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SUMMARY

Single retinal ganglion cells obtained from goldfish retina are shown to support
outgrowth of neurites. Processes up to 1 mm in length grow out over a two week
period from cells identified as retinal ganglion cells on the basis of morphological crite-
ria, in the absence of supporting elements. Prior crush of the optic nerve significantly
enhances neuritic outgrowth. Fibers emerging from single cells often associate to form
a single process. A tendency for characteristic clockwise patterning of neurite out-
growth from single cells is seen, similar to that obtained from retinal explants.

INTRODUCTION

The goldfish retinal ganglion cell has been demonstrated to undzrgo a series of
characteristic morphological changes following optic nerve disruption. Radioauto-
graphic studies indicate increased RNAZ?! and protein labeling!3. Biochemical studies
on whole retina indicate increased RNA precursor metabolism and RNA labeling?.
Retinal tubulin messenger activity is increased?®, as is labeling of tubulin!4. It is infer-
red on the basis of the histological findings that these various increases are confined to
ganglion cells. While large in size, these cells are a numerically small fraction of the
total retinal cell population%13, Other studies have demonstrated that optic nerve
crush greatly enhances the ability of retinal explants to send out neurites'8. While it
can be shown that the ganglion cells within the explant are the source of the neurites26,
it has not previously been shown whether the presence of other retinal elements is ne-
cessary for expression of the outgrowth. To clarify this question, we have examined
isolated ganglion cells from control retinas as well as from retinas whose optic nerve
had previously been crushed, under in vitro culture conditions.
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MATERIALS AND METHODS

Goldfish (Carassius auratus) 6-7 cm in body length, supplied by Ozark Fisheries
(Stoutland, Mo.) underwent intraorbital crush of the right optic nerve as previously
described??.

Culture of dissociated retinal cells

Five to 10 retinas were removed from fish whose optic nerve had been crushed
10-14 days before as previously described!8,1%, and incubated in 1-2 ml of phosphate-
buffered salts (PBS, prepared according to Dulbecco?) containing 1 mg/ml of hyaluro-
nidase (Sigma) for removal of the vitreous. Following this treatment the retinas were
rinsed and then incubated for an additional 10 min in a PBS solution free of Ca2t and
Mg?+ and containing 0.25 9; trypsin (Sigma). After the last incubation, the treated re-
tinas were washed with Ca2*- and Mg?#-free PBS and then transferred into Leibowitz
nutrient medium supplemented with HEPES (N-2-hydroxyethylpiperazine-N'-ethane-
sulfonic acid, pH 7.2) and 109 fetal calf serum (FCS) in the presence of gentamycin
sulfate (0.1 mg/ml), 5'-fluorodeoxyuridine (5'-FudR, 0.1 mM) and uridine (0.2 mM).
The treated retinas were then dissociated mechanically by gently pipetting the tissue up
and down through a Pasteur pipette. The suspension was allowed to settle for 10-15
min and the supernatant was collected. In early experiments the treated retinas were
forced through a metal mesh (stainless steel, 60 mesh, 309/ open, Small Parts, Inc.,
Miami, Fla.) to remove clumps, but the procedure did not sufficiently remove them to
compensate for the resulting reduction in cell yield. Cells were counted in a hemocyto-
meter after staining with Trypan blue??. About 108 cells suspended in 1 m! of medium
were cultured in a dish with poly-L-lysine-coated substratum!5. These experiments
employed either Nunc plastic dishes or dishes whose bottoms were removed and sub-
stituted by cemented round glass coverslips (no. 1-1/2, 33 mm).

Fluorescent studies

The cells were labeled with a phospholipid-like fluorophore (dioctadecylindocar-
bocyanine, (dil)?, by incubating the cell culture for 10 min at 37 °C in | ml of PBS to
which 5 ul of ethanolic dil (0.3 mg/ml) had been added. The cells were then rinsed sev-
eral times in PBS and examined in a Leitz Diavert microscope using 40 or 100 x epi-
illumination objectives.

Electron microscopy

Cultures were fixed for 60 min in 3.59 glutaraldehyde in L-15 medium, washed
with L-15 and post-fixed for 30 min in 2% osmium tetroxide, then dehydrated in
ascending ethanol concentrations (30-100 %;) and embedded in Spurr (Polysciences,
Warrington, Pa) as described by De Boni et al.”.

