
The Journal of Neuroscience, August 1993, 13(8): 3533-3548 

Process Outgrowth and Synaptic Varicosity Formation by Adult 
Photoreceptors in vitro 
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To assess the regenerative capability of the photoreceptor 
synapse, we have isolated and cultured photoreceptors from 
the mature salamander retina. Both rod and cone photore- 
ceptors were able to regenerate processes within 3 d of 
plating. Cells extended numerous actin-containing filopodia 
as well as a few neuritic processes. The neurites contained 
microtubules and formed synaptic vesicle-filled varicosi- 
ties, as shown by immunostaining for tubulin and synaptic 
vesicle proteins and by electron microscopy. Furthermore, 
regenerated varicosities were capable of depolarization-in- 
duced vesicle labeling, suggesting that they can recycle 
synaptic vesicles and release neurotransmitter by synaptic 
vesicle exocytosis. Differences were observed between rod 
and cone cell synaptic regeneration in vitro, which resem- 
bled structural differences between their synaptic terminals 
in situ: rod cells formed multiple synaptic vesicle-filled var- 
icosities along neurites at a distance from the soma, whereas 
cone cells tended to accumulate synaptic vesicles within the 
soma. The regeneration of neurites and synaptic vesicle- 
filled varicosities was abolished by microtubule depolymer- 
izing agents, suggesting a role for microtubule-based ves- 
icle transport in the formation of varicosities. Finally, process 
outgrowth and varicosity formation were independent of cell- 
cell contact and, indeed, proceeded in the complete absence 
of other cells. These findings suggest not only that differ- 
entiated photoreceptors are capable of synaptic renewal but 
that the regeneration of presynaptic-like terminals is an in- 
trinsic ability of rod and cone cells. 

[Key words: photoreceptor, synapse, regeneration, syn- 
aptic vesicles, neurite outgrowth, synaptic plasticity, rod and 
cone cells] 

A growing body of evidence indicates that mature neurons can 
remodel presynaptic terminals and generate new synapses. Ac- 
tivity-dependent changes in synaptic structure probably repre- 
sent an important cellular basis for information storage in the 
nervous system (reviewed in Greenough and Bailey, 1988). Fur- 
thermore, many CNS neurons respond to injury by axonal 
sprouting and the formation of new presynaptic terminals (for 
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reviews, see Cotman and Nieto-Sampedro, 1984; Greenough 
and Bailey, 1988; Steward, 1989; Aguayo et al., 1990). Evidence 
for both types of presynaptic structural plasticity has been pro- 
vided largely by electron microscopic analyses of terminals with- 
in complex brain neuropil. Such studies, however, do not reveal 
details of the cellular dynamics leading to plastic changes, nor 
do they provide information about the signals that initiate these 
plastic phenomena and their intracellular mechanisms. 

To address these issues, we have utilized an in vitro system 
in which the modification and regeneration of individual pre- 
synaptic terminals could be studied. Photoreceptors are highly 
polarized neurons whose morphology is dominated by two spe- 
cializations at opposite ends of the cell: a photosensitive outer 
segment at the apical end of the cell and a large synaptic terminal 
at the basal pole, thought to release glutamate onto second-order 
neurons (Copenhagen and Jahr, 1989). Previous work demon- 
strated that salamander rod photoreceptors, obtained by en- 
zymatic and mechanical dissociation of the adult retina, were 
light responsive (Bader et al., 1978) and that many retained 
functional presynaptic terminals (Townes-Anderson et al., 1985). 
Furthermore, both rod and cone photoreceptors could be main- 
tained in culture under defined conditions and, after a period 
in vitro, were shown to form functional synaptic connections 
with postsynaptic cells (MacLeish et al., 1983; MacLeish and 
Townes-Anderson, 1988). In the present study, we have visu- 
alized presynaptic components with light microscopic immu- 
nocytochemistry and conventional electron microscopy. Our 
results indicate that mature photoreceptors, in the absence of 
any cell-derived external cues, are capable of extensive process 
outgrowth and regeneration of synaptic-like varicosities. 

Portions of this work have been presented in abstract form 
(Mandell et al., 1988). 

Materials and Methods 

Primary antibodies. Antibodies to the synaptic vesicle proteins SV2 and 
synaptophysin (protein ~38) were the generous gifts of Dr. K. Buckley 
(Harvard Medical School) and Dr. F. Valtorta (University of Milano, 
Italy), respectively. They have been previously characterized in neural 
tissues of other vertebrate species (Buckley and Kelly, 1985; Valtorta 
et al., 1988). Anti-opsin monoclonal antibody 4D2 was a gift of Dr. D. 
Hicks (INSERM, Paris); it has been shown in the frog to recognize a 
form of opsin specific to red rod photoreceptors (Hicks and Molday, 
1986). To test antibody specificity in the salamander retina, immuno- 
blotting was performed on whole retinal homogenates separated by SDS- 
PAGE (not shown). The anti-SV2 monoclonal antibody and anti-syn- 
aptophysin polyclonal antiserum revealed single bands of 90 and 38 
kDa, respectively, consistent with the antigens recognized in other spe- 
cies and neural tissues. Antibody 4D2 recognized multiple bands of 34, 
63,98, and 126 kDa. This result is consistent with previous biochemical 
studies showing that opsin forms dimers, trimers, and tetramers even 
under the reducing conditions of SDS-PAGE (Molday and Molday, 
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1979). A monoclonal antibody (5A6) against an algal tubulin but cross- 
reactive to many species was kindly provided by Dr. K. Reuhl (Rutgers 
University). 

Other labeling reagents. Fluorescein-phalloidin was obtained from 
Molecular Probes (Eugene, OR). Fluorescein- and rhodamine-conju- 
gated goat anti-mouse or goat anti-rabbit secondary antibodies were 
obtained from Oraanon-Teknika/Caupel (Malvem, PA): 5 nm colloidal 
gold-conjugated protein A or goat anti-mouse IgG’was’purchased from 
Amersham (Janssen Product Division). 

Immunocytochemistry of intact retina. Light-adapted tiger salaman- 
ders (Ambystoma tigrinum), 12-20 cm in length, were decapitated and 
pithed. The eyes were removed and placed in salamander salt solution 
(Bader et al., 1978), and the anterior segments were cut away. 

For light microscopic immunofluorescence, the resulting eyecup was 
fixed by immersion in 4% formaldehyde in 0.1 M phosphate buffer, pH 
7.4 (PB), for 3-12 hr. Fixed retinas were removed from the eyecup, 
adherent pigment epithelium was removed, and the tissue was rinsed 
in PB. Thick (40-70 pm) sections were prepared by flattening a whole 
fixed retina, receptor side up, on a Teflon surface and slicing with a 
McIlwain tissue chopper. This method provided preservation of both 
outer segment and plexiform layer structure that was superior to that 
of cryostat sections. Retinal slices were collected in PB and used im- 
mediately for immunostaining. 

