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Cellular positioning and dendritic field size of cholinergic
amacrine cells are impervious to early ablation
of neighboring cells in the mouse retina

REZA FARAJIAN, MARY A. RAVEN, KAREN CUSATO, anp BENJAMIN E. REESE

Neuroscience Research Institute and Department of Psychology, University of California at Santa Barbara, Santa Barbara
(REceIVED October 23, 2003AccepTED December 5, 2003)

Abstract

We have examined the role of neighbor relationships between cholinergic amacrine cells upon their positioning
and dendritic field size by producing partial ablations of this population of cells during early development. We
first determined the effectiveness ofglutamate as an excitotoxin for ablating cholinergic amacrine cells in the
developing mouse retina. Subcutaneous injections (4gihmade on P-3 and thereafter were found to produce

a near-complete elimination, while injections at P-2 were ineffective. Lower doses on P-3 produced only partial
reductions, and were subsequently used to examine the effect of partial ablation upon mosaic organization and
dendritic growth of the remaining cells. Four different Voronoi-based measures of mosaic geometry were examined
in L-glutamate-treated and normal (saline-treated) retinas. Partial depletions of around 40% produced cholinergic
mosaics that, when scaled for density, approximated the mosaic geometry of the normal retina. Separate
comparisons simulating a 40% random deletion of the normal retina produced mosaics that were no different
from those experimentally depleted retinas. Consequently, no evidence was found for positional regulation in

the absence of normal neighbor relationships. Single cells in the ganglion cell layer were intracellularly filled

with Lucifer Yellow to examine the morphology and dendritic field extent following partial ablation of the
cholinergic amacrine cells. No discernable effect was found on their starburst morphology, and total dendritic
field area, number of primary dendrites, and branch frequency were not significantly different. Cholinergic
amacrine cells normally increase their dendritic field area after P-3 in excess of retinal expansion; despite this,
the present results show that this growth is not controlled by the density of neighboring processes.

Keywords: Excitotoxicity, Glutamate, Plasticity, Morphology, Regularity, Stratification, Coverage factor

Introduction factors closer to 1.0, their dendrites extending just beyond the
Individual types of retinal neurons are distributed across the retin jmits of the dendrme field of neighboring cells (Wassle et al..,

. . . . - i 981a,b). There is no close correspondence between cell density,
surface to provide a uniform sampling of the visual field (Wasslere ularity, and dendritic field size, as cell types that have compa-
& Riemann, 1978). This organization is achieved by mechanisms g Y, ' P P

) . - . rabl nsiti n hav nspi ly different dendritic fiel
operating during development that distribute cells of a par'[lcularabe densities can have conspicuously different dendritic field

: . : preas (and consequently, different coverage factors) as well as
type into a regular array, and that establish the size and morphor-e ularity indexes. In the mouse retina, for example, the horizontal
ogy of the dendritic field. By virtue of their regularity and their g Y ) ' Pie,

. L cells and ON and OFF cholinergic amacrine cells have comparable
generally symmetrical dendritic fields, each type of neuron pro-

vides a relatively uniform “dendritic coverage” of the retina. This densities (1500-1700 cells per MStrettoi & Volpini, 2002),

. . ) . . while the dendritic field diameter of a cholinergic amacrine cell is
dendritic coverage is defined by the extent to which the dendrites : : ]

. W » .. roughly three times that of a horizontal cell (He et al., 2000; Badea
of adjacent cells overlap, expressed as the “coverage factor,” bein

the product of dendritic field area and cell density. Different cell(glt al, 2003).' The regula_rlty index (r_1earest ne|ghbor_d|st,ance
R, . standard deviation) for horizontal cells is around 5.0, while that for
types exhibit differing degrees of dendritic coverage. For example . . . . . .
. . . tholinergic amacrine cells is around 3.5 (Galli-Resta et al., 2000;

ON and OFF beta ganglion cells in the cat retina have coverag

. E?aven & Reese, 2002).
factors around 3.0, while ON and OFF alpha cells have coverage The factors governing dendritic outgrowth, field size, and

morphology are controlled by cell-intrinsic programs associated
Address correspondence and reprint requests to: Benjamin E. Rees\.éllth the realization of cellular fate, but are also believed to involve

Neuroscience Research Institute, University of California at Santa Barbardnteractions with neighboring cells. The dendritic structure of
Santa Barbara, CA 93106-5060, USA. E-mail: breese@psych.ucsb.edu retinal ganglion cells is perhaps the most throughly studied with
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respect to environmental dependency: alpha and beta cells botaterials and methods

e e e st e ad femse CS7EL5 i were b n e UCSS centl
yp 9 y P Y Sjivarium from stock originally obtained from Charles River Lab-

Llnder_1,_ 1982; E_ysel .et al., 1985). One fq_ctor contrqlllng th_|3 oratories, with the day of birth being designated postnatal day (P)
dendritic growth is believed to be a competition-based |nteract|orh A single dose of-glutamate, dissolved in 0 using sodium

for afferents (Linden & Perry, 1982) mediateda activity- . . . . L

) ) hydroxide and then adjusted to physiological pH, was injected

dependent mechanisms (Deplano et al., 1999; see also Lohman . '

) . ;i subcutaneously on either P-2, P-3, P-4, or P-6, at either 1.3, 2.6, or

et al., 2002; Wong & Ghosh, 2002). Such interactions may occur ; L .
. . . . -~ 4.0 mg/g of body weight, to the entire litter. Control animals were

directly through a contact-mediated mechanism, since such like-

type cells show specificity in their contacts with one anothertreated identically, but were given saline vehicle without the

during the period of dendritic growth (Lohmann & Wong, 2001). L-glutamate. Mlce_ were _then reared unti 3 We?"s of age, Wh_en
: . . . they were euthanized with a lethal dose of sodium pentobarbital
Interactions between different types of retinal ganglion cells hav

. . . . i 0
also been found (Ault et al., 1993), and certain ganglion an 12.0 mg'kg, i.p.) followed by |ntracard|_al perfusmn_usmg 0.9%

: - . ; saline and then 4% paraformaldehyde in 0.1 M sodium phosphate
amacrine cell classes exhibit cross-type speC|f|C|ty|nthe|rcontact%uﬁer (pH 7.2 at 26C). Alternatively, mice used for single-cell
during development (Stacy & Wong, 2003). PR 7 ' Y. 9

