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A Single-Cell Analysis of Early Retinal Ganglion Cell Differentiation in

Xenopus: From Soma to Axon Tip
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Intracellular injections of Lucifer yellow (LY) were made into
the cell bodies of Xenopus retinal ganglion cells from the
earliest stages of axonogenesis to the beginning of target
innervation. Embryos were intact during the injection so that
the entire cell (cell body, dendrites, axon, and growth cone)
could be visualized. The purpose of the study was 3-fold:
(1) to characterize the early steps in retinal ganglion cell
differentiation before the axon reaches its target; (2) to de-
termine whether guidepost cells exist as possible navigation
cues in the vertebrate optic pathway; and (3) to investigate
whether the morphology of early retinal ganglion cell growth
cones varies in a position-dependent manner along the pri-
mordial optic pathway.

Axons were generally initiated before dendrites and fol-
lowed a well-defined course along the primordial optic path-
way without branching. Surprisingly, at least 5% of the retinal
ganglion cells sent more than one axon into the optic path-
way. Sister axons from the same parent cell traveled sep-
arately in the pathway, indicating that their growth cones
navigated independently.

Examination of dendrite genesis showed that dendrites
usually begin to emerge from the cell body well before the
axon tip reaches the target. This observation argues against
the possibility that target contact influences dendrite initi-
ation. Nascent dendrites were commonly tipped with pro-
nounced varicosities that did not resemble axon growth
cones. Their number and branching correlated well with axon
length, indicating that the age of the retinal ganglion cell
itself, rather than the age of its presynaptic cells or local
environment, is the strongest influence on dendrite genesis.

Examination of LY-filled growth cones at varying points in
the pathway showed no evidence of dye transfer to adjacent
cells. This indicates that gap junctional contacts probably
do not form during axonal pathfinding and suggests that
direct intercellular communication between growing axons
and other cells in the pathway does not play a major role in
axon guidance.

Growth cone morphology was analyzed quantitatively and
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found to vary at different positions along the pathway. Growth
cones entering the optic nerve head were the largest and
most complex; those on the retinal surface were the smallest
and showed a simple morphology. Growth cones in the chiasm
and optic tract showed a degree of complexity similar to
those in the optic nerve head but were smaller. These find-
ings suggest that new growth substrates are encountered
at the optic nerve head where axons make approximately
45°turns and support the notion that changes in growth cone
morphology correspond with alterations in local microterrain
along the pathway.

The morphological transformation of a nascent neuron into a
mature one involves dynamic processes such as growth cone
initiation, axon elongation, dendrite elaboration, axonal arbor
formation, and synaptogenesis. Classical Golgi methods and
single-cell dye injection techniques have been used to visualize
some of the steps involved in this transformation. In inverte-
brates, for example, much has been learned about the pathfind-
ing behavior of growing axons and the rearrangement of den-
drites from examining the dye-filled processes of neurons injected
with intracellular dyes (Goodman et al., 1981; Bentley and
Keshishian, 1982; Taghert et al., 1982; Levine and Truman,
1985; Jellies et al., 1987). Similar intracellular techniques have
now successfully been employed in vertebrate embryos and have
yielded important information on the development of identified
motoneurons (Eisen et al., 1986) and spinal neurons (Kuwada,
1986) and on the maturation of different classes of retinal gan-
glion cells (Sakaguchi et al., 1984; Dann et al., 1987; Ramoa et
al., 1987). In the present study, Lucifer yellow (LY) was injected
into single ganglion cells in the retina during early stages of their
differentiation. The embryo and thus the whole of the CNS was
intact during the injection, which enabled the ganglion cell body
and its entire axon to be visualized. Such an approach differs
from previous studies of the vertebrate CNS in that it allows a
single cell from its soma to tip to be traced and has thereby
enabled certain previously unresolved questions to be addressed
at a single-cell level.

One question that motivated this study was whether the growth
cones of retinal ganglion cells form dye-coupling junctions with
other cells en route to their targets. Pioneer neurons in the
grasshopper nervous system have been found to contact and
become selectively dye-coupled to specific cells in the pathway
(Bentley and Keshishian, 1982; Taghert et al., 1982). These cells,
known as landmark or guidepost cells, are often positioned at
points in the pathway where axons make sharp turns, and it has
been proposed that pioneer axons use chains of these cells to
navigate to their targets, thus laying down the scaffold on which
the mature nervous system is subsequently built (Bate, 1976;
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Bently and Keshishian, 1982; Taghert et al., 1982). Indeed,
elimination of some of these cells causes a misrouting of pioneer
and subsequent follower axons (Bentley and Caudy, 1983). Gap
junctions mediate the intercellular transfer of LY (MW 457),
and, while it is likely that major guidance cues are present on
the surface of guidepost cells, it is also possible that small mol-
ecules passing between the growth cone and the guidepost cell
soma play a role in signaling position and thus in orienting the
direction of axon growth. The occurrence of gap junctions and
electrical coupling is widespread between cells of developing
tissues in embryogenesis (Furshpan and Potter, 1968; Blackshaw
and Warner, 1976; Goodman and Spitzer, 1979; Guthrie, 1984)
and is usually of a specific and transient nature (Lo Presti et al.,
1974). In the vertebrate and invertebrate CNS, specific patterns
of coupling between neuroepithelial cells often persist until the
onset of neuronal differentiation and then disappear (Dixon and
Cronly-Dillon, 1972; Hayes, 1976; Goodman and Spitzer, 1979;
Sakaguchi et al., 1984), suggesting the possibility that com-
munication between neighboring cell interiors is important in
developmental decisions. Indeed, blockage of junctional com-
munication between cells in early Xenopus embryos using an-
tibodies to gap junction proteins leads to major abnormalities
in the CNS (Warner et al., 1984). It is unknown whether “sec-
ondary” coupling between extending axons and adjacent cells
in their paths of the type described in the grasshopper nervous
system exists in the developing vertebrate CNS. This paper
specifically addresses this issue.