Immunolabeling was performed on free-floating sections in test tubes 
on a rotating platform as follows: (1) incubation in goat serum dilution 
buffer (GSDB; 450 mM NaCl, 17% goat serum, 0.3% Triton X-100, 20 
mM sodium phosphate buffer. DH 7.4) for 30 min: (2) incubation in 
primary antibody^diluted in GSDB for 3-12 hr at room temperature 
[antibody dilutions: SV2 supematant (Buckley and Kelly, 1985) 1:lO; 
rod-specific monoclonal antibody (P. R. MacLeish, unpublished obser- 
vation), undiluted supematant]; (3) three 10 min rinses in wash buffer 
(450 mM NaCl, 0.3% Triton X-100, 20 mM sodium phosphate buffer, 
pH 7.4) and one in PBS (30 min); (4) incubation in secondary antibody 
diluted in GSDB for 2 hr; (5) three 10 min rinses in wash buffer and 
one in PBS (30 min) followed by a 15 min rinse in 5 mM PB, pH 7.4. 
Sections were placed on slides, coverslipped with 90% glycerol, 10% 
PBS, 2.5% (w/v) 1,4 diazobicyclo[2,2,2] octane (Johnson et al., 1982), 
and examined with a Zeiss ICM 405 photomicroscope equipped for 
epifluorescence. Black and white photographs were taken with.Kodak 
T-Max 400 film. A Sarastro Phoibos 1000 laser confocal microscooe 
system (Sarastro, Inc., Ypsilanti, MI) was used to obtain images bf 
immunostained thick sections. A 40 x oil immersion objective (NA 1.3) 
was used to obtain confocal sections. For fluorescein imaging, a 488 nm 
excitation filter and a 5 15 nm barrier filter were used. VANW software 
(Sarastro, Inc., Ypsilanti, MI) was used for reconstruction of serial sec- 
tions. Photographs were taken directly from the monitor with T-Max 
100 film. 

For immunoelectron microscopy, the living retina was dissected from 
the eyecup and chopped (So-100 rm) on a McIlwain tissue chopper. 
The resultant slices were fixed in a hypotonic solution (4% formalde- 
hyde, 0.1% glutaraldehyde in 5 mM phosphate buffer, pH 7.4) to provide 
intracellular access of immunogold label (De Camilli et al., 1983). Im- 
munogold labeling for synaptophysin was performed as for immuno- 
fluorescence. The polyclonal anti-frog synaptophysin antibody (Valtorta 
et al., 1988) was diluted 1:50 in GSDB without Triton X-100. Protein 
A-gold (5 nm) was used at a 1:50 dilution in GSDB (without Triton 
X-100). After labeling, sections were postfixed in 1% glutaraldehyde in 
0.1 M PB for 15 min and then further postfixed in osmium and potassium 
ferrocyanide and en bloc stained with uranyl acetate (Townes-Anderson 
et al., 1985) prior to dehydration and embedding in an Epon mixture. 
Thin sections, stained with uranyl acetate and lead citrate, were ex- 
amined in a JEOL lOOCXI1 electron microscope. 

Cell dissociation and maintenance. Dissociation of adult salamander 
retina was performed as previously described using enzymatic digestion 
with papain and trituration (MacLeish and Townes-Anderson, 1988). 
Cell suspensions were plated onto glass coverslips coated with the Sal- 1 
antibody (MacLeish et al., 1983). In some experiments, substrate an- 
tibodies were applied to plastic tissue culture dishes (Falcon). For the 
plastic dishes, the goat anti-mouse antibody was diluted 1: 10 in sterile 
distilled water and allowed to dry on the plastic surface. After rinsing 
thoroughly with distilled water, Sal- 1 hybridoma supematant was also 
allowed to dry on the dish surface. After another distilled water rinse, 
the dishes were allowed to dry and could be stored for a few days at 
4°C. To create a substrate of concanavalin A (ConA), the lectin (1 mg/ 
ml; Sigma) was applied to glass coverslips in PBS for l-3 hr. After a 
thorough rinse with distilled water, dishes were allowed to dry. 

Cells were grown in a medium containing 108 mM NaCl, 3 mM KCl, 
2 mM HEPES, 1 mM NaHCO,, 0.5 mM NaH,PO,, 1 mM sodium py- 
ruvate, 0.5 mM MgCl,, 16 mM glucose, 1.8 mM CaCl,, 7% medium 199, 
1 x minimum essential medium (MEM) vitamin mix, 0.1 x MEM es- 
sential amino acids, 0.1 x MEM nonessential amino acids, 2 mM glu- 
tamine, 2 &ml insulin, 2 &ml transferrin, 5 mM taurine, 0.8 r&ml 
thyroxine, 0.02 mM phenol red, 10 &ml gentamycin, and 1 .O mg/ml 
bovine serum albumin. Cells were maintained in a humidified chamber 
at 10°C in air. 

For experiments using the microtubule depolymerizing agents col- 
chicine or nocodazole (both obtained from Sigma), drugs were added 
to culture medium from stock solutions made up in dimethyl sulfoxide 
(DMSO, 1 mg/ml and 10 mM, respectively). Control cultures received 
DMSO without drug. 

Immunocytochemistry of dissociated cultured cells. For light micro- 
scopic immunofluorescence, acutely dissociated or cultured cells were 
fixed with 4% formaldehyde in 0.1 M PB for 1 hr at room temperature 
or 3-12 hr at 4°C. For tubulin immunofluorescence, cells were fixed in 
a microtubule-stabilizing buffer: 100 mM PIPES, pH 6.9; 5 mM EGTA; 
2 mM MgCl,; 0.5% Triton X-100, 4% formaldehyde; 0.25% glutaral- 
dehyde. Immunofluorescence labeling was as described above for sec- 
tions. The synaptophysin and tubulin antibodies were used at a dilution 
of 1: 100; opsin antibody and fluorescein-phalloidin were used at a di- 
lution of 1:25. For double-label experiments, primary antibody and 
phalloidin were applied simultaneously to cultures. Process length was 
measured on negatives using JAVA image analysis software (Jandel Sci- 
entific, Corte Madeira, CA). 

For immunoelectron microscopy, cultured cells were fixed with 4% 
formaldehyde, 0.1% glutaraldehyde in 0.1 M PB for 1 hr at room tem- 
perature or 3-12 hr at 4°C. 4D2 immunogold labeling was performed 
as described above for sections, omitting Triton X-100. Gold-conju- 
gated goat anti-mouse IgG (5 nm) was used for the secondary antibody. 
Following immunolabeling, cells were fixed in 1% glutaraldehyde in 0.1 
M PB for 15 min and prepared for electron microscopy as described 
above. 

Cationicferritin uptake. Cells maintained in culture for 7 d were rinsed 
once with salamander salt solution containing 50 mM KC1 (NaCl con- 
centration reduced to 6 1 mM to adjust osmolarity) and 1.8 mM CaCl,. 
Cationic ferritin (Cooper Biomedical) was added in the same salt so- 
lution at a concentration of 0.25 mg/ml. Cells were maintained in the 
presence of ferritin for 10 or 60 min at 10°C in a dark incubator. Control 
dishes contained 2 mM CoCl, and no added CaCl,. After aspiration of 
the fenitin-containing solution, cells were fixed and prepared for elec- 
tron microscopy as described above. Some sections were examined 
unstained to facilitate detection of ferritin particles. 