Contact-mediated repulsion between like-type cells has also bee'HJeCtlons were reared until 1-3 months of age, and then euthan-

i . - ized with the same dose of sodium pentobarbital. All procedures
proposed to control their intercellular spacing during development o o
driving neighboring cells to move apart from one another (Eglenwe.re conducted under auth0f|zat|0n by_ the UCSB _Instltutlonal
’ . . . . Animal Care and Use Committee, and in accord with the NIH
etal., 2000; Reese & Galli-Resta, 2002). Cholinergic amacrine Ce”%uide for the Care and Use of Laboratory Animals
disperse tangentially within the retina during the period when new '
cholinergic amacrine cells are being inserted into their developing
mosaic (Galli-Resta et al., 1997). When microtubule stability is|mmunolabeling
disrupted in immature cholinergic amacrine cells, the regularity of
their mosaic transiently collapses until stability is re-achieved (Galli-1 he retinas from fixed eyes were either dissected immediately and
Resta etal., 2002). Indeed, a tensile interaction between cholinergRreépared for wholemount immunofluoresence or immunohisto-
amacrine cells, mediated possibly through cadherin expression o'emistry, or the posterior eyecup was embedded in gelatin and
their dendrites (Honjo et al., 2000), may be responsible for thejSectioned at 16:m in a plane passing radially through the optic
intercellular spacing (Galli-Resta, 2002). Cholinergic amacrine celld€rve head. Ten adjacent one-in-ten series were mounted and
are wide-field neurons that stratify in one of two layers within the Processed forimmunohistochemistry. These procedures were iden-
inner plexiform layer (IPL). Because of their dendritic extent, thesetical to those previously described for mouse retina (Reese et al.,
neurons typically exhibit dendritic coverage factors far in excess oft999). Primary antibodies included a goat polyclonal choline
the other neurons mentioned above, ranging from 10 to 70 depend@cetyltransferase antibody (ChAT; 1:50; Chemicon; Temecula, CA);
ing on the species (Tauchi & Masland, 1984; Vaney, 1984; Schmid mouse monoclonal antibody to tyrosine hydroxylase (TH;
et al., 1985; Voigt, 1986; Rodieck & Marshak, 1992; Sandmannl:10,000; Sigma; St. Louis, MO); a mouse monoclonal antibody to
etal., 1997). How these cells regulate their dendritic extent, as welfalbindin-D28 (calb; 1:10,000; Sigma); a mouse monoclonal anti-
as their positioning, is unclear, but their density and dendritic fieldP0dy to protein kinase C (PKC; 1:50; Amersham; Piscataway, NJ);
size should permit ample opportunity for interactions with neigh-2@ rabbit polyclonal antibody to gamma-aminobutyric acid (GABA:
boring cells during development. 1:10,000; Sigma); a rabbit polyclonal antibody to neurofilaments
The present investigation has sought to produce partial ablatNF-150; 1:1000; Chemicon); and a goat polyclonal antiserum to
tions of cholinergic amacrine cells during early development in or-the glycine transporter 1 (GlyT1; 1:10,000; Chemicon). Primary
der to examine the consequence of their local reduction upon thantibodies were detected using either biotinylated 1gGs followed
positioning and dendritic field extent of remaining cells. We havePy streptavidin conjugated to horseradish peroxidase (HRP;
used a pharmacological approach, employirgjutamate as an ex- Biomeda; Foster City, CA, or Elite Vectorstain kits; Burlingame,
citotoxin (Fischer et al., 1998; Reese et al., 2001; Johnson et alCA) or to Alexa 488 (Molecular Probes; Eugene, OR) or Cy2
2001). The latter, used in the developing ferret and chick, and mor€ackson ImmunoResearch; West Grove, PA), or using IgGs con-
recently in the developing mouse (Park et al., 2002), confers jtsugated to Texas Red or Cy2 (Jackson ImmunoResearch). An
selectivity by virtue of the differential expression of ionotropic glu- adjacent series of sections was processed as a negative control, in
tamate receptors upon retinal neurons during early developmenhich phosphate buffer was substituted for the primary antibody,
(Marc, 199%,b). Its specificity has been described in the ferret, while another was always stained with either cresyl violet or
and there, a few additional cell types are compromised, but thé'-6-diamidino-2-phenylindole hydrochloride (DAPI) to reveal the
cholinergic amacrine cells were found to be maximally sensitive toarchitecture of the retina.
its excitotoxic effect (Reese et al., 2001; Johnson et al., 2001). A
preliminary report of comparable results from the developing ratSingIe-ceII filling
retina has also recently appeared (Chun et al., 2001). We first de-
scribe this excitotoxic approach for cholinergic amacrine cell de-Retinas for single-cell injection were dissected from the eyecups in
pletion in the mouse retina, documenting the time-course, dos2% paraformaldehyde and 0.01% glutaraldehyde in 0.1 M sodium
dependency, and cell specificity following exposuretglutamate  phosphate buffer and then postfixed as wholemounts for a total
during the perinatal period. We then report the effects of this de-duration in fixative for~30 min. They were subsequently mounted
pletion upon the mosaic order of the remaining population of cho-on clean slides, incubated in 2910°° M DAPI for 5 min, then
linergic amacrine cells. Finally, we describe the consequences ahaintained in a bath of phosphate buffer with 2 mM ascorbic acid,
this partial depletion upon the morphology of single, intracellularly and viewed on a Nikon Eclipse E600FN fixed-stage microscope
filled, cholinergic amacrine cells. equipped for fluorescense and differential interference contrast
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(DIC) microscopy, all at 2TC. Small neurons in the ganglion cell fields for three of the control retinas, for direct comparison with
layer (GCL) were impaled using sharp micropipettes drawn to a tighe experimental depletions that averaged 40%, using a customized
of ~0.5-1.0um. Pipettes were filled with 2% Lucifer Yellow CH program for this purpose (Rossi et al., 2003).

(Molecular Probes), anet2-5 nA negative current was passed for

roughly 10—20 min until the morphology of cholinergic amacrine

cells was clearly revealed. Filling of non-cholinergic cells was Analysis of dendritic fields

usually aborted immediately. For these experiments, treated retine]\§I
were compared with normal mouse retinas of comparable agg
rather than saline-treated control retinas. Filled cells were either

photographed using an Olympus BHS fluorescence microscope c')srtage encoders linked to a computer running Bioguant Topogra-

. " ) . her Nova Prime softwareR( & M Biometrics; Nashville, TN).
using a Bio-Rad (model 1024) laser scanning confocal microscop . . . ” )
) . . . The entire retinal area was outlined, and the position of each filled
A subset of the retinas were also immunostained using a rabbi

. . . cell was identified. Using a 49 objective, the full extent of the
polyclonal_ antibody to LL.JC'fer Yellow (1:100; Che”.".“’“) and the dendritic field was trace?j as Was] the inner boundary defined by
above antibody to ChAT in ord_er o compare Qendrltlc morphologythe annulus of varicosities positioned upon the distal dendrites
with the pattern of local depletion of cholinergic amacrine Ce”S'AS(Fami lietti, 1983; Wong & Collin, 1989), associated with the
previously noted, the immunoreactivity of injected cells was com- 9 ’ ' 9 ! '

) . ) ) synaptic output of these cells (Famiglietti, 1991). From these
promised by the Lucifer Yellow (Voigt, 1986; He et al,, 2000). measurements, each cholinergic amacrine cell’s eccentricity (rela-

tive to the optic nerve head), total dendritic field area, and inner
Analysis of cell densities, retinal area, and soma size and outer (annular) dendritic field areas were determined, from a

