayed in retinal ganglion and amacrine cells until after bipolar ribbons are
present, or that the site of the future synapse be molecularly defined before the ribbons
appear, or that preformed postsynaptic sites are directed to migrate by a signal from the
bipolar cell synapses. The induction of acetylcholine receptor clusters by motor axons is a
precedent for such an induction of postsynaptic specializations by afferent contacts.

This discussion ignores the presence of inhibitory synapses and these form the majority of
synaptic inputs to retinal ganglion and amacrine cells. Conventional synapses of the rabbit
retina appear in the inner plexiform layer before ribbon synapses (McArdle et al., 1977). At
a coarse level, therefore, inhibitory synapses should be present before the excitatory ones
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studied here. Little is known about the formation of the subtypes of inhibitory synapse;
indeed, some are converted from an excitatory function to an inhibitory one during
development (Ben-Ari, 2002; Zheng et al., 2004). The two possible mechanisms of spacing
listed above would operate without influence from inhibitory inputs (just as the retinal
mosaics of soma types are independent of each other) but this is an assumption that awaits
direct test.

What is the biological utility of regular spacing?

A regular spacing of axonal varicosities is seen in unmyelinated axons in the hippocampus
and cerebellum (Shepherd et al., 2002). However, there are many cases of neurons in which
the spacing of excitatory inputs appears much less orderly (see images 1 and 2 in Shepherd
et al. (2002)). Furthermore, it is not necessary a priori that the PSD95 zones of retinal
ganglion cells have the particular spacing that is observed: a 2.5-4 um gap along the
dendrite is physically wide enough to contain many additional PSD95 zones, and excitatory
synapses with closer spacing are observed on the dendrites of other neurons of the central
nervous system. Regular spacing of synaptic contacts in the inner plexiform layer does not
exist out of mechanical necessity; it exists for a biological reason.

We hypothesized that regular spacing might exist in order to avoid over- or undersampling
of visual space, by analogy with the mosaics of dendritic fields that cover the retinal surface.
However, that does not seem to be the case. The reason is that the spacing of the synapses
occurs on a finer scale than the axonal fields of bipolar cells, and it is those axonal fields that
determine the spatial resolution of information transmitted from the photoreceptor mosaic to
the inner retina.

We also simulated the effects of random or regular spacing on the physiological responses
of simulated retinal ganglion cells. Simulated inputs were applied to the dendrites of
ganglion cells, and the physiological responses of the cells were modeled. Random spacing
of synaptic input sites did increase the variability of response of the cells, but the effect was
not great; and it only occurred when the simulated area of input was smaller than that of a
realistic axon terminal of a bipolar cell (Figures 5-6). Other biophysical speculations are
possible. Spacing along the dendrite may be required because of the interplay between
injection of synaptic currents and the other functional elements present in the
microenvironment of the dendrite: inhibitory synaptic inputs, ion channel proteins, and
second messenger systems. For example, regular spacing might be required to ensure
uniform diffusion of Ca2* or another biological messenger to structures around the
excitatory synapse.

Finally, it is possible that regular spacing serves a quite different kind of need, that of
architectural economy. An example is the proposed conservation of what has been termed
“wire length” (Chklovskii et al., 2002; Klyachko and Stevens, 2003; Song et al., 2005; Chen
et al., 2006). The retina — more than almost any other CNS structure — is under enormous
constraints of size, since the packing density of its elements translates directly into the
spatial acuity of vision. The inner plexiform layer, about 20 um thick in the rabbit, contains
processes of more than 50 functionally distinct types of neurons, each of which must find its
correct partners. Perhaps regular spacing helps solve this complex geometric problem,
creating a matrix around which connectivity can be organized with efficiency.

Overview: the organization of excitatory inputs onto mammalian retinal
ganglion cells—This study and our previous one (Jakobs et al., 2008) reveal a distribution
of excitatory inputs to ganglion cells simpler than would have been anticipated from the
textbook picture of dendritic integration. That view is derived primarily from brain neurons,
where patterns of excitation, inhibition and branching can for purely electrotonic reasons
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create non-linearities in the input-output relations of the dendrites (for review, see Shepherd
(2003).) We see no evidence of the specializations that would support such complexities in
the excitatory inputs to retinal ganglion cells. The reason is quite likely a simple matter of
size. Retinal ganglion cells are, by the standards of projection neurons in the brain, tiny
cells. Their longest dendrites are on average more than an order of magnitude shorter than
those of hippocampal or neocortical pyramidal cells. Given plausible length constants,
dendrites this short have far less opportunity for electrotonic integration based on dendritic
geometry.

Indeed, the distribution and spacing of retinal ganglion cell inputs are consistent with a view
in which the ganglion cell is electrotonically compact, simply summing its inputs. The same
pattern of excitatory inputs and spacing is observed across our whole sample, despite the
ganglion cells” manifest differences in receptive field size, dendritic field size, branching
pattern, levels of stratification, and tuning to the visual stimulus. The dominant feature of
this pattern is its uniformity, of both synapse spacing and spatial distribution, across all parts
of the dendritic arbor and all types of retinal ganglion cell.