Growth cones are dynamic structures capable of changing
their form in response to local cues in their environment. In
vitro they change their morphology depending on the biochem-
ical and physical nature of their surroundings (Harrison, 1914;
Weiss, 1945; Letourneau, 1982), their rate of growth (Argiro et
al., 1984), and contact interactions with other cells (Kaptham-
mer and Raper, 1987). In vivo growth cones tend to become
larger and more complex at points in the pathway where di-
vergent choices are made (Raper et al., 1983; Tosney and Land-
messer, 1985; Caudy and Bentley, 1986a; Bovolenta and Mason,
1987). Conversely, growth cones tend to display simple mor-
phologies in regions lacking obvious turning points (Tosney and
Landmesser, 1985; Caudy and Bentley, 1986a; Bovolenta and
Mason, 1987). In the embryonic visual system, the growth cones
of early differentiating retinal ganglion cells traverse a variety
of terrains as they journey along the primordial optic pathway
to their primary central target, the optic tectum. In addition,
major fiber reorganizations are known to occur in adult Xenopus
in 3 separate regions of the optic pathway—the optic nerve, the
brain entry point, and the chiasm (Fawcett et al., 1984; Taylor,
1987). Thus, it would be interesting to know whether the growth
cones of early axons show any distinct changes in morphology
in these fiber “resorting” regions. The present study addresses
these issues by making quantitative comparisons of growth cones
in all regions of the pathway.

In the vertebrate visual system, retinal ganglion cells have
been observed to begin to elaborate dendrites at about the time
their axons begin to innervate their central targets (chick: Rager,
1980; Xenopus: Sakaguchi et al., 1984; rat and cat: Maslim et
al., 1986; cat: Ramoa et al., 1988). This temporal correlation
suggests the possibility that target contact might be important
for the initiation of dendrites. Trophic interactions are known
to regulate dendritic arbor size and form in the peripheral ner-
vous system (for review, sece Purves et al., 1988), and so one
might envisage that trophic factors picked up by the tips of

retinal axons from the target tissue could influence gangtion cell
differentiation, Another possibility might be that when the growth
cones reach a particular point in the pathway they signal the
cell to initiate dendrite formation. The present study examines
the relationship between axonal outgrowth and dendrite initi-
ation in single cells.

In this paper, I present evidence that addresses each of the
above issues, namely, navigational growth cone dye coupling,
growth cone morphology along the pathway, and dendrite gen-
esis. In addition, some new features of ganglion cell morpho-
genesis will be described. An abstract of the work has previously
been published (Holt, 1988).

Materials and Methods

Animals. Embryos were obtained by induced spawnings of adult Xen-
opus laevis or by in vitro fertilization of eggs from hormone-treated
females. Embryos were raised in 10% modified Ringer’s solution (MR;
Gimlich and Gerhart, 1984) or 10% modified Barth saline (MBS; Gur-
don, 1977) at 3 different temperatures, 23, 20, and 14°C, which allowed
a range of ages to be obtained from a single spawning. Embryo dissec-
tions and intracellular injections were done in 100% MR or in MBS.

Preparation. Embryos from stages 28-41 (staging according to
Nieuwkoop and Faber, 1956) were immobilized by spinal cord section
or anesthesia (0.01% MS222; Sandoz) and pinned on their left sides in
a Sylgard-bottomed petri dish. The skin overlying the eye, together with
the lens rudiment were removed using sharpened minutien pins. This
exposes the vitreal surface of the retina, giving immediate access to the
retinal ganglion cell layer. Retinal ganglion cell axons begin to develop
at stage 28 and reach the tectal primordium around stage 37/38 (Cima
and Grant, 1980; Holt and Harris, 1983; Holt, 1984).

The preparation was viewed at high power (144 x ) through a dissecting
microscope and illuminated from the side in such a way as to give
Nomarski-like optics in which the contours of the cell bodies could be
distinguished at high magnification. This set-up allowed an almost ver-
tical approach of the electrode into the retina, which was found to give
better penetrations than an oblique one.

Intracellular LY injections. Live embryos were used for intracellular
LY injection in the majority of cases. In some cases (approximately
20%), embryos were fixed in 2% paraformaldehyde in 0.1 M phosphate
buffer for 5 min to 2 hr prior to injection. Microelectrodes (1 mm
external diameter, 0.5 or 0.72 mm internal diameter glass) were pulled
on a Brown and Flaming electrode puller and back-filled with 10% LY
CH (Sigma)in 0.1 M LiCl (Stewart, 1978). These typically had resistances
of 150-300 MQ. The microelectrode tip was positioned over the desired
place in the retina, and cell penetrations were monitored using standard
electrophysiological procedures. Impalements were accompanied by a
—5 to —40 mV drop in potential, after which hyperpolarizing current
pulses (10 msec duration, 20 Hz) were used to eject the dye (2-10 nA
for 1-10 sec). Immediately after injection, the preparation was usually
examined very briefly in a compound microscope using a LY fluores-
cence filter (Zeiss filter set 48 77 09) with a 6.3 x objective (to check
for the presence of labeled cells) and then fixed by immersion in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C after a
variable time depending on the experiment. After fixation (2-24 hr) the
injected eyes were examined with LY fluorescence using a 40 x water-
immersion objective, and selected cases were photographed.