. . . . . total of 14 cells fromL-glutamate-treated retinas and 26 cells from
The density of different cell types was determined either in whole- . .
normal retinas. A subset of these cells were also used to determine

mount preparations or in sectioned material. In retinal Whole-the number of radiating orimary dendrites. and the number of
mounts, sample fields were obtained using ax26bjective at gp Y '

: . . .. .. _branch points distal to the primary dendrite. As the number of
1-mm intervals across the retinal surface in a square grid, yielding_. . )
. . . . . primary dendrites so analyzed varied between cells, an average for
10-13 samples per retina (horizontal and cholinergic amacrin

! . each cell was generated, from which an average per condition was
cells), or two sample fields near the optic nerve head were ana- g gep

lyzed (dopaminergic amacrine cells). Labelled cells were Coumegenerated.
and converted to celfam? and an average density per retina was
then obtained, with a minimum of three retinas per condition beingR
analyzed. Retinal areas were also measured in these wholemounted
retinas. Cholinergic soma areas were also measured from 3
adjacent cells in the GCL in each of three saline-treated contro
retinas and three retinas that had been exposed to 2,8 mg A single subcutaneous dose of 4 fgg.-glutamate was found to
L-glutamate on P-3. All fields for soma size analysis were samplegroduce a substantial reduction in the size of the cholinergic
at a location midway between the retinal periphery and optic nerv@macrine cell population, shown here in wholemount preparations
head in wholemount preparations, yielding a total sample of 105ocused on the GCL (Fig. 1a). There was a sensitive period for this
cells in each condition. In sectioned material, linear densities okffect, with injection ofL-glutamate being without any effect on
particular cell types were determined by counting cells in threeP-2, yet producing a near-complete ablation of these cells on either
sections centered on, or immediately adjacent to, the optic nervE-4 or P-6 (Fig. 1b). To examine the selectivity of this effect,
head, and then dividing the total number of cells by the length ofretinas from these same ages were either immunostained for
sampled retina. All of these procedures have been described elsealbindin D-28, to label the horizontal cells, or for tyrosine hy-
where (Reese et al., 2001; Raven & Reese, 2002). droxylase, to label the dopaminergic amacrine cells. In each of
those cases, the number of cells was unaffected-gjutamate
treatment (Figs. 1c and 1d). Total retinal area was slightly reduced
by their-glutamate at P-4 and P-6 (Fig. 1e), but as these animals
From those same samples of wholemounted retinae immuncappeared slightly smaller than age-matched control litters, this is
stained for ChAT, theX-Y coordinates for the position of each unlikely to reflect any specific stunting of retinal areal growth.
cholinergic amacrine cell in the GCL were identified, and from  These results suggest that P-3 should be the onset of sensitivity
these, the geometric properties of the mosaic were analyzed usirfgr the excitotoxic effects of-glutamate. The dose afglutamate

four Voronoi-based measures: Delaunay segment length, Delaunayas therefore varied on P-3 to find the earliest possible time when
area, nearest-neighbor distance, and Voronoi domain area. Thes® could produce partial ablation of the cholinergic amacrine cell
were determined for each field, and an average frequency distripopulation. The same dose pfglutamate (4 mgg) produced a
bution was generated from all of the fields for each animal.near-complete loss of cholinergic amacrine cells, as on P-4 and
Distributions for individual animals were plotted, permitting an P-6, suggesting that the onset of sensitivity is a rapid one, while
appreciation of interindividual variability in both the control and lower doses (1.3 and 2.6 ng) were found to produce intermedi-
treated conditions. To compare directly the geometry of theseate levels of depletion (Fig. 1f). Measurements of soma area for
mosaics independent of their density differences, each of thsurviving cholinergic amacrine cells indicated no reduction in size,
distributions was scaled by the ratio of cholinergic cell density (or,suggesting that the sublethal exposureirtglutamate had not

for the linear measures, by the square root of that ratio) in ecompromised the maturation of these surviving cells (Fig. 1g). We
depleted GCL mosaic to the average cholinergic cell density in thesettled on a dose of 2.6 mg, administered on P-3, as a means of
normal control GCL mosaics. Simulations were also prepared irproducing a partial reduction of the cholinergic amacrine cell
which we randomly deleted 40% of the cells in each of the samplgopulation.

lled cells in the GCL were examined on an Olympus BHS
uorescence microscope equipped with a video cameraXaivd

sults

xcitotoxic effects of-glutamate in the mouse retina

Analysis of mosaic organization
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Counterstained sections of suchglutamate-treated retinas unchanged (Figs. 1i & 1j). Immunostaining for GABA revealed a
indicated that retinal histology was largely normal (Fig. 1h): threelighter distribution across the thickness of the IPL (Fig. 1k, top).
distinct cellular layers were detected, separated by two plexifornHorizontal cell processes within the outer nuclear layer (ONL)
layers, although the inner retina appeared thinner, particularly thevere normally stratifying, although occasional processes were
IPL. The stratification of the IPL appeared relatively normal, but misdirected into the inner retina (not shown), as previously re-
for the loss or reduction in density of the cholinergic strata (Fig. 1i,ported (Park et al., 2002).