RESULTS

The total yield of dissociated cells from post-crush retina ranged from 2 x 106 to
8 »x 108 cells/retina. After a few days in culture, progressive deterioration of most
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cellular elements occurred, while those judged to be ganglion cells survived and even-
tually constituted the predominant remaining viable cells in the culture. Occasional
clumps of cells and debris were seen, and presumably represented undissociated and
reassociated cells. One million freshly dissociated cells, 80-91 9/ of which appeared
viable on the basis of Trypan blue exclusion, were added to individual culture dishes.
Adherent cells were identified as presumptive ganglion cells on the basis of size (8-14
um) and nucleolar prominence and number. Approximately 500 cells with processes
could eventually be identified per dish, and their positions were determined by means
of microscope stage coordinates. After 24 h in culture, ganglion cells that would
ultimately send out neurites showed multiple outgrowths (Fig. 1), most of which were
eventually replaced by one or more distinct processes (Fig. 2). As indicated below,
many such processes are composed of multiple individual fibers. About one-half of the
cells observed after 7 days in vitro had single processes, a third had two processes, and
the remainder had 3-6 separate processes. Nomarski interference contrast photo-
micrographs verified that the processes were outgrowths of single ganglion cells con-
taining a round eccentric nucleus with one (Fig. 3) or more prominent nucleoli (Fig. 4),

Fig. 1. Single retinal ganglion cell in vitro at an early stage (24 h), showing multiple outgrowths. No-
marski interference micrograph. Bar = 3.75 ym.
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as was noted in ganglion cells in situ following optic tract section?3. Varicosities on
the processes (c.g. Fig. 4) are typical of those seen in regenerating optic nerve in vivo
and/or retinal explant neurites in vitro3°.

By both interference contrast and fluorescence microscopy following the addi-
tion of a fluorescent lipophilic dye (Fig. 5), it was apparent that while individual fibers
often branch distally, in many instances they arose from the cell body as multiple fibers.
The individual fibers show a marked tendency to wrap around each other (Figs. 3 and
5), and the majority of processes longer than 100 um also demonstrate a tendency to
grow more in a clockwise direction (Figs. 2B, D and 3), than to grow out straight or
counterclockwise. Out of a sample of 50 long processes, 40 had grown in a clockwise
manner, 2 appeared counterclockwise, and 8 showed neither tendency.

Fig. 2. Phase micrographs of single retinal ganglion cells in culture. A: cell aggregate. B: two proces-
ses growing out of the same cell. C: distal branching. D and E: multiple processes emerging from one
cell body. Bar in A-C = 233 um and in D and E -= 14 um.
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Fig. 3. Nomarski interference micrograph of a single retinal ganglion cell in vitro showing a single pro-
cess composed of more than one fiber. Separation of fibers is apparent (asterisks). Insert: the cell bo-
dy, focussed to show eccentric nucleus and prominent nucleolus (arrow), as well as adherent cellular
debris. Bar = 3.75 pm.



Fig. 4. Nomarski interference micrograph of a single retinal ganglion cell, showing distal branching,
varicosities and the growth cone. The inserted micrograph shows the cell refocussed revealing two

nucleoli (arrows). Bar == 3.75 pum.
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Fig. 5. Fluorescence photomicrographs of retinal ganglion cells in culture stained with the lipophilic
dye, dil. A: spiralling of the fibers within the single cell process with distal branching. Bar = 4.6 ym.
B: multiple outgrowths from the same cell body with one major process composed of several fibers.
Bar = 4.6 um. C: two processes growing out of one cell. Bar = 7 um. Varicosities are seen on one
process; the other shows distal branching.
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Fig. 6. A: electron micrograph of a ganglion cell in dissociated retinal cultures obtained from post-
crush retina. Note a large nucleus and small area of cytoplasm (< 27,300). Bar = 0.4 um. B: growth
cone at the growing tip of a process emerging from a single cell (< 12,200). Bar = 0.83 ym.

Electron micrographs taken from ganglion cells after 2 weeks in culture demon-
strate a large nucleus with one or more prominent nucleoli and relatively little cyto-
plasm (Fig. 6A). Similar observations were reported for isolated goldfish retinal gang-
lion cells by Giulian!® and by Turner et al.?® for newt retinal ganglion cells in vivo. The
emergence of multiple fibers from a single cell body is shown in Fig. 7.

Previous studies indicated that crush of the optic nerve resulted in enhanced out-
growth of processes from retinal explants!®. The dissociated cell preparation enabled
us to further study the effect of a conditioning lesion on outgrowth from the ganglion
cells in culture. Results based on subsequent growth from all the adherent cells which
were identified as ganglion cells, indicated that 77.2% 4 13.9 of adherent ganglion
cells derived from post-crush retina eventually sent out processes, compared with only
31.3% + 6.7 from ganglion cells from control retinas. The summed process length
outgrowing from individual ganglion cells in culture was measured as a function of
days in culture (Fig. 8). Initially, ganglion cells derived from post-crush retina showed
a higher outgrowth rate. Ganglion cells derived from normal retina, however, remai-
ned viable longer, and after two weeks in culture, significant continuing growth was
apparent. After 30 days in vitro, ganglion cells derived from control retina appeared
viable, while processes from ganglion cells derived from post-crush retina showed evi-
dence of deterioration.
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Fig. 7. Multiple processes (arrows) growing out of a single ganglion cell in culture (x 14,300). Bar =
0.71 pem.
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Fig. 8. Pattern of elongation of processes emerging from dissociated ganglion cell in culture obtained
from () post-crush retina and from (@) control retina. Results represent average length of at least 10
processes at each time point.