Antibody staining. In this study it was necessary to use a dye sensitive
enough to label fine cellular processes and one small enough to pass
through gap junctions: LY meets these requirements. However, it has
several limitations such as (1) the presence of a strong halo around the
injected cell body that obscures fine detail close to the soma; (2) fine
structures such as filopodia extending from growth cones are bleached
rapidly under fluorescent illumination and so are lost; and (3) the light
fixation in paraformaldehyde required to maintain low background flu-
orescence does not maintain tissue integrity through sectioning. There-
fore, to obtain permanent high-quality records of L'Y-filled cells, injec-
tions were followed by HRP immunohistochemistry using a serum
antibody to LY (Taghert et al., 1982) and by postfixation in glutaral-
dehyde.

The skin along with the uninjected left eye was removed, and the
brain with the injected eye attached was dissected free from the embryo.
These brains with attached right eyes were then immunolabeled with



Figure 1.
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LY -filled retinal ganglion cell shown in a whole-mount preparation of a stage 28 retina (4) and after immunolabeling with anti-LY and

HRP (B). Axonogenesis has just begun so this labeled axon is one of the first to navigate across the retina. In A, the axon and growth cone (GC)
are clearly labeled; the fine structural details such as the varicosities on the axon and the morphology of the growth cone are preserved following
immunolabeling (B). In 4, however, the intensity of fluorescence at the cell body (CB) obscures the outline of the perikaryon together with the
structural details in the initial segment of the axon. By contrast, in B the outline of the perikaryon can be seen clearly together with 2 small branches
extending from the axon close to the cell body (small arrowheads). The arrowheads in A indicate the inner border of the ciliary margin (CM); the
dashed lines indicate the outline of the ventral lobes of the eye which are separated by the cleft of the ventral choroidal fissure (FF). Dorsal is up.

Scale bars: A, 50 um; B, 20 um.

anti-LY antibody (a-LY) as whole-mounts. They were incubated in
a-LY for 40-60 min at 32°C, and a Vectastain ABC kit was used to
label this antibody with peroxidase. Following this, the samples were
reacted in 0.1% diaminobenzidine (DAB; Sigma), postfixed for 1 hr in
2% glutaraldehyde, embedded in gelatin/albumin, and then cut at 40
um on an Oxford vibratome.

Intracellular HRP fills. Intracellular techniques similar to those de-
scribed for LY were used to fill retinal ganglion cells with HRP (see
Holt et al., 1988). A solution of 2% HRP (Sigma Type IX) in 0.2 m KCI
was used to backfill the electrodes, which were made from either tri-
angular glass or standard 0.72 mm i.d., 1.0 mm o.d. glass. These had
resistances of around 200 MQ. After penetrating a cell, pressure was
used to eject the dye. In some instances, current pulses alone were used.
In general, it was found that pressure-filled cells were more darkly stained
than current-injected ones, indicating that more HRP was gjected from
the microelectrode using pressure. Samples were fixed in 1.5% glutar-
aldehyde/2.5% paraformaldehyde in 0.1 M phosphate buffer for 1-2 hr
at 4°C from 3-15 min following injection. Whole-mount brains with
the injected eye attached were reacted with 0.1% DAB for 1 hr and
sectioned on a vibratome at 40 um.

HRP fills of the leading growth cones for electron microscopy. In order
to label the leading growth cones the whole population of retinal ganglion
cells was filled by extracellular application of HRP to the whole eye cup
at different stages of development using methods previously described
(Harris et al., 1985; Harris, 1986). Whole brains were reacted for HRP
(see above), and those to be processed for electron microscopy were
postfixed in 1% osmium tetroxide for 1 hr, embedded in gelatin/albu-
min, and sectioned at 40 um. Sections were examined in the light mi-
croscope, and those that showed clear leading growth cones were drawn
at 1750 x magnification using a camera lucida attachment. Selected
sections were embedded in Epon between 2 sheets of acetate and sec-
tioned at 5 um. The sections containing the growth cone of interest
(previously identified in the 40 um section) were ultrathin sectioned,
stained with uranyl acetate and lead citrate, and examined in the electron
microscope (Phillips 200).

Quantitation of growth cones and dendrites. The profiles of 164 growth
cones were drawn at 1750 x magnification with camera lucida using
Nomarski optics on a Zeiss photomicroscope. Measurements were made
directly from the drawings. In measuring the total length, the beginning
of the growth cone was usually defined by a fairly abrupt thickening of
the axon. However, in some cases where the growth cone expanded

gradually or where there was little increase in the overall width at the
tip, the beginning of the growth cone was taken to be the point that was
half the distance between the growth cone’s fullest width and the axon’s
width. The width of a growth cone often varied substantially along its
length, so 4-6 measurements were made across the body of each growth
cone at equal intervals and the mean width was then calculated.