top). The distribution of the dopaminergic processes, the rod At a dose of 2.6 mgg, L-glutamate near completely abolished
bipolar terminals, and the glycinergic processes were all largelythe outer stratum of cholinergic processes within the IPL, while
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only reducing the density of the inner stratum (Fig. li, top), ergic amacrine cell population in the GCL in eight saline-treated
showing the greater sensitivity of cholinergic amacrine cells in themice with that in three mice that had been exposed to 2.6gmg
inner nuclear layer (INL) for this excitotoxic effect. Counts of L-glutamate on P-3, which had produced an average reduction of
cholinergic amacrine cells in such sectioned material confirmedt3% (Fig. 1f). Figs. 2a—2d show frequency distributions for four
the partial loss within the GCL, yet a near-complete ablation in theVoronoi-based measures of the geometry of the mosaic: the De-
INL (Figs. 11 and 1m). This differential sensitivity was also launay segment lengths, being the distances between all Voronoi
recently reported in the developing rat retina (Chun et al., 2001)neighbors; the Delaunay triangle areas, being the areas of all
Counts of rod bipolar cells, or of glycinergic amacrine cells, triangles defined by the population of Delaunay segments; the
showed no effect upon these cells (Figs. 1n and 10). nearest-neighbor distances, being the shortest Delaunay segment
Retinal ganglion cells, particularly the largest, alpha cells, andfor each cell; and the Voronoi domains themselves, being the areas
amacrine cells are well activated by the glutamate agonists kainatelefined by the bisectors passing through each Delaunay segment
AMPA and NMDA, and are known in other species to be suscep{each Voronoi domain for a cell, therefore, is the area of all points
tible to excitotoxic ablation by-glutamate (Marc, 1999b; Reese in the field closer to that cell than to any other). All of these
et al., 2001; Johnson et al., 2001). Consequently, we also countezbmparisons show that the distributions associated with the exper-
the number of large, darkly stained, neurofilament (150 kDa)-imental condition are shifted to larger values, as would be expected
immunoreactive retinal ganglion cells, and GABAergic amacrineif the population had been reduced in density.
cells, and, like the cholinergic amacrine cells, found a conspicuous If the depleted retinas are scaled to match the densities of the
excitotoxic sensitivity (Figs. 1p and 1q). Their loss should con-control retinas, and their distributions are then compared directly,
tribute to the pronounced reduction in the thickness of the IPLthey can be seen to superimpose modestly, consistent with the idea
observed in the above micrographs (Figs. 1h—1k). that the surviving cells have moved upon the retina to maintain the
These results show thatglutamate can be used as an excito- same spatial geometry as seen in the normal retina (Figs. 2e—2h),
toxic agent to eliminate cholinergic amacrine cells, but that thisalthough close inspection shows relatively poorer fits for some of
excitotoxicity is not selective. As found in the developing ferret’s the comparisons. An alternative approach is to compare directly
retina (Reese et al.,, 2001; Johnson et al., 20@igjutamate the regularity index, which is a scale-independent measure of the
exposure also significantly reduces other amacrine cells as well agriability in each population, being the average nearest-neighbor
retinal ganglion cells, and so any changes within the inner retinalistance divided by the standard deviation. If we compute this
must be interpreted accordingly. What, then, is the effect ofregularity index, we find an average for the cholinergic amacrine
partially reducing the population of cholinergic amacrine cellscells in the GCL in the control retina to be 3.270.25 (h = 30
within the GCL upon the positioning of those that survive this fields, drawn from three retinas), while that for the depleted retinas
excitotoxic insult? is lower, being 2.98- 0.22 (h = 33 fields, from three retinas). This
difference appears modest, implying that despite a 40% reduction
in the population of cholinergic amacrine cells, their mosaic prop-
erties do not appear to be conspicuously reduced.
The spatial organization of the cholinergic amacrine cell mosaic in  As described by Cook (1996), however, the regularity index
the adult mouse retina has been described in detail (Galli-Restderived from nearest-neighbor analysis is relatively immune to
et al., 2000). We compared the mosaic organization of the cholinundersampling. A mosaic with a regularity index-68.3 drops to

Cholinergic mosaic organization

Fig. 1. Early L-glutamate treatment can be used to modulate the population of cholinergic amacrine: G&liscutaneous injection

of 4.0 mg/g L-glutamate on P-6 reduces the population of ChAT-immunopositiyeafnacrine cells in the GCL by 95%, assessed on
P-24.b: Effects of treatment are age dependent: analysis of variance shows an effect of age of treatmé@®Q01) andost-hoc
scheffe comparisons confirm differences at P-4 andu8-6ontrol (andvs. P-2) conditions p < 0.0001), but no difference between
the former two, nor between the control and P-2 treatment conditdasl: Effects are relatively selective for the cholinergic amacrine
cells, as such injections do not affect the density of horizontal (€aftor dopaminergic (TH) amacrine cellsf > 0.1).e: Retinal

area is slightly compromised following treatment at P-4 and P-6: analysis of variance shows an effect of age of treatment on retinal
area (p < 0.005), andpost-hocscheffe comparisons confirm differences between comdteatment conditions at P-4 and P46 €

0.05), but not between any of the three treatment groups, and nor between the P-2 and controf:dtffapts of treatment are dose
dependent: analysis of variance shows an effect of dosage apR<3)(0001) ancost-hocscheffe comparisons confirm differences
between every comparisop (< 0.0001) except between 1v3.2.6 mg/g treatment groupgy: Surviving cholinergic amacrine cells

in the GCL show no change in soma areaCytoarchitecture of the retina is normal at P-24 following treatment on P-3, although the
inner retina is thinneri—k: Lamination within the plexiform layers is also normal, evidenced by immunohistochemistry for the
processes of ChAT-immunoreactive)(cells, Calb+ horizontal cells, TH- amacrine cells, PKE& bipolar cells, GlyTH amacrine
cells, GABAergic amacrine cells, and NFganglion cells, although the thickness of IPL is reduced. Note the complete abolition of
the cholinergic amacrine cells in the INL and their associated stratum within the IPL (top right twfo remaining cholinergic
amacrine cells in the GCL continue to stratify normally in the inner part of thellRLm: Treatment on P-3 near-completely abolishes
cholinergic cells in the INL p < 0.005), while only partially reducing the population in the GGt 0.05).n & o: Rod bipolar
(PKC+) cells and glycinergic (GlyT4) amacrine cells are not affecteg & 0.1). p & g: GABAergic amacrine cells in the INL are
significantly affected, as are large, intensely stained, NF-immunopositive (150 kDa) ganglion cells in thggGOL(Q5; Student’s
t-tests with unequal variance Irq). In each histogram, the number of retinas analyzed is indicated in each bar (or, in the gase of
the number of cells measured is indicated).
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Fig. 2. Early partial elimination of cholinergic amacrine cells does not induce remaining cells to move tangentially to maintain uniform
intercellular spacing. Each panel shows the average frequency distribution of individual saline-treated retiglgaonate-treated

retinas for their Delaunay segment lengths¢€, i), Delaunay triangle area®,(f, j), nearest-neighbor lengths, (g, h) and Voronoi

domain areasdq h, ). a—d: Control mosaics (grey lines) compared with depleted mosaics (black lines and symbols) showing an average
reduction of 40%e-h: Control mosaics (same grey lines) are now compared with depleted mosaics (black lines and symbols) after
the latter measures have been scaled by the ratio of their average densities, in order to compare more directly the shape of the
distributions.i-: Same data in figurea—d but with three of the control mosaics undergoing a random deletion of 40% (grey lines).
Such a random elimination positions the normal mosaics within the population of experimentally depleted retinas (black lines and
symbols) for all four measures.

about 2.9 when undersampled by about 40% (Cook, 1996). T@-3, active dendritic growth may compensate for the reduction in
examine this directly, we took three of the control retinas anddensity, thereby maintaining dendritic coverage (see also Wong &
randomly deleted cells from each of their fields by 40%, and thenCollin, 1989). Does the size of a cholinergic amacrine cell’'s
conducted the same analysis on the resultant mosaics (Figs. 2i—28endritic field change following partial elimination of its neigh-
Such distributions from randomly deleted mosaics generally fallboring cells?
within the envelop of the-glutamate-treated distributions, and the
regularity indexes derived from these randomly deleted mosaic%holiner ic dendritic field si
now overlap exactly with the experimentally depleted ones, being gic dendritic Tield size
292+ 0.21 (h = 26 of the above normal fields, followed by The “starburst” morphology that is characteristic of cholinergic
random 40% deletion). These results, then, suggest that a partiamacrine cells in other species is also known to be present in the
reduction in the amacrine cell mosaic by about 40%, induced omouse retina (Badea et al., 2003). These cells, in the GCL, exhibit
P-3, does not in any way alter the positioning of the surviving ~5-7 primary dendrites radiating within the inner (or ON) stratum
cholinergic amacrine cells. within the IPL. Those dendrites branch into secondary and then
Rather than shifting position on the retina to maintain a uniformhigher order dendrites that continue to run primarily radially,
spacing, perhaps cholinergic amacrine cells increase their dendritghowing little cross-over with one another (Fig. 3a). The central
field size following loss of their neighbors. Given that the area ofdendrites show occasional spines and varicosities, while the more
the dendritic field of a cholinergic amacrine cell on P-3 is roughly peripheral dendrites are studded with prominent varicosities defin-
one-seventh of its mature size (Stacy & Wong, 2003), but thaing an annulus (Fig. 3d). Dendritic field area varies conspicuously,
retinal area increases during this same period by only a factor adis it does in the rat retina (Voigt, 1986), but regression analysis
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indicates no significant change with eccentricity (Fig. 3f). The