DISCUSSION

The goldfish retinal ganglion cell has been demonstrated to respond to axotomy
and to eventually regenerate its cut axon with little apparent alteration in other retinal
elements!2. In the explanted goldfish retina, the ganglion cells have been demonstrated
to be the source of outgrowing neurites!®.17. In fact, under extended explant culture
conditions, other retinal cellular elements degenerate, while the ganglion cells survi-
velb. Identification of neurite-bearing cells as ganglion cells was made on the basis of
the microscopic appearance of adherent cells. Since adhesion is a prerequisite for
neuritic outgrowth, the study does not rule out the possibility that other retinal cells
could support neuritic outgrowth had they adhered. Inferential confirmation of
neuritic outgrowth from ganglion cells rests on the previous explant studies. Direct
confirmation awaits the availability of more specific cell markers. Although these ob-
servations suggested that the ganglion cell can survive in vitro, it was less clear prior to
the present study that the ganglion cells can also initiate axonal growth in vitro, in the
absence of supporting cells.

Various disruptive techniques, including enzymatic digestion and dissociation
have been employed to obtain identified retinal cells from a number of species, in-
cluding marine teleosts8, reptiles!, amphibia3 and rats26. Recently, ganglion cells from
goldfish have been isolated by dissection0. While ganglion cells are reported to con-
stitute only 59 of the total cells in the retina, in post-crush retina they are the largest
cells, a factor which should facilitate their isolation by physical techniques. Their diffe-
rential survival in cultured retinal explants suggested that this property would also be
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useful in procedures for their enrichment. While various markers have been proposed
for ganglion cells in other species, for the present we rely on the morphological
appearance of the cultured cells and on their in vitro properties, i.¢. to send out neuri-
tes and perhaps thereby to adhere to the substratum, and to survive in vitro, as con-
firmatory criteria. The present results give evidence that ganglion cells in the absence of
supporting retinal elements can initiate and maintain outgrowth of processes. Like the
regenerating neurites seen in vivo and in retinal explants in vitro, neurites from
cultured ganglion cells are characterized by the presence of varicosities, which are not
seen in the normal nerve. Multiple processes, originating at the cell body, as well as
distal branching of individual processes were observed at the light (Figs. 2-5) and elec-
tron microscopic level (Fig. 7). Distal branching of axons of the normal cat optic nerve
has been observed in horseradish peroxidase studies?0. The presence of branching and
increased fiber numbers has long been known to occur in regenerating peripheral ner-
ves$-27, Since CNS regeneration occurs in teleosts, we might anticipate branching in
the regenerating goldfish optic nerve. In fact, Murray and Battisti?? recently demon-
strated that the number of fibers in the regenerating goldfish optic nerve is increased
over that normally seen. The emergent multiple fibers and distal branching seen in the
present study may thus be a property of the early regenerative response, although pos-
sible unphysiological aspects of in vitro conditions must also be considered.

A tendency of fibers from a single cell to associate and wrap about one another
was apparent by phase and interference contrast microscopy as well as by fluorescence
microscopy of stained cells, although frank spiralling of fibers seen in fascicles emer-
ging from explants was not prominent. While Vinnikov reported spiralling of ‘neurofi-
brillae’ optic nerve fibers of the adult crucian carp retina3?, it is possible that the diffe-
rential adhesiveness between fibers relative to that for the poly-lysine substratum is in-
sufficient to permit full expression of this tendency in the single cell preparation.

The importance of fiber association in manifestation of the fasciculation of ner-
ves seen in vivo, and of the role of fasciculation in fiber guidance has previously been
discussed11:25, Roles for glial cells in nerve fasciculation? and for a specific protein
(CAM) have been proposed?8. The previously observed tendency for processes to grow
out in a clockwise fashion is likely related to the tendency to fasciculate — both are be-
lieved to reflect a postulated intrinsic helicity of individual fibers!5.

While the ganglion cells and their processes behave much as might be expected
from consideration of the previous explant culture studies, there are also some interes-
ting differences. The outgrowth of neurites from single cells is sustained for several
weeks while elongation of neurites from post-crush explants is minimal after the first
week in culture. Furthermore, single ganglion cells derived from control retinas survi-
ve longer than post-crush ganglion cells, and their outgrowths even appear to ‘catch up’
after several weeks in culture. This catch up of the control retinal explant does not oc-
curls,

On the basis of cell counts and estimates of ganglion cells in the retina, only
about 1 9] of the ganglion cells initially present in the post-crush retina adhere and ex-
tend neurites. This number is significantly lower in control retina, even after several
days of observation. It should be emphasized that the ganglion cells in post-crush reti-
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na are significantly larger than those in the control retina, although the latter show in-
dications of hypertrophy after several days of culture in vitro!8. It is not possible to
state on the basis of the present observations whether this apparent decrease can be at-
tributed to differences of ganglion cell populations which adhere to the substratum or
in the intrinsic potential for outgrowth. Further refinements in isolation techniques
will be required to answer this question. Nevertheless, the availability of growing
ganglion cells provided by this technique should prove useful in further studies on the
response of ganglion cells to axotomy and the requirements for neurite outgrowth, ex-
tension and maintenance.
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