Thin processes (0.2-0.5 um) that projected 2 um or more from the
growth cone core were classed as filopodia. These structures ranged from
210 15 um in length and were not included in the size measurements
of the growth cone. To obtain a measure of complexity, all of the fil-
opodia extending from each growth cone were counted. Processes short-
er than 2 wm were not included in the analysis. Lamellopodia, thin,
veil-like extensions, were also present on some growth cones but oc-
curred at a fairly low frequency (approximately 20% of growth cones)
compared with filopodial extensions. These were classified as single
processes in the quantitation.

Statistical analysis of dendrite formation was done on 188 cells in
which the position of the growth cone emanating from identified cells
in the retina could be located in the pathway. Primary dendrites (those
emitted directly from the cell body), and not secondary or tertiary den-
drites (those resulting from branching of primary dendrites), were count-
ed to quantitate the number of dendrites per cell. Dendrites exhibiting
a single branch point or more were classified as branched dendrites.
Multiple regression and correlation analyses were done using the RS1
statistical software package on an IBM computer.

Results

In this study, a total of 799 intracellular injections were made
(671 LY, 128 HRP). These yielded 770 labeled cells (666 LY,
104 HRP). Approximately 20% of the retinas received injections
at a single site. The rest received 2-5 penetrations each (30-50
wm apart). Approximately 50% of labeled cells did not possess
axons or processes. These were identified as either neuroepi-
thelial or Miiller cells. Those that were in the retinal ganglion
cell layer and possessed an axon traveling on the vitreal surface
were identified as ganglion cells.

The cell bodies of retinal ganglion cells injected with LY were
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Figure 2. A single retinal ganglion cell filled with LY and immunolabeled with HRP. Composite photograph of two 40 um transverse sections at
4 different focal planes. The cell body possesses numerous dendrites (arrowheads) and its axon (4x) can be seen coursing through the optic nerve
(ON), chiasm (CH), and optic tract and its growth cone (GC) in the dorsal optic tract (DT). The embryo was at stage 37/38, the time at which the
very first visual axons reach the optic tectum, some 50-100 um ahead of this growth cone. The black pigment around the retina (RET) is the
pigmented epithelium. Note that the axon comes off the primary dendrite shaft. Also, note the terminal varicosities of the dendrites. Dorsal is up.

Scale bar, 50 um.

strongly fluorescent, and their axons could be seen exiting the
retina or terminating in growth cones on the retinal surface in
whole embryo preparations (Fig. 14). HRP immunohistochem-
istry using the a-LY antibody seemed to preserve, at the very
least, the structural details of the axon and growth cone and to
considerably enhance such details near the cell body. For ex-
ample, Figure 1.4 shows a bright halo of fluorescence around an
injected retinal ganglion cell body, and Figure 1B shows the
same cell after immunolabeling with HRP. The shape of the

cell body is clearly visible in the immunolabeled preparation,
as are 2 short processes branching off the axon close to the soma
(Fig. 1B). Neither of these, however, are clearly visible with
fluorescence.

The dye spreads from the soma to the axon tip within 2-5
min. Growth cones at the axon tip were well labeled and dis-
played fine filopodia. Two to six transverse sections (40 um)
through the midbrain, diencephalon, and retina contained all
the processes of any filled neuron (see Fig. 2).



Growth cones

Morphology of growth cones in the pathway

The growth cones of retinal ganglion cells injected with LY
exhibited a range of morphologies varying from simple club-
shaped forms to complex stellate and filiform types. To inves-
tigate whether a correlation exists between the morphology of
the growth cone and its position, the general morphology, size,
and complexity of growth cones at 8 different points in the
pathway were analyzed (see Fig. 3). These included the retinal
surface (n = 22), the entry to the optic nerve head (n = 28), the
optic nerve (n = 34), the brain entry point (n = 17), the chiasm
(n = 21), the ventral optic tract (n = 29), and the mid and dorsal
optic tract (n = 13). Within each of these regions a wide range
of growth cone morphologies was observed. However, a pre-
dominant type of morphology could be identified as occurring
in particular places in the pathway. On the retinal surface, for
example, growth cones tended to be short and club-shaped,
whereas they were filiform in the optic tract and elongated in
the optic nerve (see Figs. 4 and 5). Backward-projecting filopodia
were more common at the chiasm and the optic nerve head
than elsewhere.

Quantitative analysis of the dimensions and complexity of
growth cones corroborate these morphological classifications
(Figs. 6 and 7). Growth cones at the entry to the optic nerve
head are significantly longer than those at other places in the
pathway (length ~20 um); those on the retinal surface and in
the mid-dorsal optic tract tended to be the shortest (length ~12
pm). The width of growth cones was fairly constant throughout
the pathway (2-2.5 um) except at the optic nerve head, where
growth cones were significantly wider than elsewhere (width ~3
um). From the optic nerve to the ventral optic tract, growth
cone area did not change significantly. Growth cones on the
retinal surface and in the optic nerve had significantly fewer
processes (1-2 filopodia; Fig. 7) than those in the optic nerve
head (4-5 filopodia) and in the contralateral stretch of the path-
way (4-5 filopodia). Thus, growth cones that are turning into
the optic nerve head, after leaving the retinal surface, are not
only the largest ones in the whole pathway but are also among
the most complex. These growth cones also appear to possess
comparatively long filopodia (up to 15 um; see Figs. 4B and 5).