Fig. 3. Dendritic fields of surviving cholinergic amacrine cells do not grow compensatorily following the partial elimination of
neighboring processea & b: Drawings of Lucifer Yellow (LY) labeled amacrine cells, showing a classic starburst morphology, in both
normal @) and treatedl) retina.c: Varicose-rich distal dendrites define an annulus within the dendritic field, characteristic of starburst
amacrine cells in other species, even in cells from treated retinas (shown here). CalibratioB%am. d & e: Confocal images of

filled cells (red) in normal ¢) and treated€) retinas, and the surrounding population of cholinergic amacrine cells (green). There are
42% fewer cholinergic amacrine cells in fieddrelative tod. The number underlying each dendritic field equals 36d(imand 24 (in

e). Calibration bar= 50um. Figs.a—e also show the variation in starburst morphology, being not obviously greater amongst the
population of cells within treated retinas. The confocal stacksdande have excluded the planes containing the anti-LY labeled (red)
soma. The LY-labeled somata drawnarandb are an overestimation, as the drawings were made from fluorescence micrographs
collected in the IPL. The somata in the GCL give rise to a single dendrite that yields 5—7 primary branches within th@diL.
dendritic field area does not increase in size with retinal eccentrgifjotal dendritic field area is slightly (though not significantly)
larger in treated retina$: The inner dendritic field area defined by the annulus is slightly larger in cells from treated retinas, while
the annular field area did not differ, rendering the annulus to be 5% smaller, as a proportion of total dendritic fieful<are@@®5;
t-test).i: The number of primary radiating dendrites was the same in cells from normal and treated jefirtees frequency of
branch-points downstream from a primary dendrite did not dieRetinal area did not differ between thasglutamate-treated and

normal retinas. In each histogram, the number of cells analyzed is indicated in each bak(dneimumber of retinas from which
these cells were harvested is indicated).

Following 2.6 mgg r-glutamate on P-3, filled cells with a

average dendritic field area for the population of 26 cholinergicstarburst morphology were still present (Figs. 3b, 3c and 3e).

cells from normal retinas was 29,360m? (being a diameter of

These cells showed the morphological characteristics of starburst

193 um), while the outer portion (or annulus) of the field rich in cells in the normal retina, including discriminable infauter

terminal ancen passanvaricosities was 21,078m?, and the inner
portion defined by that annulus was 828872

compartments in the dendritic field (Fig. 3c). These 14 cells, when
compared with those from normal retinas, showed a slight but not
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significant increase in total dendritic area of 31,6882 (or a  The use of-glutamate as an excitotoxin for cholinergic
diameter of 20Qum; Fig. 3g), and a small increase in the inner, but amacrine cells

not the outer, dendritic field compartments, rendering a 5% de- . . .
. . e : L-glutamate and its analogues have been established as effective
crease in the proportion of dendritic field area occupied by the  ~. S : . .
. . . . .7 ."excitotoxins in the developing mouse retina (Olney, 1969; Olney
varicose-rich annulus (Fig. 3h). While there was some variation in .
S e . et al., 1971), and have been shown to deplete the population of

the symmetry of the organization of the dendritic field (Fig. 3e), . : . . ; .
. cholinergic amacrine cells in the developing chick, rat, and ferret
such asymmetries were seen amongst the cells from untreated

retinas as well (Fig. 3d). They exhibited no difference in theirretma (Karisen, 1978; Fischer et al., 1998; Refese et_al., 20.01;
; . ) . - Johnson et al., 2001). The present study confirms this relative
number of primary dendrites (Fig. 3i) nor in the frequency of

downstream branch-points associated with primary den OlritesS(_alectlvnylnthe mouse retina. It also shows, however, that GABAer-

(Fig. 3j). They were strikingly similar, and provided no other gic amacrine cells are also severely depleted, as are the larger

. LT e retinal ganglion cells. This vulnerability of GABAergic neurons
obvious cue to discriminating them when compared “blind.” When has been previously reported in the mouse (Yoon et al., 1999), and

compared with the pattern of depleted cells, no obvious nor, L .
. . . he sensitivity of the largest ganglion cells was reported for the
consistent local morphological changes were apparent (Fig. 3e).

; ; erret (Reese et al., 2001). This spectrum of excitotoxic action
The population of cells from treated retinas came from the centra - . -
. . should be due to ionotropic glutamate receptor expression across
1.5 mm of retina, whereas the normal population extended t

0,. . . .
further eccentricities (Fig. 3f); excluding these ten further eccen-d'ﬁerent cell types, and to their different developmental profiles

tric cells from the normal sample did not alter the results of the(Z_hang etal, 1996)' For example, the lack of excitotoxic a_ctlo_n
statistical comparisons. prior to P-3 most likely reflects the onset of receptor expression in

Given the average size of the dendritic field for cholinergic cholinergic amacrine cells around this time, while the lack of any

. . (:I:ffect upon the horizontal cells at the times examined may be
amacrine cells, we can estimate, for the mouse, the norma

dendritic coverage for this population (Fig. 3d). The avera e|ndicative of the later maturation of synaptic connectivity in the
. 9 'S popuiat 9. ' 9uter retina, at the close of the first postnatal week (Olney, 1968;
size of the retinas contributing this sample of 40 cells Was, . thammer et al. 1994 West Greenlee et al. 1996 Dhinara
15.7 mn? (n = 28), with a slight, if nonsignificant increase in P N ' ! ' 9

the size of theL-glutamate-treated retinas (Fig. 3K). As cholin- et al., 1997; Rich et al., 1997). A preliminary report from a recent

. . - . ._study in developing rat retina indicates a similar spectrum of
ergic cell density had been determined in three-week-old mice y ping P

(Fig. 1f), those retinas had not yet grown to full size, beingvulnerablllty, with cholinergic and GABAergic amacrine cells

on average only 11.93 mn(Note that all of the cholinergic being severely depleted, while horizontal cells, glycinergic ama-