This is not to say that dendritic integration does not occur in retinal ganglion cells. Another
difference from the brain neurons is that the inner retinal neurons receive a much higher
ratio of inhibitory to excitatory input (Megias et al., 2001) and this richness of inhibition
(Taylor et al., 2000; Roska and Werblin, 2001; Van Wyk et al., 2006; Sivyer et al., 2010)
can create complexity in the reponses of the cells. Visual inspection of published images
indicates that inhibitory inputs are also distributed throughout the dendritic arbors of retinal
ganglion cells, but these inputs come from a variegated collection of amacrine cells and can
convey very different properties to the ganglion cells (Roska and Werblin, 2001; Werblin et
al., 2001). Perhaps these massive inhibitory inputs substitute for the passive integration seen
in larger projection neurons. Finally, and most importantly, the active properties of the
dendrites create major non-linearities, and these are clearly demonstrated to play a large role
in the physiology of the dendrites: a vivid example is the role of dendritic spikes in the
creation of directionally selective responses (Taylor et al., 2000; Euler et al., 2002; Oesch et
al., 2005). This is almost certainly elaborated in other ways in other types of ganglion cells,
each of which expresses a distinct signature of conductances (O'Brien et al., 2002). We
imagine the regularly distributed excitatory inputs of retinal ganglion cells as a foundation —
a fundamental canvas upon which the more complex physiologies of the dendrites are
painted.
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Figure 1.
(A) Expression of PSD95-GFP in dendrites of a retinal ganglion cell. The plasmid was

introduced with a gene gun followed by 4 days in organ culture. (B) The pattern of
excitatory inputs to a retinal ganglion cell. The cell was skeletonized by manual entry into
the Neurolucida software package. The locations of the PSD95 puncta are given by orange
dots.
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The sites of excitatory input are non-randomly distributed along the dendrites. In all

measurements the actual distribution of PSD95 puncta is compared with the distribution of
the same number of puncta on that same dendritic structure at random (dotted lines). In the
distribution of intervals, the nearest neighbor distances, and the spatial autocorrelation, there
is always evidence of an “exclusion zone”: a zone around the reference element from which

PSD95 puncta tend to be excluded. This appears in the total distribution of intervals as a
greater than chance frequency of intervals at about 3.0 pum, and in the nearest neighbor
analysis as a rightward shift in the distribution of intervals. These differences were
statistically significant. For the OFF parasol, ON-OFF DS, ON DS, brisk transient, and
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starburst cells the level of significance by the Kolmogorov-Smirnov test was p < 0.0001. For
the small bistratified cell and local edge detectors the level was p < 0.01 or less. The
exclusion zone can be directly visualized in the spatial autocorrelation (DRP) where a zone
is seen near each punctum, from which PSD95 puncta tend to be excluded. In the DRP, the
frequency of occurrence rises to an asymptote, at which point the spacing of events relative
to the reference point is random. The distribution of puncta around branch points varied
more among cell types. For the brisk transient, ON DS; ON-OFF DS, and OFF parasol cells,
puncta could occur near branch points at about the level expected by chance. Immediately
adjacent, however, the probability of a punctum was well below random — an exclusion zone
was present. For the small bistratified cells and the local edge detectors, branch points had
fewer puncta than expected by chance. As for the other cell types, the region surrounding the
branch point was also poor in puncta — there was the same exclusion zone as for the other
cells. (These were weak tendencies in the case of the local edge detectors, possibly related to
their small size and dense branching pattern.)
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Figure 3.

The spacing of excitatory inputs to a starburst amacrine cell. (A, B) PSD95 puncta and their
skeletonized representation. (C) Nearest neighbor distribution along the dendrites. (D)
Spatial autocorrelation (DRP) of the puncta. The values at longer distances from the
reference point are more variable than for the ganglion cells, because of the lower density of
puncta between branch points, but the fundamental point — the exclusion zone — is quite
clear. The method of measuring the spacing is the same as diagrammed in Figure 2.
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The axonal varicosities of most types of bipolar cells are also regularly spaced. (A) CD15
stained mosaic of bipolar axons. Scale bar = 25 um. (B) Nearest neighbor distribution
(average of three 204 x 204 pum fields). Dotted line shows the distribution expected by
chance, calculated from 10 samples of randomized distributions. The data are fitted by
Gaussian curves. (C) An example of a Golgi-stained bipolar cell. This cell had dendrites
stratifying at 20% depth of the inner plexiform layer, where the margin of the INL is taken
as 0. (D) Nearest neighbor distributions for varicosities of 5 bipolar cells stratified at this
depth. Shrinkage due to the Golgi-staining procedure and mounting was corrected by 30%.
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Figure 5.