I wondered whether the characteristically simple growth cones
seen in the retina might be an artifact due to injury by the
injection. In the retina, growth cones are closer to the cell body
than elsewhere, so one might expect a retraction of filopodia,
an injury response, to occur soon after injection. Two lines of
evidence argue against this possibility. (1) By the same line of
reasoning one would expect the complexity of growth cones to
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Figure 3. Schematic representation of the optic pathway (stippled re-
gion) in the embryo. The midbrain and retina ar¢ shown in transverse
section. The optic pathway, which is continuous iz vivo, is divided here
into 9 separate regions (retinal surface through to optic tectum). Axon
tips in each of these regions were analyzed. Dorsal is up. Scale bar, 50
um,

increase with distance from the cell body. This is not the case
since growth cones in the optic nerve head are more complex
than those in the optic nerve. (2) Samples that were fixed before
injection (n = 17) also had simple morphologies (1 or 0 filopodia)
in the retina and were similar in size and appearance to the live-
injected samples at all points in the pathway.

Followers versus pioneers

Early-growing axons, because they are growing in territory virgin
to optic axons, might show distinct, possibly more complex,
morphologies than later growing axons. Early “pioneer” axons
were identified as those that have reached a point in the pathway
known from previous studies (see Holt and Harris, 1983; Holt,
1984) to be the furthest point for that particular stage. For
example, at stage 32, the lead fibers are usually seen at the
chiasm. “Followers” were defined as those that trailed the ex-
pected position of the leading edge by some 30 um or more. A
comparison between the pioneer and follower growth cones shows
that these 2 populations are similarly complex throughout the
pathway (Table 1). Simple growth cones were defined as having

Table 1. The complexity of pioneer versus follower growth cones

Optic Brain Percent-
Retinal nerve Optic entry Optic age com-
Growth cone type surface head nerve point Chiasm tract plexity
Pioneer
Simple 2 0 1 0 1 3 19
Complex 1 2 3 1 0 23 79
Follower
Simple 25 2 12 4 6 1 35
Complex 6 13 18 12 18 27 65

The numbers of pioneer and follower growth cones showing simple and complex profiles at different points in the
pathway. “Simple” growth cones had 1 filopodium or none; “complex” growth cones had 2 or more filopodia.
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Figure 4. Light micrographs of growth cones in each region of the embryonic optic pathway showing their differing morphologies. The /ine drawing
in the center represents the outline of the eye and brain in transverse section and shows the positions of the growth cones. In the retina (4), a small,
simple growth cone can be seen closely apposed to the vitreal surface (V'S); at the turn into the optic nerve head (ONH) shown in B, a large, complex
growth cone with several filopodia pointing toward the vitreal surface is shown. Dashed lines indicate the borders of the ONH. In the optic nerve
(ON; C), a growth cone is shown with an elongated profile. Note that the width of the optic nerve is only about 2.5 times that of the width of the



1 filopodium or less; complex ones as having 2 or more filopodia.
Simple growth cones occur at a higher frequency in the follower
population (35%) than in the pioneer population (19%). This
difference is not significant since it can be seen to reflect the fact
that more growth cones were sampled in the retina and in the
optic nerve in the follower population than in the pioneer pop-
ulation (Table 1). As shown in Figure 7, these 2 places in the
pathway characteristically harbor growth cones with simple pro-
files. Follower growth cones of retinula axons in the Daphnia
eye fasciculate with the lead fibers and have simple clublike
morphologies (Lo Presti et al., 1974). This does not seem to be
the case here since follower fibers are mostly complex and do
not appear to fasciculate with earlier fibers. Growth cones from
retinal ganglion cells born at the ciliary margin during larval
development were not examined in this study so it is not known
whether “late followers™ behave similarly to the embryonic “early
followers” described here.

Position of growth cones with respect to the pial surface

It has been suggested that the basement membrane surrounding
the CNS might contain molecular information necessary for
fiber guidance (Sanes, 1983). Thus growth cones might be ex-
pected to be located closely apposed to the basement membrane
or at least to maintain filopodial contact with it. At the light
microscope level, the majority of growth cones in the optic tract
were indeed located close (within 10 um) to the pial surface (see
Figs. 5; 11, G, H). Electron microscopic analysis of HRP-filled
growth cones in this region showed, however, that the main
body of these growth cones and their filopodia were almost never
directly apposed to the basement membrane. Only rarely was
a labeled filopodium seen to be in direct contact with it (Fig.
8B). This was seen in 2 instances in 5 serially sectioned growth
cones, each of which had numerous (5-6) filopodia. Instead,
growth cone processes were separated from the basement mem-
brane by the endfeet and radial processes of gliallike cells with
which close contacts were often made (Fig. 84). This observa-
tion is similar to findings in the embryonic mouse visual path-
way where growth cones associate most commonly with neu-
roepithelial cell endfeet (Silver and Rutishauser, 1984).