) . . . .crine cells, and dopaminergic amacrine cells being immune to the
amacrine cells are ChAT-immunoreactive at this time, as esti- P 9 9

mating the total number per retina at this age yields counts oFXCItOtOX'CIty (Chun et al., 2001).
~17,000 cells, being comparable to other estimates of both ON

and OFF cholinergic amacrine cells in the mouse retina (Jeo
et al., 1998; Galli-Resta, 2000; Strettoi & Volpini, 2002). Con-
sequently, we need to scale the average density of 1466/ cellCholinergic amacrine cells disperse tangentially during develop-
mm? at 3 weeks of age accordingly, to 1111 cgiten®. Using ment, and their mosaic geometry is maintained while later-arriving
this value, which is slightly greater than the average of 945cells migrate into the mosaic layer (Galli-Resta et al., 1997; Reese
cellsymm? reported elsewhere (Jeon et al., 1998), the averaget al., 1999). Furthermore, when their microtubules are destabi-
dendritic coverage for cholinergic amacrine cells in the normallized, the emerging cholinergic mosaic becomes disorderly, re-
mouse retina is therefore 33 (or 28 if we use the averageestablishing their order after microtubule stability is regained
estimated density from Jeon et al., 1998). This coverage facto{Galli-Resta et al., 2002). We reasoned, therefore, that partially
is greater than that observed in the rat retina, being around 2@epleting the cholinergic amacrine cells during development might
due to the lower density of cholinergic amacrine cells thereinlead to a reestablishment of their mosaic regularity as these cells
(Voigt, 1986). For theL-glutamate-treated mice, their total den- undergo interactions with their next-nearest (remaining) neighbors
dritic field area of 31,653um? yields an average dendritic following ablation, spacing themselves out accordingly. We failed
coverage factor of only 20, indicating that the slight (and non-to find any evidence for such regulation. The lack of such regu-
significant) increase in total dendritic field area of surviving lation does not appear to be due to any toxic effect of the
cholinergic amacrine cells (Fig. 3g) does not come close ta.-glutamate directly upon the surviving cells, since they have been
providing the coverage observed in the normal mouse retina. Iisufficiently healthy to grow and achieve a normal starburst mor-
fact, this coverage factor is reduced by 40% relative to normalphology. An alternative expectation was that, should the choliner-
indicating no compensatory increase following partial ablationgic amacrine cells exert a tensile force upon one another that
whatsoever (Fig. 3e). contributes to their regularity (Galli-Resta, 2002), perturbing the
micromechanical equilibrium through this partial ablation might
degrade the mosaic, as observed transiently following microtubule
destabilization (Galli-Resta et al., 2002). Yet no evidence was
The present results demonstrate three main findings: First, we havieund for this either, the final mosaic being exactly predicted from
defined the effectiveness afglutamate as an excitotoxin to kill a random 40% deletion from the normal mosaic.

developing cholinergic amacrine cells. Second, using this ap- The microtubule destabilization studies were conducted in rats
proach, we have shown that remaining cholinergic amacrine cellen the day of birth, whereas partial cholinergic ablation in mice
do not redistribute themselves on the retina following partialcould not be produced usingglutamate prior to P-3. Excitotoxic
ablation of their neighbors. And third, we have demonstrated thatell death is rapid, with immature cholinergic amacrine cells in the
they do not exhibit any compensatory growth in dendritic field sizeferret’s retina presenting a fragmented appearance after 1 h, and
following depletion of the local cholinergic plexus. being eliminated within 24 h (Reese et al., 2001), so the depletion

n . o
Mosaic organization

Discussion



Partial cholinergic amacrine cell ablation 21

in mouse retina should be established shortly aftglutamate  achieve the latter, dendrites of neighboring cells may experience a
exposure. Note that this is still at a stage during development whehomotypic contact inhibition of further growth. Cholinergic ama-
the primary dendrites radiate directly from the cholinergic ama-crine cells, by contrast, may have their dendritic fields determined
crine cell somata; as the IPL subsequently increases in thicknesby cell-intrinsic constraints, being ignorant of local homotypic
the somata become displaced from their stratifying processes in thgrocesses. A parallel arrangement was recently describdarder

IPL (Kim et al., 2000; Stacy & Wong, 2003). Perhaps this is still sophila sensory neurons, in which one type of cell, providing a
too late to achieve an alteration in neighbor relationships thatiniform coverage of the body wall with nonoverlapping dendrites,
influences tangential dispersion. However, P-4 cholinergic amawas found to increase or decrease their dendritic field in response
crine cells in the mouse retina undergo a seven-fold expansion ito laser ablation or genetic addition of homotypic cells, respec-
their dendritic field area by adulthood (Stacy & Wong, 2003; tively. Other types of sensory cells, that under normal conditions
present results), while retinal area only triples, at most, during thiglo not provide the same uniform nonoverlapping dendritic cover-
period, so dynamic dendritic growth (including process addition asage, were found to overlap extensively when their numbers were
well as elimination, elongation as well as shortening) should stillincreased through genetic manipulation of fate (Grueber et al.,
be occurring after the period of partial cholinergic ablation (Wong2003). These studies indicate that the constraints upon dendritic
& Wong, 2000). The latter may simply be insufficient to influence growth for different types of cell are quite distinct, even for cell
somal positioning after the rudimentary architecture of the cholin-types inhabiting the same local milieu.

ergic amacrine cell has been established (Wong & Collin, 1989;

Stacy & Wong, 2003). Acknowledgments

Dendritic coverage This research was supported b_y a grant from the N_ational In‘stitutes‘ of
Health (EY11087). We thank Brian Necessary for assistance with prelim-

The present results also demonstrate this subsequent growth ry studies on-glutamate excitotoxicity, and Lucia Galli-Resta for

cholinergic dendrites is not controlled by the density of neighbor-assistance with mosaic analysis.

ing processes. A 40% reduction in the density of cholinergic

amacrine cells and their processes is not sufficient to produce afqferences

enhanced growth of developing dendrites leading to a larger total

dendritic area, or to a greater density of dendrites, inferred by therdMTHOR, ER. & Oyster, C.W. (1995). Spatial organization of retinal

; ; ; ; ; information about the direction of image motioRAroceedings of the
being no change in _the ngmber of prlmgry dendrlte_s nor in the National Academy of Sciences of the U.223.4002—4005.
number of branch-points arising from a primary dendrite. MOrpho-, ;- s Trompson. K.G.. ZHoU. Y. & LEVENTHAL. A.G. (1993).

logically, these cells display the characteristics of the classic Selective depletion of beta cells affects the development of alpha cells
starburst appearance, and are qualitatively indistinguishable from in cat retina.Visual Neuroscienc&0, 237-245.
those in normal retinas. The cause of the small reduction in th&APEA, T.C., WaNG, Y. & NatHans, J. (2003). A noninvasive genefic

. e . L pharmacologic strategy for visualizing cell morphology and clonal
proportion of the dendritic field area devoted to the varicosity-rich relationships in the mousdournal of Neuroscienca3, 2314-2322.

annulus is not clear. Whatever the explanation for this differencegganpon, C. (1987). Cholinergic neruons in the rabbit retina: Dendritic

there is no escaping the conclusion that dendritic growth of branching and ultrastructural connectiviByain Researcd26, 119-130.

cholinergic amacrine cells is not finely tuned by the local densityCHUN, M.-H., PARK, S.-J., Kim, L.-B., Moon, H.-I., KanG, W.-S., OH, S.-J.

of cholinergic processes. This absence of an effect is not for lack & CHUNG. J-W. (2001). Excessive L-glutamate induces selective neu-
. . . . ronal death in the developing rat retinassociation for Research in

of opportunity to interact, as their processes normally fasciculate  jsion and Ophthalmology Abstracs?, 4013.

within their respective strata in the IPL where they also exchang& ook, J.E. (1996). Spatial properties of retinal mosaics: An empirical

synaptic contacts (Tauchi & Masland, 1985; Brandon, 1987; Millar  evaluation of some existing measurggsual Neurosciencé3, 15-30.

