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The dendritic growth of amacrine cells was studied in the retina of the goldfish. Those cells that accumulated the intraocularly
injected fluorescent dye 4,6-diamidino-2-phenylindole (DAPI) were compared in retinal wholemounts from small and large animals.
Dendritic arbors were stained by intracellular injections of Lucifer yellow. Based upon their dendritic morphology, two types were
identified, radiate and fusiform. The dendritic field areas and the number of dendritic terminals were quantitatively compared for
cells in small retinas from young fish and large retinas from old fish in the region of the retina that grows by expansion. For both
cell types the dendritic fields were significantly larger in the large retinas. The radiate cells had the same number of dendritic
terminals in retinas of both sizes, whereas the fusiform cells in the large retinas had significantly more dendritic terminals than those
in the small retinas. This resulted from the addition of new dendrites to the proximal arbor. These data show that with retinal
expansion the pattern of dendritic growth by a amacrine cells is cell-type specific.

INTRODUCTION

The formation of synaptic contacts in the deve-
loping central nervous system requires the coordi-
nated apposition of pre- and postsynaptic processes
that is reflected in changes in the morphology of
both synaptic partners. Investigating these structural
changes and inferring the underlying cellular events
should lead to insights concerning both process
outgrowth and synapse formation.

The fish retina is an appropriate tissue for studying
the structural changes associated with synaptogene-
sis, because it grows throughout the animal’s life by
a continual neurogenesis at the margin!!-12-18.19.23
and by a uniform, balloon-like expansion™™’. In
central retinal there is continual synaptogenesis in
the absence of neurogenesis within the inner plexi-
form layer® (IPL), a neuropil in which the neurons
of the inner nuclear layer (bipolar, amacrine, and
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interplexiform cells) contact each other and the
ganglion cells.

Recent studies have described the changes in the
dendritic arbors of bipolar and ganglion cells in the
growing retina of the goldfish'%'4. The present study
sought to determine the growth related structural
changes that occur in the dendrites of amacrine cells,
and to relate this to the ongoing snyapse formation
by this class of retinal interneuron.

The dendritic growth of amacrine cells that accu-
mulated the nucleic acid binding molecule 4,6-
diamidino-2-phenylindole (DAPI)"” were studied.
Comparisons were made between cells in the central
retina of small (young) and large (old) fish. It was
assumed that this was equivalent to sampling two
time points, early and late, during the development
of these cells.

Some of these results appeared previously in an
abstract®.
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MATERIALS AND METHODS

Common goldfish (Carassius auratus) were ob-
tained from Grassyfork Fisheries (Martinsville, IN),
and maintained at 18-20 °C in aerated, artificial
pond water' in 10 gallon aquaria.

Five goldfish (10 retinas) were used: 3 small ones
(6.5-9.3 cm standard length; 2.8-3.0 mm lens
diameter), and two large ones (16.5-18 cm standard
length; 4.2-4.3 mm lens diameter). All fish were
deeply anesthetized with tricaine methanesulfonate
(MS 222), and intraocular injections of DAPI at an
initial concentration of 2 g/liter were made in both
eyes using a Hamilton microliter syringe with a 30
gauge needle. Seven and 10 ul were injected into the
eyes of the small and large fish, respectively.
Twenty-four hours later, the fish were dark-adapted
for at least 1 h, reanesthetized, and the retinas were
isolated as described previously'’. The isolated
retinas were fixed for 45 min in fresh, room
temperature 2% paraformaldehyde/0.01% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.4. After
fixation, the retinas were rinsed 3 X 10 min in buffer,
transferred, ganglion-cell sided up, to a circular
piece of non-fluorescent filter paper (Schleicher and
Scheull; cat. no. 05710), which provided mechanical
support, and the vitreous was gently brushed away.

The dendritic arbors of amacrine cells that were
labeled by the DAPI (see below) were stained by
intracellular injections of Lucifer yellow CH (LY;
Sigma) using the technique of Tauchi and Masland*

“* The filter paper/retina was placed in a plexiglas
chamber that was clamped to the stage of a fluores-
cence microscope modified for intracellular injec-
tions. The tips of micropipettes, with a resistance of
100-140 MQ (filled with 0.1 M phosphate buffer)
were filled with 3% aqueous LY and back-filled with
0.25 M KCl in 0.05 M Tris-HCI buffer, pH 7.4.
Electrodes were visually guided to DAPI-labeled
cells with a micromanipulator attached to the stage
of the microscope. When the electrode made contact
with the cell, its membrane was penetrated by
modulating the capacity compensation circuit
(buzzing) of the amplifier. At all times, the retinas
were covered with a thin film of phosphate buffer.
LY was iontophoretically ejected for approximately
5 min with a negative current of 2-10 nA pulsed in
a square wave of 100 ms duration at 4 Hz. Each cell
was photographed and traced with a drawing tube.