In the retina, growth cones were mostly found closely apposed
to the vitreal surface (see Fig. 44). Occasionally, they were some
distance away (up to about 15 um), this was not common—
except, of course, after they had entered the optic nerve head.
Electron microscopy of the developing retina and optic nerve
by Bork et al. (1987) has shown that growth cones contact the
endfeet of neuroepithelial cells but not the basement membrane
in these regions. This is also the case in the embryonic monkey
(Williams and Rakic, 1985). In the head of the optic nerve and
in the optic nerve proper (outside the retina) growth cones were
situated at the edges (dorsal and ventral) and in the center with
more or less equal frequencies. At these early stages of devel-
opment, when the optic nerve contains approximately 1000
fibers (stage 40; Wilson, 1971) and has a diameter of only 10~
15 um, the growth cones are potentially capable of sampling a

—
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large fraction of the internal diameter of the optic nerve at any
one time.

Even though the growth cones were usually close to the pial
surface in the brain, the axons were very often some distance
from it (Fig. 11H). In the optic tract the axons of retinal ganglion
cells whose growth cones had arrived at the tectum were usually
deep to the pial surface (15-20 um away), close to the border
between the central cell mass and the neuropil region. This
suggests that newly grown axons are rapidly displaced from the
surface by the growth cones of later growing axons.

Dye coupling in the embryonic visual system

Evidence against dye coupling between growth cones and
adjacent cells

A question of special interest was whether the growth cones of
early-differentiating retinal ganglion cells make dye-coupling
Jjunctions with cell bodies they pass in the pathway. Of all the
LY-labeled growth cones that were examined in the retina, optic
pathway, and tectum (n = 245), no instance of dye transfer to
cells in the immediate vicinity of labeled growth cones was
found.

The possibility that the usual survival time postinjection of
2-5 min was too short to allow transfer of the dye was checked
by using longer survival times (15-90 min). The growth cones
in these cases appeared normal, showing complex morphologies
in the optic tract; however, none of these long-term survivors
(n = 7) showed any evidence of dye coupling. Dye spreads
between coupled neuroepithelial cells in the undifferentiated
retina or at the peripheral margin within 2 min and was fre-
quently observed among the undifferentiated cells in the center
and periphery of young retinae (stage 28) and around the ciliary
margin in more mature retinae (stage 33/34 onwards). The pos-
sibility that dye coupling was occurring but was simply not
detectable because of insufficient dye molecules to pass into an
““attached” cell is unlikely because growth cones were usually
intensely labeled and, as mentioned above, dye coupling be-
tween cells in the retina was easily detectable.

Another possibility for not detecting dye transfer is that the
anesthetic used in many of the experiments might block gap
junctional communication. MS222, a tricaine-based anesthetic,
was used in the experiments, and tricaine has been found to
block gap junctions in other systems (Spray et al., 1982). To
circumvent this possible problem, intracellular fills were per-
formed on embryos without anesthesia and which had been
immobilized by cutting the spinal cord. This procedure was used
approximately 50% of the time. Again, no growth cone-to-cell
coupling was seen. Dye coupling between skin epithelial cells
and between retinal neuroepithelial cells was seen frequently
with anesthesia indicating that the gap junctions at least between
these 2 types of cells were not blocked by MS222.

At an early stage of the study, several cases were classified as
*“peripheral coupling” where the growth cones of retinal ganglion
cells in the peripheral retina appeared to be dye coupled to more
centrally located cell bodies in the retina. These were seen some-

growth cone. At the brain entry point (BEP; D) and the chiasm (CH; E) growth cones have fingerlike filopodia that are often close to the pial
surface (ps). In the optic tract (F-H), the growth cones are complex with numerous filopodia and can be seen to be close to the pial surface. In the
tectum (TEC; I), a newly arrived axon tip is shown which still possesses a characteristic growth cone and also has 3 back-branches (see arrowheads).
Camera lucida drawings of some of these growth cones can be seen in Figure 4 (B, C, E, G, H). RET, retina; pe, pigment epithelium; VT, ventral

optic tract; MT, mid optic tract; D7, dorsal optic tract. Scale bar, 20 um.
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Figure 6. Growth cone size in different parts of the pathway. For
abbreviations, see Figure 3. Data from the mid- and dorsal parts of the
optic tract (M/DT) were pooled. Error bars in this and subsequent graphs
are standard errors.

times after a single injection had been made into the central
retina. Examination of such preparations typically showed a
heavily labeled centrally located cell body with its axon pro-
jecting ventrally into the optic nerve head with a lightly labeled
axon projecting peripherally (usually dorsally) to a lightly la-
beled cell body (a total of 17 cases was seen). Often the growth
cone of the lightly labeled cell could be seen close to the injected
cell body. To check whether this was indeed coupling or an
artifact due to the electrode penetrating the peripheral cell’s
growth cone on the way into the cell body, 3 types of control
experiments were run. First, intracellular dye fills were done on
retinae previously fixed for varying lengths of time in 4% par-
aformaldehyde. Light fixation is thought to block gap junctional
communication (Spray et al., 1982). One case out of 17 was
found to show ““peripheral coupling” under these conditions.
However, during the course of these experiments it was also
observed that dye coupling between cells in the skin epithelium
continued to occur even after fixation times of 90 min so junc-
tional coupling could not be completely ruled out. Second, in-
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Figure7. Growth cone complexity in different regions of the pathway.
For abbreviations, see Figure 3. A growth cone process is defined as
either a filopodium >2 um in length or a lamellopodium.

tracellular injections of HRP, which is too large a molecule to
pass through gap junctions, were made (# = 42). One clear case
of “peripheral coupling” was found which was interpreted to
show that this was not, in fact, coupling but resulted from in-
advertent injection of HRP into the growth cone of a pheri-
pherally located retinal ganglion cell as the electrode tip was
driven into an underlying cell body. Third, support for this
interpretation was borne out by the finding that no clear cases
of reciprocal coupling were seen, that is, of centrally labeled
retinal ganglion cells after peripheral cells were injected.