Modeling: the spacing of synaptic input zones does not much affect their effectiveness at the
soma. (A) A schematic neuron with a single dendrite containing only two excitatory
synapses: one is located 200 um from the soma and the second synapse had a variable
position between 200 and 250 pm from the soma. (B) Somatic responses when two synapses
were simultaneously stimulated. The distance between two synapses had little effect upon
the response transmitted to the soma. (C) This remained the case for a wide range of
membrane capacitance (g_pas) and intracellular resistance (RA).
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Figure 6.

In principle, regular spacing would make the detection of synaptic inputs more reliable. (A)
A schematic neuron possessing only a single dendrite. A fixed number of synapses were
distributed with regular 3 pm spacing or random spacing at the same average interval. A
fixed size of stimulus (27, 51, and 75 um width) was applied to the cell model at various
locations. (B) The peak potential of somatic responses when the dendrite was stimulated by
an input of 27 um width. If the synaptic input sites were randomly located, the peak
potential varied considerably, while regular spacing gave more consistent responses. Inset:
Timing of the peaks was not different for regular spacing and random spacing. (C) When all
of the synapses were simultaneously stimulated, there was no difference between regular
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spacing and random spacing. (D) These histograms show the distribution of somatic peak
potentials resulting from 27, 51 and 75 pm width stimulation, when the simulated neuron
has synapses at regular (solid lines) and random (dotted lines) spacing. When the cells were
stimulated by a 27 um wide input, regular spacing gave a much less variable response, as
indicated by the narrow width of the distribution of responses. However, the difference from
a random distribution was far less for the 75 pm wide stimulation.

J Comp Neurol. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koizumi et al. Page 26

C 25 pm spot 50 um spot 75 pm spot
22 mV

Actual

Randomized

O

40 O Actual
Hil 5 Randomized

0 : - T - --Iu-- B TN R NNNNCNNUunuNTN ——r e =
0 2 4 6 8 0 5 10 15 20 0 10 20 30
EPSPs (mV) EPSPs (mV) EPSPs (mV)

Number of events
N
o

Figure 7.

For a more realistic cell, the space filling nature of the dendritic tree smooths the cell’s
responses to realistic inputs (i.e. inputs that have the size of the axonal arbors of cone
bipolar cells.) (A and B) At the top, NeuroLucida tracings of the modeled ganglion cell are
shown. In one case the cell had the actual spacing observed for the synapses (A). In the
other, the same number of synapses were distributed at random (B). Assignment of synapses
to the connecting vertical dendrites was prohibited, as is the case in the actual distribution of
synapses. (C) A region of stimulation with a diameter of 25, 50 or 75 pm was presented at
250 random locations within the dendritic field and the somatic responses were recorded.
(D, E, and F) The peak amplitudes were plotted in the locations of the centers of the spots

J Comp Neurol. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koizumi et al.

Page 27
and contoured by the surface function of MatLab for the spot sizes of 25 pm (D), 50 pum (E),

and 75 pm (F). The greatest difference between the two cases is a slightly greater number of
hot spots (arrows in panels D and E) in the random case.
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Figure 8.

The mosaic of excitatory contacts within the inner plexiform layer. The red dots represent
the whole mosaic, as it would exist for a single type of stratified bipolar cell. An individual
bipolar cell is shown in black, dendrites of a ganglion cell in blue, and dendrites of an
amacrine cell in green. This is an attempt to synthesize the facts established here about the
spacing of synapses in the three cell types — i.e. to represent the situation that needs to occur
given the regularities of spacing described for the bipolar, ganglion and starburst cells. This
illustration shows a case in which very few possible contacts between the three cell types are
skipped. If contacts are skipped, longer intervals will appear in the DRP, but the
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fundamental spacing module (i.e. the irreducible minimum exclusion zone in the DRP,
which is determined by the mosaic of red dots in this schematic) will remain (Cook, 1996).
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Primary Antibodies used

Table 1

Antigen

Immunogen

Manufacturer, host
species, catalog
number

Dilution used

CD15 (Lacto-N-
fucopentatose 1)

U-937 histiocytic cell
line

BD Pharmingen (San
Jose, CA), mouse
monoclonal IgM,
#559045

1 pg/ml

calbindin D-28k

mouse recombinant
calbindin protein

Millipore, (Billerica,
MA), rabbit
polyclonal, #AB1778

1 pg/ml

CtBP2 (RIBEYE)

amino acids 361-445
of the mouse CtBP2
protein

BD Transduction
Laboratories (San
Jose, CA), mouse
monoclonal 1gG,
#612044

2 pg/mi
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Nearest Neighbor Spacing for the Axonal Varicosities of Bipolar Cells.

Table 3

IPL Number of

stratum N varicosities  NND (um)

Golgi-stained 1 5 cells 129 3.59+1.07
Cells

2 7 cells 171 3.89+1.27

3 11 cells 312 3.73+1.12

4 10 cells 264 4.06 +1.35

CD15-stained 4 3 fields 875 4.22+1.22
fields

854 410+1.15

904 430+1.10

X 3.98
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