& Morgan, 1987). We cannot rule out the possibilities that there isDEPLANO, S., GARGINI, C. & Bist, S. (1999). Electrical activity regulates

. . . L - dendritic reorganization in ganglion cells after neonatal retinal lesion in
some threshold density triggering an upper limit on dendritic field the cat.Journal of Comparative Neurolog§05, 262—270.

size (i.e. greater depletions might have shown a compensatoiyyngra, N.K., RaMamMoHAN, Y. & Raru, TR. (1997). Developmental
increase), nor that supernormal densities might reduce dendritic expression of synaptophysin, synapsin | and syntaxin in the rat retina.
field size, but the present results suggest that, once a cholinergic Developmental Brain Researdi2, 267-273.

cell has begun to differentiate, the size of its dendritic field is ECLEN: S-J. VAN OOVEN, A. & WiLLsHaw, D.L. (2000). Lateral cell

L . . movement driven by dendritic interactions is sufficient to form retinal
controlled by cell-intrinsic factors; further interstitial growth as- mosaics Network: Computation in Neural Systerh 103—118.

sociated with differential retinal expansion may then increase thigyser, U.T., PeichL, L. & WAssLE, H. (1985). Dendritic plasticity in the
density-independent regulation of field size (Rodieck & Marshak, early postnatal feline retina: Quantitative characteristics and sensitive
1992). While synaptic relationships with bipolar terminals and  Period.Journal of Comparative Neurologg42, 134-145.

. . . ] AMIGLIETTI, E.V. (1983). “Starburst” amacrine cells and cholinergic
ganglion cell dendrites undoubtedly play a shaping role in Othe'F neurons: Mirror-symmetric ON and OFF amacrine cells of rabbit

aspects of the cholinergic amacrine cell's dendritic structure, it is  retina. Brain Researct261, 138-144.
difficult to see how they may influence the overall size of the FamiGLierti, E.V. (1991). Synaptic organization of starburst amacrine
dendritic field. cells in rabbit retina: Analysis of serial thin sections by electron

The unchanging behavior of cholinergic amacrine cells in the :gilg;oysgggy4%r'_(i78raphic reconstructiagliumal of Comparative Neu-
absence of local homotypic neighbors is to be contrasted with that ¢ i xe. A L. Prokerr SELTNER. RL.. PooN. J. & STELL. W.K. (1998).

of retinal ganglion cells, redirecting their differentiating dendrites Immunocytochemical characterization of quisqualic acid- and N-methyl-
into regions that have been locally depleted (Perry & Linden, D-aspartate-induced excitotoxicity in the retina of chicksurnal of
1982; Eysel et al., 1985). As mentioned above, these two cell types Comparative Neurologg93 1-15.

) . . . - GALLI-RESTA, L. (2000). Local, possibly contact-mediated signalling re-
show a greater than ten-fold difference in their dendritic coverage™ (.o 1o homotypic neurons controls the regular spacing of cells

factors (Wassle et al., 198b), with some retinal ganglion cells within the cholinergic arrays in the developing rodent retbavelop-
having a coverage factor of just 1 (Amthor & Oyster, 1995). To  ment127, 1509-1516.



22 R. Farajian et al.

GALLI-RESTA, L. (2002). Putting neurons in the right places: Local inter- Reesk, B.E. & GALLI-REsTA, L. (2002). The role of tangential dispersion
actions in the genesis of retinal architectufeends in Neurosciences in retinal mosaic formatiorProgress in Retinal and Eye Reseazh
25, 638—-643. 153-168.

GALLI-RESTA, L., RESTA, G., TAN, S.-S. & REESE, B.E. (1997). Mosaics of ~ REESE, B.E., NECEssARY, B.D., Tam, PPL., FAULKNER-JONES, B. & TAN,
islet-1 expressing amacrine cells assembled by short range cellular S.-S. (1999). Clonal expansion and cell dispersion in the developing
interactions.Journal of Neuroscienc&7, 7831-7838. mouse retinaEuropean Journal of Neurosciendd, 2965-2978.

GALLI-RESTA, L., NovELLL E., VoLPINI, M. & STRETTOI, E. (2000). The REESE, B.E., RAVEN, M.A., GianNoTTI, K. A. & JoHNsoN, P.T. (2001).
spatial organization of cholinergic mosaics in the adult mouse retina. Development of cholinergic amacrine cell stratification in the ferret

European Journal of Neurosciend®, 3819-3822. retina and the effects of early excitotoxic ablatidiisual Neuroscience
GALLI-RESTA, L., NovELLL E. & ViEcl, A. (2002). Dynamic microtubule- 18, 559-570.

dependent interactions position homotypic neurones in regular monoRicH, K.A., ZHAN, Y. & BLANKS, J.C. (1997). Migration and synaptogen-

layered arrays during retinal developméd¢velopment 29 3803-3814. esis of cone photoreceptors in the developing mouse relmanal of
GRUEBER, W.B., YE, B., MoORE, A.W., JaN, L.Y. & JaN, Y.N. (2003). Comparative Neurolog$88 47—63.