Results 

Immunocytochemistry in the intact retina 
Synaptic vesicle proteins. We first localized synaptic vesicle pro- 
teins (SVPs) in the intact retina to determine whether SVP im- 
munostaining accurately revealed the shape ofthe photoreceptor 
presynaptic terminals. Observations on presynaptic terminals 
in situ were subsequently compared to those in vitro. In the 
salamander retina, rod somata extend one or more thin con- 
necting fibers, or axons, each of which terminates in a large 
synaptic vesicle-filled expansion within the outer plexiform 
(synaptic) layer (OPL). Radiating from the base of the rod ter- 
minal are one or more fine basal processes, extending laterally 
up to 20 pm, which form small synaptic vesicle-filled varicos- 
ities along their length. Salamander cone cells, whose somata 
are positioned closer to the OPL, do not possess an axon-like 
process but form a broad synaptic vesicle-filled cytoplasmic 
extension in the OPL. As for the rod cells, cone terminals give 
rise to basal processes. Both rod and cone terminals (both large 
terminals and smaller basal process varicosities) form multiple 
ribbon synapses at sites of contact with postsynaptic processes 
(Custer, 1973; Lasansky, 1973; Townes-Anderson et al., 1985; 
Mariani, 1986). 

Antibodies against SV2 and synaptophysin, both integral 
membrane proteins of small synaptic vesicles, were used as 
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Figure I. Immunocytochemical visualization of photoreceptor synaptic terminals in salamander retina. A, Immunofluorescence localization of 
the synaptic vesicle protein SV2 in salamander retina. A combined phase-contrast/immunofluorescence micrograph shows strong immunoreactivity 
in large photoreceptor terminals in the outer plexiform layer (OPL) as well as a band of more granular labeling in the inner plexiform layer (IX). 
B, Higher-power view of SV2 immunofluorescence in rod (r) and cone (c) receptor terminals. This image was obtained by combining serial confocal 
sections comprising a 5 pm thickness. Note the broad cone synaptic endings contiguous with cone somata and the smaller rod terminal. Smaller 
immunostained varicosities are also present (arrowheads). C, Horizontal view of SV2-immunostained terminals in a flat-mounted retina, recon- 
structed from serial confocal sections. Large rod and cone terminals are clustered in small islands (*); smaller varicosities are evident in the 
intervening zones (arrows). These probably represent small synaptic endings of rod and cone basal processes. D, Visualization of rod photoreceptor 
terminals with an independent marker, a rod-specific monoclonal antibody. Rod cells extend one (arrow) or two (arrowheads) axon-like connecting 
fibers with terminal expansions. E, Immunoelectron microscopy of synaptophysin in a photoreceptor terminal. Immunolabeling within the terminal 
is due primarily to labeling of synaptic vesicles: colloidal gold particles decorate small clear vesicles (arrowheads) but not other intracellular 
membranes. Scale bars: A-D, 10 pm; E, 0.1 pm. 
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Figure 2. Immunofluorescence localization of SV2 in acutely isolated 
photoreceptor neurons. A, Phase-contrast micrograph ofan intact, acutely 
isolated rod cell. B, Bright SV2 immunostaining is concentrated in the 
large spherical synaptic ending (arrowhead in A). Barely detectable im- 
munostaining is present in the soma. C, Phase-contrast image of an 
isolated cone cell that has lost its outer segment. D, Intense SV2 im- 
munostaining is present in a broad, crescent-shaped zone at the base of 
the soma. The rest of the cytoplasm is essentially devoid of staining. 
Scale bar, 10 pm. 

markers for presynaptic terminals (Buckley and Kelly, 1985; 
Valtorta et al., 1988). These antibodies are expected to stain 
those regions of presynaptic structures that contain dense ac- 
cumulations of synaptic vesicles. The synaptic terminals of rod 

and cone photoreceptors contain numerous synaptic vesicles 
not only at their active zones, but throughout the entire pre- 
synaptic terminal. Thus, SVP immunocytochemistry should al- 
low visualization of entire synaptic endings. In all experiments, 
immunostaining patterns for both SV2 and synaptophysin were 
identical. 

Bright SVP immunofluorescence was seen in large photore- 
ceptor endings in the OPL (Fig. 1A). Confocal microscopy clear- 
ly revealed the broad synaptic endings of cone cells and the 
more compact, spherical rod cell synaptic terminals (Fig. 1B). 
A rod-specific antibody against an unidentified cytoplasmic 
antigen allowed selective visualization of rod terminals: rod 
somata extended one or two axons, 12-16 pm in length, which 
gave rise to 4--(i-pm-diameter terminals (Fig. 1D). Cone ter- 
minals, viewed by SVP immunostaining, appeared to be broad 
(6-10 pm) extensions of the basal cytoplasm (Fig. IA,@. In 
addition to large rod and cone synaptic endings, smaller (l-3 
pm diameter) terminals were labeled near the vitreal border of 
the OPL (Fig. 1B). Their size, shape, and position were consis- 
tent with previous descriptions of varicositie? formed by basal 
processes (Custer, 1973; Lasansky, 1973; Mariani, 1986). These 
small synaptic varicosities were also visible in horizontal con- 
focal sections through the OPL (Fig. 1C). Additionally, this 
perspective revealed that large rod and cone terminals were not 
randomly positioned but were clustered in small islands. The 
intervening zones were devoid of large terminals but contained 
the small varicosities. 

To confirm that the immunostaining we observed by light 
microscopy was due to the immunolabeling of synaptic vesicles, 
we performed immunoelectron microscopy (Fig. 1E). Immu- 
nogold labeling for synaptophysin was concentrated around small 
clear vesicles within photoreceptor terminals. Other membranes 
were unlabeled. 

Rod-specific opsin. The rod-specific anti-opsin monoclonal 
antibody 4D2, which recognizes an extracellular (or intradiscal) 
opsin epitope, was used to identify rod photoreceptors in vitro. 
In the intact salamander retina, intense immunolabeling was 
present along the outer segments of all rod photoreceptors. Cone 
cells were completely unlabeled (not shown). A previous study 
in the frog retina showed that this antibody labeled most (> 96%) 
but not all rod cells (Hicks and Molday, 1986). The unlabeled 
cells were thought to be green rod cells, which comprise a small 
subpopulation of rod cells. The fact that we saw no unlabeled 
rod cells out of more than 300 examined suggests that green rod 
cells in the salamander are a very small (< 1%) subpopulation, 
in agreement with a morphological analysis of salamander rod 
subtypes (Mariani, 1986). 

Photoreceptors in vitro 

SVP localization immediately following isolation. After disso- 
ciation, rod photoreceptors were present either completely intact 
(Fig. 2A) or in three states of partial preservation: (1) lacking 
only a synaptic terminal, (2) lacking only an outer segment, or 