Dye transfer between cells within the retina

In addition to observing dye coupling between the cell bodies
of adjacent neuroepithelial cells, it was also found that retinal
ganglion cell bodies were sometimes coupled after axon initia-
tion. In some cases, 2 retinal ganglion cells could be seen to be
Jjoined together by a cytoplasmic bridge (see Fig. 9). This suggests
that sister retinal ganglion cells sometimes remain in cytoplas-
mic contact through at least the early stages of their differentia-
tion. The significance of this finding is not clear, but such a
phenomenon has previously been described in the early mam-
malian retina (Hinds and Hinds, 1974). It is possible that the
dye coupling seen between all of the retinal ganglion cells with
axons was mediated by a cytoplasmic connection rather than
via gap junctions.

In some instances it was found that, following a single injec-
tion, a Miiller cell was labeled adjacent to a retinal ganglion cell
(see Fig. 10). This occurred following injections of HRP as well
as LY indicating that these 2 cells are not coupled via gap
junctions. The Miiller cell may have become labeled by dye
passing from the electrode as it passed through the Miiller cell’s
endfoot on the vitreal surface on its way into the retinal ganglion
cell body. However, the existence of cytoplasmic bridges of the
sort sometimes seen between retinal ganglion cells cannot be
ruled out. [Cell-lineage analysis has revealed that these 2 cell
types could be sister cells (Holt et al., 1988).] The incidence of
simultaneously labeling these 2 cell types was highest around

Figure 5. Drawings of growth cones showing their morphology in different regions of the embryonic pathway. Eight growth cones are shown for
each region. These are representative of the range of morphologies seen in each region and are arranged in ascending order of complexity from left
to right. It can be seen that a characteristic morphology predominates in each region. For example, short and simple in the retina, elongated and
complex at the optic nerve head, short and complex in the mid/dorsal optic tract. There is, however, substantial overlap between the categories.

Scale bar,10 um.
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Figure 8. Electron micrographs of parts of HRP-filled pioneer growth cones in the ventral diencephalon at stage 33/34 (4) and dorsal optic tract
at stage 35/36 (B). A, HRP-filled growth cone (GC) processes closely associated with the endfoot (EF) of a radial glial cell (RG). The glial endfeet
make a continuous layer directly beneath the basement membrane (BM). The asterisk indicates the close junction between 2 endfeet. HRP-filled
processes also contact and insinuate their processes around other axon profiles (of nonretinal origin) and insert into endfeet (small arrowheads). B,
A filopodium directly apposed to the basement membrane (BM). This is a rare event and occurred only once in this serially sectioned growth cone
which possessed approximately § filopodia. The other filopodia were 0.5-10 pum away from the BM. Scale bar, 1 ym.

stages 33/34-37/38 and declined thereafter such that it was not
observed by stage 40.

Soma changes and axon development

Neuroepithelial cells

Before axons are initiated (<stage 28) presumptive retinal gan-
glion cells cannot be distinguished from other potential cell types
in the young retina. Injections into single cells on the vitreal
layer of the central retina at stage 28 and younger or into the
peripheral margin at later stages reveal elongated neuroepithelial
cells which often span the whole width of the retina from the
vitreal to the ventricular surface (Fig. 11.4). These cells typically
have expanded apical and basal ends that attach to the vitreal
and ventricular surfaces, respectively. Injections of LY into these
cells shows that they are often dye coupled to other (2-3) neigh-
boring cells. Gap junctions between these cells are commonly
located at the ventricular surface (Hayes, 1976).

Axon emergence

Axon initiation was seen as a polarized thickening usually at or
close to the vitreal surface of the cell. This was frequently ac-
companied by the appearance of dark-staining knobs on the

vitreal surface. These could be *‘test sites” of axon initiation
where the cell might interact with several different areas of mi-
croterrain before deciding which position and direction to ex-
tend an axon or they could mark the beginning of dendrite
formation. Axons sometimes emerged from other parts of the
cell (Fig. 11, D, G)and sometimes from a primary dendrite shaft
(Fig. 2). Newly initiated axons were usually wider (width ~5
um) than more established longer axons (width ~2 um).

In cells situated dorsal to the ventral fissure, axons usually
turned ventrally on reaching the vitreal surface and headed di-
rectly towards the optic nerve head (Fig. 11). Some exceptions
to this were found, however. For example, in one case, the axon
of a centrally located cell headed temporally for about 15 um
before correcting its course by making an abrupt turn ventrally.
In rare cases, axons were seen heading dorsally. Cells situated
in nasal, temporal, and ventral retina also sent their axons di-
rectly towards the ventral fissure in the majority of cases. Axons
from retinal ganglion cells located at or very close to the optic
nerve head showed a “looped” trajectory in that initially they
grew towards the vitreal surface and then looped back on them-
selves to enter the optic nerve head (Fig. 14). These axons could
have joined the optic nerve head directly from their point of



Figure 9. Whole-mount view of 2 retinal ganglion cells joined together
by a cytoplasmic bridge (CB). One cell body was impaled with a mi-
croelectrode in a stage 35/36 retina and injected with HRP. Each retinal
ganglion cell has an axon (4x) that leaves the eye. Retinal ganglion cell
1 can be seen beginning to elaborate dendrites (arrowheads). The cy-
toplasmic bridge lay in a deep plane of focus and thus emerged from
each cell at a point distant from the vitreal surface. Scale bar, 10 pm,
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emergence from the cell. Instead, they reached the vitreal surface
before turning, suggesting that some guidance cues might be
located there.