Denderitic field areas were computed by measuring
the diameter of the dendritic field through its longest
axis and along a line orthogonal to this axis,
averaging the values, and calculating the area of an
equivalent circle. Dendritic ‘complexity’ was as-
sessed by counting the number of terminals on the
arbor of each cell. These included the terminations
of both dendrites and small dendritic appendages. In
addition, for each fusiform cell (see below) the
relative position of each terminal within the arbor
was determined. The tracing of each cell was
overlaid with a template, centered on the soma, that
divided the arbor into five concentric zones. The

Fig. 1. Fluorescence photomicrographs of LY-filled amz;crine cells th'atraccun(xulated DAPI. A: radiaté cell. B: fﬁsiform ééll. Bar

= 50 um.



template was scaled such that each zone enclosed
20% of the radius of each cell’s dendritic field. The
number of terminals in each zone was then counted.

The data described below are from 36 cells from
the small retinas and 24 cells from the large retinas.
All cells were located in central retina, midway
between the optic disc and the retinal margin, which
generally corresponds to the location that Fisher and
Easter’ studied. Earlier studies have shown that this
region of the retina grows by stretch only (e.g. ref.
13).

Statistical analyses were made using the Mann-
Whitney U-test'.
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RESULTS

Intraocular injections of DAPI in goldfish re-
sulted in specific uptake by presumed amacrine cells
and a more diffuse background staining pattern. The
background consisted of faint staining of the gan-
glion cells, and particulate staining in the IPL. The
background staining did not obscure the specific
staining (see below), and it was useful for identifying
the proximal/distal zones in the IPL.. The presence of
the background staining is assumed to be due to a
slightly greater than optimal intraocular concentra-
tion of the DAPI'?. The specific staining was more
intensely fluorescent than the background, and it

A

Fig. 2. Drawings of LY-filled amacrine cells that accumulated DAPI. Cells A and B are radiate cells from the retina of a small and
large fish, respectively. Cells C and D are fusiform cells from the retina of a small and large fish. respectively. Note the greater
number of dendrites on the proximal arbor of cell D. Bar = 200 um.
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TABLE !
Dendbritic field areas of DAPI-accumulating amacrine cells in

small and large retinas

Dendritic field areas of both cell types were significantly larger
in the large retinas than in the small ones (Mann—Whitney
U-test, P < 0.05).

Celltype Small retinas Large retinas
Radiate 0.09 + 0.05 mm-” 0.2+0.1 mm*
0.3+0.1 mm*

Fusiform

0.09 + 0.04 mm’

was confined to somata lying along the border
between the IPL and the inner nuclear layer (INL).
It is assumed that these intensely stained cells
actively accumulated the dye'’.

Intracellular staining of the DAPI-accumulating
neurons within the INL revealed two cell types that
had distinctly different dendritic morphologies. Fig.
1A illustrates one type, called the radiate cell, that
characteristically had a round soma, primary den-
drites that branched near the soma, and long,
straight, radially oriented higher order dendrites that
formed circular or slightly ovoid fields. Occasionally
the distal dendritic processes branched as well. The
dendritic arbors of these cells were planar and
confined to the inner half of the IPL.

Fig. 1B illustrates the second type, called the
fusiform cell. It was characterized by a fusiform
soma, and 2-3 very thick, smooth primary dendrites
that branched relatively frequently and had numer-
ous en passant and terminal swellings. The arbors of
these cells were also located in the inner half of the
IPL. although they were not as strictly planar as the
radiate cells.

Comparing cells from the retinas of small fish with
those from large ones revealed two consistent dif-
ferences, illustrated in Fig. 2. First, as anticipated
(see ref. 10) the somata, dendrites. and dendritic
fields were larger for cells in the large retinas than in
the small. In the larger retinas, the areas of the
dendritic fields of the radiate cells were about twice
as large as their counterparts in the small retinas,
and the dendritic fields of the fusiform cells enlarged
about 3 times (Table I). Second, the number of
dendritic terminals was unchanged for the radiate
cells, but the number of terminals was significantly
greater for fusiform cells in the large retinas than for
those in the small ones (Table II). These results

TABLE 11
Total number of dendritic terminals found on DAPI-accumu-

lating amacrine cells in small and large retinas

The asterisk denotes values that are significantly different
between the small and large retinas (Mann—-Whitney U-test, P
<0.01).

Cell type Small retinas Large retinas
Radiate 25432 26.5+4.1

Fusiform

23.9+8.0 356 £ 11.5%

suggested that with retinal expansion, the arbors of
the radiate cells enlarged by interstitial growth only,
whereas the fusiform cells grew both interstitially
and by elaborating new dendrites.