Figure 3. Process outgrowth and synaptic-like varicosity formation in vitro. A, Twelve hours after plating, cultured photoreceptors have extended 
a few short, filopodial processes (arrows). B, After 36 hr, the rod cell on the left has grown more filopodia, mostly emanating from the intact outer 
segment. The photoreceptor on the right, probably a rod cell that lost its outer segment, has two distinct types of process outgrowth: radially oriented 
filopodia and a thick, branched neuritic process (arrow). C, Phase-contrast micrograph of a photoreceptor at 7 d in culture. Thicker neuritic processes 
often form ovoid varicosities along their length (arrowheads). Varicosities, whose length and width varied from 2 to 15 and 1 to 6 pm, respectively, 
often give rise to filopodia at their distal ends. D, SV2 immunostaining of the photoreceptor in C. All varicosities show intense SV2 immunostaining. 
No other structures demonstrated such uniformly bright immunostaining. Less intense immunostaining is present in a discrete perinuclear region, 
consistent with localization of the Golgi apparatus (arrowhead). E, Synaptophysin immunofluorescence in rod and cone cells identified by the 
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presence or absence of the rod-specific opsin antibody 4D2. A cone cell (c) has failed to generate any synaptic vesicle-containing varicosities and 
has a high level of soma SVP immunostaining, suggesting an accumulation of synaptic vesicles or precursors in the cell body cytoplasm. In contrast, 
two rod cells (r) have formed numerous synaptophysin-immunoreactive varicosities and have low levels of cell body immunostaining except in a 
perinuclear region (arrowheads). F, The optical sectioning capability of the confocal microscope demonstrates that intense synaptophysin immu- 
nofluorescence in varicosities is a result of a higher intensity of immunostaining and not merely due to increased thickness in these structures 
(arrows). Less intense immunoreactivity is also present in a perinuclear region (arrowheads). G, Confocal microscopy of cell body synaptophysin 
immunostaining in identified rod and cone cells. Again, bright synaptophysin immunofluorescence is seen in a cone cell (c), whereas rod cells (r) 
have low levels of soma synaptophysin except for the perinuclear region. Scale bars, 20 pm. 
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Figure 4. Time course of process outgrowth and synaptic varicosity 
formation. A, The number of primary processes extended per cell was 
determined by phase-contrast microscopy. Points represent the mean 
+ SEM. B, The number of SV2-immunostained varicosities per cell 
was determined in the same set of cultures as A. Points are mean k 
SEM. 

(3) lacking both a synaptic terminal and an outer segment. Pho- 
toreceptors without outer segments could be easily identified 
under phase-contrast microscopy by the presence of an ellipsoid 
body, the large, dense accumulation of mitochondria between 
the nucleus and the base of the outer segment. Intense SVP 
immunostaining was present in the terminal and axon, and low 
but detectable immunoreactivity in perinuclear regions of the 
soma (Fig. 2B). Rod cells lacking a morphologically identifiable 
terminal contained only dim perinuclear staining. 

Cone photoreceptors, although they rarely retained an intact 
outer segment, could be identified by their elongated inner seg- 
ment (Fig. 2C). All cone cells exhibited bright SVP immuno- 
staining in a broad crescent at the basal side of the nucleus, 
indicating that most of the synaptic ending was retained after 
dissociation (Fig. 20). Dim perinuclear and inner segment stain- 
ing was also observed. 

Process outgrowth and varicosity formation. Immediately fol- 
lowing plating, photoreceptors, identified by the presence of an 
ellipsoid body, comprised 45-60% of all cells. Approximately 

55% of photoreceptors were rod cells (4D2 positive) and 45% 
were cone cells (4D2 negative). Similar rod : cone ratios were 
reported in the intact salamander retina (Laurens and Williams, 
19 17; Attwell et al., 1984; Mariani, 1986). Examination of cul- 
tured cells at 12 hr and 7 d revealed no significant changes in 
total photoreceptor number or in the ratio of rod to cone cells. 
Therefore, it is unlikely that expression of rod opsin was induced 
in non-rod cells in vitro. Furthermore, mitotic figures were never 
observed in cultured photoreceptors. Thus, it is unlikely that 
there was significant photoreceptor genesis or cell death in these 
cultures. 

During the first day after plating, photoreceptors began to 
extend short, filopodial processes (Fig. 3A). After a few days in 
culture, photoreceptors exhibited two distinct types of process 
outgrowth: (1) fine, straight, or curved, radially oriented pro- 
cesses ranging from 5 to 80 pm in length, and (2) thicker neuritic 
processes, ranging from 5 to 20 Km in length (Fig. 3B). Filopodia 
had only occasional branches; neurites were more highly 
branched. Neuritic processes were less numerous than filopodia 
and often contained ovoid varicosities along their length. Var- 
icosities, whose length and width varied from 2 to 15 and 1 to 
6 pm, respectively, usually gave rise to a number of filopodia 
at their distal ends. 

All varicosities formed by photoreceptors in culture showed 
intense SVP immunostaining (Fig. 3C,D). No other structures 
demonstrated such uniformly bright immunostaining. For this 
reason, we will refer to them as synaptic varicosities. Filopodial 
processes as well as nuclei and ellipsoid bodies in all cells lacked 
SV2 or synaptophysin immunostaining. The optical sectioning 
capability of the confocal microscope demonstrated that the 
intense SVP immunofluorescence in varicosities was a result of 
a higher density of immunostaining and not merely due to in- 
creased thickness in these structures (Fig. 3F). 

The level of soma SVP immunostaining was high in some 
cells and low in others (Fig. 3E,G). In general, photoreceptors 
lacking varicosities had the highest levels of soma immunoflu- 
orescence, suggesting an accumulation of synaptic vesicles or 
precursors in the cell body cytoplasm. In contrast, cells that 
formed multiple varicosities had low levels of cell body SVP 
immunostaining, except for a discrete zone of SVP immuno- 
reactivity consistently seen between the nucleus and ellipsoid 
body by both conventional (Fig. 3D,E) and confocal (Fig. 3F,G) 
microscopy. This region probably corresponds to the location 
of the Golgi apparatus, where synaptic vesicle membrane bio- 
genesis, and thus accumulatipn of SVPs, may occur (Tixier- 
Vidal et al., 1988; Janetzko et al., 1989; Schmied and Holtzman, 
1989). This was supported by double-labeling experiments 
showing colocalization of SV2 or synaptophysin immunoreac- 
tivity and binding of WGA, a Golgi marker, in the perinuclear 
region (data not shown). 

The initial retention of an intact synaptic terminal did not 
qualitatively affect subsequent growth and varicosity formation. 
Rod cells initially isolated with or without a synaptic terminal 
were capable of filopodial and neuritic process outgrowth and 
synaptic-like varicosity formation. Likewise, the initial reten- 
tion of the outer segment by rod cells did not qualitatively affect 
processes growth and varicosity formation. However, rod cells 
(and occasionally, cone cells) that retained intact outer segments 
generally grew fewer neuritic processes and formed fewer syn- 
aptic-like varicosities. Furthermore, these cells often grew long 
filopodia from their distal outer segments with fewer filopodia 
radiating from the soma (Fig. 3B). 
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Figure 5. Cytoskeletal composition of photoreceptor processes. A-C, Photoreceptors cultured for 7 d. A, Phase-contrast micrograph showing 
numerous filopodia and thicker neuritic processes (arrowheads). The cells were double labeled for tubulin (II) and filamentous actin (C). Tubulin 
immunostaining is seen in cell bodies and in a few neuritic processes (arrowheads, B). F-A&n, visualized with fluorescein phalloidin, is present 
in filopodia radiating from the soma, but absent from neuritic processes (arrowheads, C). D and E, Double-label immunostaining of a 3 d culture 
for rod-specific opsin and actin. All processes and a varicosity (arrow, D) show bright plasma membrane opsin immunostaining. All opsin- 
immunoreactive filopodia contain f-actin. Note, however, that the varicosity (arrowhead, E) is relatively devoid of f-actin. Scale bars: A, 10 rm; 
D, 5 pm. 
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Time course of process outgrowth and synaptic varicosity for- 
mation. The number of primary processes greater than 5 pm in 
length and visible by phase-contrast microscopy was determined 
at 12 hr, and 1, 3, 7, and 14 d. The number of processes per 
cell increased rapidly during the first 3 d in culture and ap- 
proached a maximum by 7 d (Fig. 4A). 