Dendrites of distinct classes dbrosophila sensory neurons show Robieck, R.W. & MarsHAK, D.W. (1992). Spatial density and distribu-

different capacities for homotypic repulsio€urrent Biology 13, tion of choline acetyltransferase immunoreactive cells in human,

618-626. macaque, and baboon retinalournal of Comparative Neurology
HE, S., WEILER, R. & VaNEy, D.I. (2000). Endogenous dopaminergic 321, 46-64.

regulation of horizontal cell coupling in the mammalian retidaurnal Rossi, C., STRETTOL, E. & GALLI-RESTA, L. (2003). The spatial order of

of Comparative Neurolog$18 33-40. horizontal cells is not affected by massive alterations in the organiza-
Honjo, M., TANTHARA, H., Suzuki, S., TANAKA, T., HONDA, Y. & TAKEI- tion of other retinal cellsJournal of Neuroscienc23, 9924-9928.

cH1, M. (2000). Differential expression of cadherin adhesion receptorsSANDMANN, D., ENGELMANN, R. & PEeicHL, L. (1997). Starburst cholin-

in neural retina of the postnatal mougevestigative Ophthalmology ergic amacrine cells in the tree shrew retidaurnal of Comparative

and Visual Sciencdl, 546-551. Neurology389, 161-176.
Jeon, C.-J, STrETTOI, E. & MasLAND, R.H. (1998). The major cell ~ ScamipT, M., WAsSLE, H. & HUMPHREY, M. (1985). Number and distri-

populations of the mouse retinkurnal of Neuroscience8, 8936—-8946. bution of putative cholinergic amacrine cells in cat retiNauroscience
Jounson, P.T., RAVEN, M.A. & REESE, B.E. (2001). Disruption of transient Letters59, 235-240.

photoreceptor targeting within the inner plexiform layer following Stacy, R.C. & WonNgG, R.O.L. (2003). Developmental relationship between

early ablation of cholinergic amacrine cells in the ferkdsual Neuro- cholinergic amacrine cell processes and ganglion cell dendrites of the

sciencel8, 741-751. mouse retinaJournal of Comparative Neurologd56, 154-166.
KAPFHAMMER, J.P., CHRIST, F. & ScHwaB, M.E. (1994). The expression of StreTTOI, E. & VoLpiNi, M. (2002). Retinal organization in the bcl-2-

GAP-43 and synaptophysin in the developing rat retevelopmental overexpressing transgenic moudeurnal of Comparative Neurology

Brain Researct80, 251-260. 446, 1-10.

KARLSEN, R.L. (1978). The toxic effect of sodium glutamate and DL-alpha- TaucHi, M. & MasLaND, R.H. (1984). The shape and arrangement of the
aminoadipic acid on rat retina: Changes in high affinity uptake of  cholinergic neurons in the rabbit retinRroceedings of the Royal
putative transmitterslournal of Neurochemistrgl, 1055—-1061. Society B(London)223 101-119.

Km, 1.-B., LEE, E.-J,, KiM, M.-K., PARk, D.-K. & CHUN, M.-H. (2000). TAucHI, M. & MasLAND, R.H. (1985). Local order among the dendrites of
Choline acetyltransferase-immunoreactive neurons in the developing an amacrine cell populatiodournal of NeurosciencB, 2494-2501.

rat retina.Journal of Comparative Neurolog§27, 604—616. VANEY, D.I. (1984). “Coronate” amacrine cells in the rabbit retina have the
LINDEN, R. & PERRY, V.H. (1982). Ganglion cell death within the devel- “starburst” dendritic morphologyProceedings of the Royal Society B

oping retina: A regulatory role for retinal dendriteSieuroscience, (London) 220, 501-508.

2813-2837. VoicT, T. (1986). Cholinergic amacrine cells in the rat retidaurnal of
LonMANN, C. & WongG, R.O.L. (2001). Cell-type specific dendritic con- Comparative Neurolog48 19-35.

tacts between retinal ganglion cells during developméatirnal of WAssLE, H. & RiEMANN, H.J. (1978). The mosaic of nerve cells in the

Neurobiology48, 150-162. mammalian retinaProceedings of the Royal Society(Bondon)200,
LonMANN, C., MYHR, K.L. & Wong, R.O. (2002). Transmitter-evoked 441-461.

local calcium release stabilizes developing dendritéature 418 WassLE, H., BoycotT, B.B. & ILLING, R.-B. (1981a). Morphology and

177-181. mosaic of on- and off-beta cells in the cat retina and some functional
MaRc, R. (199%). Mapping glutamatergic drive in the vertebrate retina considerationsProceedings of the Royal Society (Bondon) 212

with a channel-permeant organic catidournal of Comparative Neu- 177-195.

rology 407, 47—64. WAissLE, H., PeicHL, L. & Boycort, B.B. (1981). Morphology and
MARc, R. (199%). Kainate activation of horizontal, bipolar, amacrine, and topography of on- and off-alpha cells in the cat retiReoceedings of

ganglion cells in the rabbit retindournal of Comparative Neurology the Royal Society BLondon)212 157-175.

407, 65-76. ‘WEST GREENLEE, M.H., SwaNsoN, JJ., SiMon, JJ., ELmQuisT, LK., JA-
MILLAR, T.J. & MoraGaN, 1.G. (1987). Cholinergic amacrine cells in the coBsoN, C.D. & SakaGucHl, D.S. (1996). Postnatal development and

rabbit retina synapse onto other cholinergic amacrine dsksirosci- the differential expression of presynaptic terminal-associated proteins

ence Lettery4, 281-285. in the developing retina of the Brazilian opossukhionodelphis do-

OLNEY, J.W. (1968). An electron microscopic study of synapse formation, mestica Developmental Brain Resear@®, 159-172.
receptor outer segment development, and other aspects of developingong, R.O.L. & CoLLIN, S.P. (1989). Dendritic maturation of displaced
mouse retinalnvestigative Ophthalmology, 250—-268. putative cholinergic amacrine cells in the rabbit retidaurnal of
OLNEY, JW. (1969). Glutamate-induced retinal degeneration in neonatal ~Comparative Neurolog®87, 164—178.
mice. Electron mocroscopy of the acutely evolving lesidournal of WonG, R.O.L. & GHosH, A. (2002). Activity-dependent regulation of
Neuropathology and Experimental Neurolog§, 455-474. dendritic growth and patterningNature Reviews Neuroscien&
OLNEY, J.W., Ho, O.L. & RHEE, V. (1971). Cytotoxic effects of acidic and 803-812.
sulphur containing amino acids on the infant mouse central nervousvong, W.T. & Wong, R.O. (2000). Rapid dendritic movements during

system.Experimental Brain Researchd, 61-76. synapse formation and rearrangemeuirrent Opinion in Neurobiol-
PARK, J.-J., OH, S.-J., CHUNG, J.-W. & CHUN, M.-H. (2002). Tolerance of ogy 10, 118-124.
horizontal cells to excitotoxicity in the developing FYB mouse Yoon, Y.H., JEonG, K.H., SHIM, M.J. & Ko, 1Y. (1999). High vulnera-
retina. NeuroReportl3, 2091-2095. bility of GABA-immunoreactive neurons to kainate in rat retinal cul-
PERRY, V.H. & LINDEN, R. (1982). Evidence for dendritic competition in tures: Correlation with the kainate-stimulated cobalt uptaBein
the developing retinaNature 297, 683—685. ResearctB23 33-41.
RAVEN, M.A. & REESE, B.E. (2002). Horizontal cell density and mosaic Zuang, C., HamMmassaki-Britto, D.E., BriTTo, L.R.G. & DUVOISIN,
regularity in pigmented and albino mouse retidaurnal of Compar- R.M. (1996). Expression of glutamate receptor subunit genes during

ative Neurology454, 168-176. development of the mouse retindeuroRepor8, 335-340.