The fusiform cells in the large retinas appeared to
have more thin, beaded processes that were located
on the proximal arbor (i.e. near the soma) than cells
in the small retinas (cf. Fig. 2C,D). This was
confirmed quantitatively. Fig. 3 illustrates the aver-
age number of dendritic terminals per fusiform cell
plotted as a function of the radial distance from the
soma (see Materials and Methods). This graph
shows that the average fusiform cell in the large
retinas had significantly more dendritic terminals,
and therefore more dendrites, in the proximal
regions of the dendritic field. Further, the fusiform
cells from small and large retinas had a similar
number of primary dendrites (3.1£0.8 for both),

Dend. Terminals / Cell
@
1

@ Small Fish
O Large Fish

) 1 1 L L
0-20% 20-40% 40-60% 60-80% 80-100%
Concentric Zone

Fig. 3. Graph of the number of dendritic terminals found on
tusiform cells vs the percent distance from the soma (see text
for details). Open and filled circles correspond to values from
cells in large and small fish, respectively. Asterisks denote
points where the values are significantly different: (Mann-
Whitney U-test; P < 0.01).



indicating that the new dendrites arose from existing
ones.

DISCUSSION

The present study showed that in the goldfish
retina, intraocular DAPI is accumulated by two
classes of amacrine cells, radiate and fusiform. The
radiate cell had radially oriented dendrites that
branched infrequently to form round or ovoid
dendritic fields, and the fusiform cell had thick
dendrites that branched relatively frequently to form
oval dendritic fields. Amacrine cells with similar
morphologies have been described following intra-
cellular recording and dye filling in carp®, and follow-
ing Golgi procedures in the catfish®® and roach®.

Masland et al.'” demonstrated that in the rabbit
retina cholinergic amacrine cells are labeled by DAPI.
We have no independent evidence to suggest that the
DAPI-accumulating neurons in the goldfish are cho-
linergic, and an immunocytochemical study by Tumosa
et al.” suggests that the amacrine cells described here
and those that contain the acetylcholine synthesizing
enzyme choline acetyltransferase (ChAT; see also ref.
16) have different morphologies. Regardless of their
biochemical characteristics, the uptake of DAPI by the
two types of amacrine cells described here was useful
for studying the dendritic growth of this class of retinal
neuron.

Quantitative comparisons of cells in small and large
retinas showed that the dendritic arbors of both types
of amacrine cells grew interstitially; their dendrites
grew in girth and length (see Fig. 2), and, in addition,
the fusiform cells become more complex by adding
new dendrites to the proximal arbor. This growth is
similar to that of two other classes of retinal neurons in
the goldfish. The dendrites of ganglion cells grow
interstitially only>® ', whereas the dendrites of bioplar
cells grow interstitially and add new dendritic
branches'®. It was suggested that interstitial growth of
ganglion cell dendrites resulted from stretching forces
imposed upon them by the expanding retina'’. A
similar mechanism could explain the interstitial growth
of the amacrine cells described here, although it is
insufficient to account for the elaboration of new
dendrites by the fusiform cells. The outgrowth of new
dendrites could be explained if some amacrine cells
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seek at all times to enlarge their dendritic territories,
and the expansion of the retina reduces the forces that
act to constrain dendritic growth’-?!.

As the goldfish retina enlarges by expansion there is
an increase in the planimetric density (number/um? of
retinal surface) of amacrine cell synapses found within
central retina®. Assuming that all amacrine cells in the
goldfish retina participate in this continuing synapto-
genesis, the correlation between synapse addition and

. dendritic growth suggests that with retinal growth

amacrine cells can insert new presynaptic elements into
the membrane of existing dendrites and/or grow new
presynaptic processes.

An important question raised by these results is how
the number of synapses created by an amacrine cell is
regulated. Data from studies of the peripheral nervous
system (PNS) suggest that synapse formation by
amacrine cells could be regulated by their postsynaptic
targets. In the PNS, the surface area of the postsyn-
aptic cell determines the number and convergence of
synaptic contacts it receives®?*. For example, in the
cardiac ganglion of Xenopus, there is a positive, linear
relationship between surface area of the neurons and
the number of synaptic boutons that contact them, and
the frequency distribution of boutons per cell suggests
that soma size is the only factor that influences the
number of boutons it receives. Perhaps via similar
mechanisms, the synapses formed by an amacrine cell
in the goldfish are regulated by the size of its
postsynaptic target, which enlarges with retinal expan-
sion as well'’. Current data suggest that the mainte-
nance of synaptic contacts from amacrine cells onto
their targets depends upon interactions between the
two®2’. Whether or not these interactions regulate the
formation of synapses by amacrine cells remains to be
determined.
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