The number of SV2-immunoreactive varicosities formed by 
photoreceptors was also determined in the same set of experi- 
ments. For quantitation, varicosities were defined as SV2-im- 
munostained structures located at least 5 pm from the soma 
whose smallest diameter was at least 2 km. The number of SV2- 
immunolabeled varicosities per cell increased rapidly from zero 
at 12 hr to 2.4 + 0.5 at 3 d (Fig. 4B). No significant increase 
in varicosity number was seen between 3 and 14 d in culture. 
Thus, the most rapid increase in the number of processes and 
synaptic varicosities took place in the first 3 d of culture. 

Cytoskeletal composition ofprocess outgrowth and varicosities. 
Because process outgrowth by cultured photoreceptors seemed 
to take two basic morphologies, we sought to determine whether 
these distinct forms of growth might be associated with different 
cytoskeletal compositions. Double-labeling was performed us- 
ing phalloidin, a marker for filamentous actin (f-actin), and an 
antibody to tubulin (Fig. 54-C). Bright phalloidin staining was 
present throughout all filopodial processes, whereas neuritic pro- 
cesses had very low levels of f-actin staining. Immunolocaliza- 
tion of tubulin was more restricted than f-actin. In addition to 
bright cell body immunofluorescence, prominent immunostain- 
ing was seen only in the neuritic processes and the varicosities 
associated with them. In 4D2-positive rod cells, opsin immu- 
noreactivity occurred along both the cell body plasma mem- 
brane as well as along the membrane of all newly formed pro- 
cesses; opsin staining, therefore, could be used to highlight process 
outgrowth. Double staining for opsin and phalloidin revealed 
that all rod filopodia contained f-actin; staining was present both 
in the processes emanating from the cell soma as well as those 
arising from the distal ends of varicosities (Fig. 5D,E). 

Ultrastructural characterization ofprocess outgrowth. Electron 
microscopy confirmed and extended the light microscopic ob- 
servations (Fig. 6). Filopodia contained a fine, filamentous net- 
work without any obvious microtubules and sparse, heteroge- 
neous membranous vesicles (Fig. 6B). Neuritic processes, on 
the other hand, had microtubules coursing down their length as 
well as a fine filamentous mesh (Fig. 6C). Small clear vesicles 
(50-80 nm) were seen in neuritic processes, often associated 
with microtubules (Fig. 60). 

Examination of varicosities at high power revealed them to 
be densely packed with 50-80 nm small clear vesicles, whose 
size and homogeneity suggest that they are identical to synaptic 
vesicles (Fig. 6E). Varicosities also contained a few dense-core 
vesicles along with microtubules and finer filaments. Sections 
taken perpendicular to the substrate plane showed the varicos- 
ities to range from 1 to 3 pm in depth. 

Vesicle-covered ribbons were occasionally seen in synaptic 
vesicle-filled varicosities. More commonly, however, ribbons 
appeared in photoreceptor somata. Their origin is unknown; 
such ribbons may have been present initially in synaptic endings 
retained after isolation, or they could be newly synthesized. 

Functional assessment of synaptic varicosities 

Neurotransmitter release via exocytosis is normally followed by 
a compensatory endocytotic recycling of vesicle membrane 
(Heuser and Reese, 1973). Endocytotic vesicles can be labeled 
with an extracellular tracer, thus providing indirect evidence for 
vesicular neurotransmitter release. We applied an electron-dense 
extracellular tracer, cationic ferritin, in the presence of a de- 
polarizing stimulus, 50 mM KCl. After a 10 min incubation, 
many ferritin-containing, invaginating coated pits and vesicles 
(an early stage of endocytosis) were observed (Fig. 7A). At 10 
and 60 min, ferritin-containing vesicles consistent with small 
synaptic vesicles were observed in varicosities (Fig. 7B,C). The 
proportion of vesicles containing tracer was less (maximum of 
9%) than that previously reported in the intact retina or in 
acutely isolated rod photoreceptors (Schacher et al., 1974; Ripps 
et al., 1976; Schaeffer and Raviola, 1978; Townes-Anderson et 
al., 1985). At 60 min, uptake of ferritin was also seen in somata, 
mostly in vesicles associated with synaptic ribbons. It is possible 
that labeled vesicles in somata were originally endocytosed in 
the varicosities and retrogradely transported. Conversely, some 
of the ferritin-containing vesicles seen in varicosities might have 
been endocytosed in the cell body and anterogradely trans- 
ported. However, the presence of labeled coated pits, coated 
vesicles, and small vesicles in varicosities indicates that some 
recycling occurred locally. Moreover, a recent study of rat brain 
has shown that virtually all neuronal clathrin-coated vesicles 
contain synaptic vesicle components, further suggesting that the 
label-containing coated vesicles observed here are involved in 
synaptic vesicle membrane recycling (Maycox et al., 1992). Con- 
trol dishes, which contained 50 mM potassium chloride and 2 
mM CoCl,, without added Ca2+, showed very few ferritin-con- 
taining vesicles. 

D@erences in synaptic varicosity formation between rod cells 
and cone cells 

Double-labeling experiments using the opsin antibody to label 
rod cells and anti-synaptophysin to mark synaptic varicosities 
allowed a quantitative comparison of varicosity formation by 
rod and cone cells (Fig. 8). Rod photoreceptors formed on av- 
erage 1.6 & 0.14 varicosities (mean +- SEM; range, O-9; n = 
179 cells), whereas one cells formed only 0.30 f 0.06 varicos- 
ities (range, O-3; n = 10 1 cells). Thus, the formation of multiple 
synaptic varicosities was largely a trait of rod photoreceptors. 
It should be noted, however, that 40% of rod cells and more 
than 75% of cone cells did not form synaptic varicosities in the 
7 d culture period. The lack of varicosity formation by the 

Figure 6. Electron microscopy of cultured rod photoreceptors. A. Both filonodial kzrrowheuds) and thicker neuritic orocesses Carrows extend from 
a rod cell soma. One neurite has formed a smah varicosity (v). The cell was identified by immunogold labeling using a rod-s&cific opsin primary 
antibody (5 nm gold particles are visible at higher magnification in L3, C, and E). B, Filopodia are essentially devoid of membranous organelles 
and contain filamentous material but no microtubules. C, Neuritic processes contain microtubules and membranous organelles, including small 
(D-80 nm) vesicles. D, A high-power electron micrograph of a neurite shows small vesicles aligned along a microtubule. Short filaments connect 
some vesicles to the microtubule (arrowheads). E, A rod cell varicosity is filled with small (SO-SO nm) clear vesicles as well as some larger dense- 
core vesicles (arrowheads). Microtubules extend from the neurite into the varicosity (arrows, upper right). Scale bars: A, 1 Mm; B, C, and E, 0.5 
pm; D, 0.1 pm. 
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Figure 7. Assessment of depolarization-induced synaptic vesicle membrane recycling in regenerated photoreceptor synaptic varicosities. Photo- 
receptors cultured for 7 d were exposed to 50 mM K+ in the presence of extracellular cationic ferritin (0.25 mg/ml). A, After 10 min, numerous 
coated pits containing cationic ferritin are present along the plasma membrane of a varicosity (arrowheads). B and C, After 60 min, coated and 
uncoated vesicles within varicosities contain ferritin particles (arrowheads, B; circles, C). Scale bars, 0.1 Nrn. 

majority of cone cells in culture may reflect the in situ mor- 
phology of the cone terminal, which extends directly from the 
cell soma rather than from an axonal process. In fact, the struc- 
tures counted as cone varicosities were more accurately de- 
scribed as broad lamellopodia than discrete varicosities. 

As previously noted (Fig. 3E,G), the level of soma SVP stain- 
ing was inversely correlated with the number of regenerated 
synaptic varicosities when examined among all photoreceptors. 
Use of the rod-specific opsin antibody revealed that rod cells 
(4D2-positive) cultured for 3-7 d usually exhibited low levels 
of cell body SVP immunostaining but intense SVP immunoflu- 
orescence in multiple, distinct varicosities. Cone cells (4D2- 
negative cells), on the other hand, usually contained high levels 
of SVP immunoreactivity in the cell body cytoplasm and only 
occasionally in one or two varicosities. 

Using anti-opsin and colloidal gold secondary antibodies, rod 
and cone cells could be distinguished in thin sections. Electron 
microscopic examination of 4D2-positive rod cells (Fig. 6) and 
4Df-negative cone cells (not shown) showed that filopodia and 
varicosities from both cell types were similar in fine structure. 
Cell bodies of cone cells, however, differed from rod cells in 
that they usually contained a noticeably higher density of small 
clear vesicles, consistent with the higher levels of SVP immu- 
nostaining seen in cone somata. 

Factors influencing process outgrowth and synaptic varicosity 
formation 

Disruption of synaptic varicosity formation by microtubule de- 
polymerizing agents. Since the synaptic vesicle-filled varicosi- 
ties seemed to be exclusively associated with microtubule-con- 
taining neuritic processes, we sought to determine whether the 
presence of intact microtubules was necessary for the formation 
of varicosities. The continuous presence of either colchicine (1 
&ml) or nocodazole (1 PM) completely blocked the formation 
of SVP-immunoreactive varicosities and microtubule-contain- 
ing neuritic processes in cells maintained for 7 d in culture (Fig. 
9A-F). Cells treated with either drug exhibited markedly in- 
creased levels of soma SVP immunostaining, suggesting an ac- 
cumulation of synaptic vesicles or their precursors in the cell 
body cytoplasm. The specificity of the blocking effect was sup- 
ported by the finding that these agents did not prevent the growth 
of numerous f-actin-containing and opsin-immunoreactive fil- 
opodial processes (Fig. 9G,H). An additional finding was that 
filopodia extended in the presence of nocodazole or colchicine, 
unlike those in control cultures, were completely unbranched. 
A dose-response curve indicated that the minimum effective 
colchicine concentration necessary to block SVP-immunoreac- 
tive varicosity formation completely was between 0.1 and 1.0 



The Journal of Neuroscience, August 1993, 73(8) 3543 

&ml (Fig. 10). The blocking effect of nocodazole was shown 
to be partially reversible by treating cells with 1 PM nocodazole 
for 3 d (a period during which control cultures formed numerous 
varicosities); subsequently, the nocodazole was removed and 
the cells were maintained in normal medium for 4 d. A pro- 
portion of cells were able to extend short neuritic processes with 
SVP-immunoreactive varicosities during the recovery period. 

Growth and synaptic varicosity formation in the absence of 
cell contact and on alternative substrates. Although most ex- 
periments were performed at a relatively low cell density (1 OO- 
400 cells/mm*), many cells were nonetheless able to form one 
or more cell contacts. To determine whether the presence of 
other cells was necessary for process outgrowth and/or synaptic 
varicosity formation, photoreceptors were cultured for 7 d at 
very low density (l-l 0 cells/well). Labeling of the cultures with 
the opsin antibody to visualize processes and varicosities dem- 
onstrated that rod photoreceptors exhibited qualitatively similar 
patterns of process outgrowth and varicosity formation at very 
low cell densities and even when maintained in single cell cul- 
tures (not shown). Thus, neither cell contact nor exogenously 
derived cellular factors were necessary to induce the observed 
pattern of growth and synaptic varicosity formation. 

The substrate used in all experiments was the monoclonal 
antibody Sal-l. To determine whether growth and varicosity 
formation were dependent on a specific interaction with Sal- 1, 
other substrates were tested. Previous attempts to grow adult 
photoreceptors on polylysine, laminin, or fibronectin were un- 
successful; cells attached poorly if at all and failed to extend 
processes (MacLeish et al., 1983). Two substrates did allow 
photoreceptor attachment: the lectin ConA, which has been 
successfully used for the growth of dorsal root ganglion neurons 
and adult leech and Aplysia neurons in vitro (DeGeorge et al., 
1985; Chiquet and Acklin, 1986; Lin and Levitan, 1987) and 
untreated tissue culture plastic. Growth and varicosity forma- 
tion qualitatively similar to that seen on Sal- 1 was observed on 
both substrates (not shown). The number of adherent cells and 
the amount of outgrowth, however, were much less on tissue 
culture plastic than on either Sal-l or ConA. 

Discussion 

Our results indicate that adult photoreceptor neurons can re- 
generate new processes and form presynaptic-like structures when 
maintained in vitro. The sequence of events leading to synaptic 
varicosity formation is depicted schematically for a rod pho- 
toreceptor that has lost both outer segment and synaptic ter- 
minal (Fig. 11). Within 12 hr of plating, the cell rounded up 
and extended radially oriented filopodia, rich in filamentous 
actin. In addition, synaptic vesicles, or their precursors, began 
to accumulate in the soma. By 3 d, thicker neuritic processes, 
distinguished by the presence of numerous microtubules and 
synaptic vesicle-filled varicosities, were apparent. The transport 
of synaptic vesicles to forming varicosities occurred presumably 
along microtubules, since varicosity formation was abolished 
by microtubule depolymerizing agents. A depletion of synaptic 
vesicles was observed in the soma, concomitant with their trans- 
port to nascent synaptic varicosities. The size and number of 
the regenerated varicosities and the length of the neurites on 
which they formed were similar to those observed in situ, sug- 
gesting the existence of endogenous limitations on growth and 
synaptic regeneration. 

Process outgrowth and varicosity formation by photorecep- 
tors appeared to occur autonomously; they were not dependent 
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Figure 8. Quantitative difference in synaptic varicosity formation be- 
tween rod and cone cells. Top, Rod cells (4D2-positive) contained from 
0 to 9 synaptophysin-immunoreactive varicosities (1.6 k 0.14 per cell; 
mean f  SEM; PI = 179 cells). Bottom, Cone cells (4D2-negative pho- 
toreceptors), in contrast, formed O-3 synaptophysin-immunoreactive 
varicosities (0.30 f  0.06; n = 101 cells). 

on cell contact or soluble cell-derived factors, nor were they 
dependent on a specific cell-substrate interaction. The structural 
reorganization observed in culture may reflect either (1) normal 
cytoskeletal dynamics and membrane flow within photoreceptor 
cells after the removal of inhibitory constraints (e.g., cell-cell 
contact, cell-substrate adhesion, and/or diffusible factors), or 
(2) a specific response to cellular injury incurred upon dissoci- 
ation from the intact retina. 

Comparison to previous in vitro studies of developing 
photoreceptors 

Other in vitro studies of photoreceptors have utilized cells from 
embryonic or early postnatal retinas. None of these studies spe- 
cifically examined the development of synaptic terminals. How- 
ever, they suggest differences in growth properties between de- 
veloping and adult photoreceptors. Cone cells from chick retina 
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Figure 9. Disruption of synaptic varicosity formation but not filopodial extension by the microtubule depolymerizing agent nocodazole. A-C, 
Control culture at 7 d. Photoreceptors have radial processes and varicosities, as seen in phase contrast (A); all varicosities are SV2 immunoreactive 
(B). Tubulin immunostaining is present in soma and neuritic processes (C). D-F, Nocodazole (1 PM)-treated culture at 7 d. Some fine radial filopodia 
are visible by phase contrast (0). SV2 immunostaining shows a complete absence ofvaricosities. Intense SV2 staining is present only in photoreceptor 
cell bodies (E). Tubulin immunostaining is present only in soma; no microtubule-containing neurites are present (F). G and H, Processes extended 
in the presence of nocodazole contain opsin and f-actin. Opsin immunofluorescence is seen in the plasma membrane of the soma and radial 
filopodia. Note that the filopodia are straight and unbranched (G). F-actin is present in filopodia (H). Identical results were seen in cells treated 
with colchicine (1 &ml). Scale bars, 20 pm. 
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Figure 10. Dose-response curve demonstrating colchicine effect on 
synaptic varicosity formation. The number of SV2-immunoreactive 
varicosities per cell (mean + SEM) after 7 d in culture decreased with 
increasing doses of colchicine, with the minimal effective concentration 
between 0.1 and 1 &ml. 

were shown to develop an elongated morphology and polarized 
opsin distribution on a polyomithine substrate in the absence 
of cell contacts (Adler et al., 1984). These cells usually extended 
a single neurite from their basal pole and an opsin-containing 
process from their apical pole. Postnatal rat rod photoreceptors 
extended neuritic processes on the surface of retinal glial cells 
(Akagawa and Bamstable, 1986; Araki et al., 1987; Hicks and 
Courtois, 1988; Kljavin and Reh, 1991). Like salamander rod 
cells (but unlike chick), cultured rat rod cells failed to establish 
a polarized opsin distribution (i.e., plasma membrane of all 
processes and soma contained opsin; Hicks and Courtois, 1988). 
Developing rat rod cells, however, did not extend straight, ra- 
dially oriented filopodial processes, which we observed in sal- 
amander cells. Formation of synaptic varicosities by cultured 
mammalian photoreceptors has not been directly addressed. 
Apart from possible species differences, the variations in process 
outgrowth between mature and developing photoreceptors sug- 
gest that the in vitro behavior of mature photoreceptors is not 
merely a recapitulation of developmental processes. 

Resemblance of varicosities formed in vitro to presynaptic 
terminals in situ 

Structural, functional, and molecular criteria indicate that the 
varicosities formed by cultured photoreceptors resemble pre- 

Figure I I. Schematic summary of rod cell process growth and synaptic varicosity formation in vitro. 1, Rod photoreceptor in the intact retina. 
Microtubules (dark, stippledlines), originating in a perinuclear zone, extend into the synaptic terminal. Synaptic vesicles (or precursors) are presumably 
transported along microtubules to the terminal, where they accumulate. 2, Dissociation of the retina results in photoreceptors in a variety of 
morphological states. Illustrated here is a rod cell that has lost its outer segment, synaptic terminal, and connecting fiber. 3, After l-2 d in culture. 
The cell extends numerous, radially oriented filopodia. Synaptic vesicles (or precursors) accumulate in the cell body. 4, After 3-14 d in culture. 
Thicker neuritic processes appear, which contain microtubules. Vesicles are transported along microtubules, and accumulate in en passant and 
terminal varicosities. Consequently, the soma contains relatively fewer synaptic vesicles, except for those vesicles (or precursors) in the perinuclear 
region. 
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synaptic terminals of photoreceptors in vivo. Varicosities were 
of a size comparable to terminals and varicosities in situ. Like 
terminals in situ, they contained abundant small, clear vesicles 
and immunoreactivity for the synaptic vesicle proteins SV2 and 
synaptophysin. Finally, varicosities, like synaptic terminals 
within the intact retina, displayed stimulus-induced labeling of 
vesicles. 

The differences observed between synaptic regeneration by 
rod cells and cone cells in vitro, resemble, to a first approxi- 
mation, structural differences between their synaptic terminals 
in situ. Rod cells extended neuritic processes and formed mul- 
tiple synaptic vesicle-filled varicosities. Cone cells, on the other 
hand, usually did not form discrete varicosities and tended to 
accumulate synaptic vesicles and SVP immunostaining in so- 
mata. In situ, rod cells form one or more discrete synaptic ter- 
minals at a distance from the soma whereas the cone synaptic 
terminal is a broad cytoplasmic extension. The diminished for- 
mation of varicosities observed in cone cells may be due to 
endogenous differences in regenerative capacities of rod and 
cone cells. Evidence of a molecular basis for such endogenous 
differences includes the finding that frog cone cells, but not rod 
cells, contain abundant acetylated tubulin in inner segment mi- 
crotubules (Sale et al., 1988). This posttranslational modifica- 
tion is associated with microtubule stabilization. In addition, 
rat photoreceptors (mainly rod cells), but not avian photore- 
ceptors (mainly cone cells), contain MAP2c, a neuronal micro- 
tubule-associated protein typically found in embryonic tissue 
(Tucker and Matus, 1988; Tucker et al., 1988). Alternatively, 
differences in the plasticity of presynaptic structures may be 
related to synaptic injury. For instance, the retention of the 
original presynaptic terminal by essentially all cones but only a 
portion of rod cells raises the possibility that the original axon 
suppresses subsequent regeneration of new varicosities by cone 
cells, or that removal of the axon is necessary to stimulate re- 
generative growth. In rod cells, however, we have observed that 
retention of the axon did not prevent neurite and varicosity 
formation. 

Our demonstration of depolarization-induced vesicle labeling 
in regenerated varicosities indicates that the varicosities are 
capable of synaptic vesicle recycling and suggests that they re- 
lease neurotransmitter by synaptic vesicle exocytosis. A recent 
study using an immunocytochemical approach demonstrated 
that growing axons of developing hippocampal neurons, prior 
to synapse formation, can also undergo exo/endocytotic synaptic 
vesicle membrane recycling, although the activity appeared to 
be spontaneous (Matteoli et al., 1992). Electrophysiological 
techniques have been used to demonstrate directly the ability 
of growth cones in culture to release transmitter, both sponta- 
neously and evoked, in the absence of postsynaptic contact 
(Hume et al., 1983; Young and Poo, 1983). Direct proof of the 
functional capability of regenerated terminals in our system will 
require a method, such as the membrane patch detection tech- 
nique (Hume et al., 1983; Young and Poo, 1983), to measure 
locally the release of transmitter from a varicosity. It is impor- 
tant to note, however, that the varicosities we observed differ 
from growth cones in that they do not appear to move along 
the substrate. Furthermore, they contain dense accumulations 
of homogeneous synaptic vesicles, unlike growth cones. Pho- 
toreceptor varicosities are perhaps more closely related to the 
vesicle-filled varicosities formed by cultured sympathetic neu- 
rons, which have also been shown to be capable of depolariza- 
tion-induced vesicle labeling (Buckley and Landis, 1983). 

The relatively low level of vesicular recycling we observed in 
varicosities may be due to a low rate of neurotransmitter release 
in the absence of a differentiated presynaptic active zone, which 
in the photoreceptor is a membrane-anchored, electron-dense 
plate, covered with synaptic vesicles, and referred to as the 
ribbon. Although we observed that the initial steps in photo- 
receptor presynaptic differentiation proceeded in the absence of 
postsynaptic contact, later steps may well require postsynaptic 
cues. Future experiments should allow the identification of post- 
synaptic signals that induce the focal accumulation of presyn- 
aptic active zone components, including the ribbon and Ca*+ 
channels. 

Unlike the synaptic terminals in situ, varicosities formed in 
culture contain abundant opsin in their plasma membranes (see, 
e.g., Fig. 5D). We hypothesize that this is due, in part, to the 
redistribution of opsin from the outer segment; this redistri- 
bution in turn is a result of the breakdown of a diffusion barrier 
present in adult rod cells in situ. Consistent with this idea, we 
have observed that the redistribution of opsin from rod outer 
segment to synaptic terminal takes place within minutes after 
retinal dissociation (J. W. Mandell and E. Townes-Anderson, 
unpublished observations). Such a rapid redistribution is not 
surprising given the high mobility of opsin within the membrane 
(Poo and Cone, 1974). A similar redistribution of opsin from 
outer segment to inner segment following dissociation was re- 
ported in frog and rat rod photoreceptors (Spencer et al., 1988; 
Hicks et al., 1989). In addition, in culture newly synthesized 
opsin may distribute throughout the rod cell plasmalemma; 
cultured postnatal rat rod cells were shown to contain opsin 
immunoreactivity throughout the soma and processes (Akagawa 
and Bamstable, 1986; Araki et al., 1987). Rod cells in the normal 
developing retina, in fact, express opsin in both cell body and 
processes (Hicks and Bamstable, 1987). Even in normal adult 
rod cells in situ, opsin has been reported along the plasmalemma 
of the inner segment and cell body (Fekete and Bamstable, 1983; 
Hicks and Bamstable, 1987). Thus, rather than attribute the 
presence of opsin in the plasma membrane of regenerated var- 
icosities to misexpression and mistargeting, we would suggest 
that the adult membrane barrier(s) preventing opsin diffusion 
into the synaptic terminal is not present in isolated rod cells. 
The presence of opsin in synaptic membranes might provide an 
experimental test of vesicle recycling specificity, that is, whether 
the vesicle retrieval mechanism is able to exclude opsin (not a 
normal constituent of synaptic vesicles) while retaining SVPs 
and lipids. 

Vesicle targeting and microtubules 

Synaptic vesicle-filled varicosities were selectively associated 
with microtubule-containing neurites. Furthermore, microtu- 
bule depolymerizing agents completely blocked neurite for- 
mation and the accumulation of synaptic vesicles in varicosities, 
but did not diminish actin-rich and opsin-containing filopodial 
outgrowth. The fact that synaptic vesicle-filled varicosities nev- 
er appeared along actin-containing processes indicates that pre- 
synaptic varicosity formation is selectively associated with the 
presence of intact microtubules. These observations are remi- 
niscent of studies of a neuroendocrine cell line, AtT-20. These 
mouse pituitary tumor cells accumulate dense-core secretory 
granules in the tips of processes extended in culture (Kelly et 
al., 1983). Disruption of microtubules completely blocked the 
accumulation of secretory vesicles, but did not prevent insertion 
of the viral glycoprotein G into the cell body plasma membrane 
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(Rivas and Moore, 1989). The authors suggested that regulated 
secretory vesicles are targeted to process tips by specific inter- 
actions with microtubules, whereas constitutive secretory pro- 
teins are targeted to the plasmalemma by some other mechanism. 
A possible analogy to the constitutive, microtubule-independent 
pathway in photoreceptors is the continual addition of opsin- 
containing membrane. Support for this idea is the finding that 
intact microtubules are not needed for rod outer segment mem- 
brane assembly (Vaughan et al., 1989). Similarly, our demon- 
stration that opsin-containing filopodia are extended in the pres- 
ence of microtubule depolymerizing agents is consistent with 
this hypothesis. 

Structural plasticity of photoreceptor presynaptic terminals 

A large body of work indicates that a variety of mature neurons 
are capable of replacement and remodeling of synapses (for 
reviews, see Cotman and Nieto-Sampedro, 1984; Greenough 
and Bailey, 1988; Steward, 1989; Aguayo et al., 1990). The 
present study indicates that mature rod and cone photoreceptors 
can regenerate new presynaptic terminals in culture. Synaptic 
growth by mature rod photoreceptors in vivo has been dem- 
onstrated as well. In experimental models of retinal degenera- 
tion, surviving rod cells were shown to respond with an increase 
in the total perimeter of synaptic terminals and in the number 
ofsynaptic ribbons per terminal (Jansen and Sanyal, 1984,1987; 
Sanyal et al., 1992). The authors suggested that terminals of the 
surviving rod cells receive a stimulus for growth from the deaf- 
ferented postsynaptic bipolar cells. In our in vitro system, how- 
ever, no such stimulus is necessary for synaptic growth. Thus, 
there is evidence, both in vitro and in vivo, for plasticity of 
photoreceptor synaptic terminals. 

The stimuli responsible for the induction of terminal regen- 
eration in photoreceptor cells remain to be identified. We have 
demonstrated that the induction is not dependent on cell contact 
or cell-derived soluble factors, nor is the response dependent 
on contact with a specific substrate. Possible stimuli for regen- 
eration include (1) removal of cell contact-mediated constraints 
on synaptic growth, (2) loss of diffusible inhibitory factors, and 
(3) growth of synaptic terminals in response to cellular injury. 
We cannot, however, rule out the possible contribution of au- 
tocrine mechanisms in the regenerative process. Our observa- 
tion that some growth occurs even in virtually undamaged rod 
cells suggests that significant cell injury is not necessary to induce 
a growth response. Thus, the removal of normal contact-me- 
diated or soluble inhibitory factors may be sufficient to allow 
synaptic terminal remodeling and regeneration. It is possible, 
however, that cell injury may amplify such a regenerative re- 
sponse. 

Implications for retinal transplantation 

The possibility of treating patients with photoreceptor degen- 
erations by transplantation of normal photoreceptor cells has 
spurred work on a number of experimental models (Turner and 
Blair, 1986; de1 Cerro et al., 1988; Silverman and Hughes, 1989a; 
Ehinger et al., 1991; Gouras et al., 1991). These studies em- 
ployed developing retinal cells. There are a number of possible 
advantages to using immature cells in transplantation, including 
ease of harvesting and satisfactory cell viability (Aramant et al., 
1988). One possible drawback, however, is that immature cells 
must complete their neuroanatomical and functional develop- 
ment in the environment of the mature retina, which might be 
deficient in certain developmental cues. For example, basic fi- 

broblast growth factor, which affects rat photoreceptor differ- 
entiation in vitro (Hicks and Courtois, 1988, 1992), has been 
reported to be present in the outer neural retina only during the 
early postnatal period (Connolly et al., 199 1). The advantage of 
using mature photoreceptors is that they have already completed 
their differentiation; the challenge, then, becomes effective iso- 
lation, survival, and synaptogenesis. Our present and previous 
work demonstrates that adult photoreceptors are capable of both 
presynaptic regeneration and formation of functional connec- 
tions in low-density cell culture (MacLeish and Townes-An- 
derson, 1988). These results raise the possibility that fully dif- 
ferentiated photoreceptors might reestablish synaptic connections 
in a mature host retina. Indeed, transplantation of mature pho- 
toreceptors has been demonstrated (Silverman and Hughes, 
1989b; Gouras et al., 1991; Silverman et al., 1992), although 
the level of functional incorporation remains to be determined. 
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