The morphology of retinal ganglion cell bodies that had just
initiated an axon was quite variable. Some were smooth and
round, some were elongated, and others had very irregular pro-
files. Ganglion cell size was variable ranging from 8 to 15 um
in the dimensions parallel to the vitreal surface (dorsoventral
and nasotemporal). Cell somas were commonly elongated in the
apicobasal dimension ranging from 13 to 22 um. No obvious
preponderance of large-sized cells was noted, indicating that
small and large classes of cells were sampled similarly. The
majority of retinal ganglion cell bodies initiating axons were
close to the vitreal surface. This contrasts with the cat retina,
in which newly differentiating retinal ganglion cells initiate ax-
ons when their perikarya are deep to the vitreal surface outside
the retinal ganglion cell layer (Maslim et al., 1986). Of course,
the method of injection used here selects for cells located close
to the vitreal surface so that deep-lying cells would not usually
be seen. In several cases, the cell bodies were positioned deeper
in the retina, midway between the 2 surfaces. These cells usually
had their growth cones lying on the retinal surface and probably
became labeled through injecting their growth cone. In some
cases, basal processes were observed extending towards the ven-

Figure 10. Two cellslabeled following
a single impalement. The photomicro-
graphsin 4 and B show a labeled Miiller
cell (MC; A) and retinal ganglion cell
(B). The retinal ganglion cell, which is
out of focus in A, is shown in B. It has
just initiated an axon (asterisk) on the
vitreal surface (¥S). Note that the nu-
cleus is clearly visible. The Miiller cell
has endfeet expansions (EF) at the vi-
treal surface and at the outer limiting
membrane bounding the pigment epi-
thelium (pe). From the drawing in C, it
can be seen that the Miiller cell endfoot
at the vitreal surface is sinuous and ex-
panded and lies vitread to the retinal
ganglion cell perikaryon. Thus, it can
be envisaged how a microelectrode
might penetrate the MC endfoot on its
way into the underlying retinal ganglion
cell. The asterisk in C marks the retinal
ganglion cell axon. n, nucleus; pe, pig-
ment epithelium. Scale bars, 10 um.
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tricular surface from newly differentiating retinal ganglion cells,

; A B C
but these were not common and did not extend to the outer
limiting membrane. This observation again contrasts with the
cat retina, in which the basal processes of retinal ganglion cells
remain attached until well after axon initiation (Maslim et al.,
1986). In the rat, as here, basal processes are only sometimes
present and these never extend to the outer limiting membrane
(Maslim et al., 1986).

Axon profiles and trajectories

In general, single axons were seen to follow a direct course
through the optic pathway to the tectum (see Figs. 2 and 11).
Sometimes, however, sharp bends occurred in an axon’s profile, ~
indicating that the growth cone had probably made an abrupt rd

turn at this point. Such sharp-angled bends tended to occur in

certain places in the pathway. These included the entry points

to the optic nerve head and to the brain, the chiasm region and, 4

in one case, at the point in the ventral diencephalon where the
contralateral optic nerve enters. In the retina, also, axons were
occasionally seen to make sharp turns which usually served to
reorient them back on course for the ventral fissure.

Axon profiles were smooth in some cases and beaded in oth-
ers. Small side branches (2-8 um long) were occasionally seen
coming off the main axon. These side branches tended to occur
in the same places in the pathway as the sharp bends, i.e., at
the optic nerve head and brain entry points and the chiasm. As
axons neared the target and invaded it, small side branches often
appeared in the dorsal optic tract (see next section). Axons were
not observed to send off long secondary branches at any point
in the pathway.

Figure 12. Newly arrived axon terminals in the tectum. Camera lucida
drawings of axon tips from a whole-mount preparation (B) and recon-
structed from transverse sections (4, C) in 3 different stage 39 animals.
The terminals are typically thickened and possess numerous small side
branches (see B and arrows in A) along much of their length. Growth
cones which characteristically tip axons throughout the pathway (see
Figs. 4, 5) are usually absent in the tectum (except see Fig. 4I). All 3
terminals lie close to the pial surface (within ~5 um). The terminal in
C travels approximately 30 um caudally from its point of entry into the
tectum and has begun to arborize as indicated by the 4 separate branches.
This terminal is probably more mature than terminals 4 and B. Scale
bar, 10 um.

Axon terminals

When an axon tip enters the optic tectum, it tends to lose its
characteristic growth cone morphology and to become “hairy”
sending out small side branches along its shaft (Fig. 12). The
terminal portion of the axon tends to be thicker than in the
pathway and has swellings, varicosities, and spikes. Newly ar-

rived terminals showing this type of morphology are often un-
branched and lie close to the pial surface (Figs. 12, 4, B). More
mature terminals are usually located deeper in the neuropil,
although a part of them often remains close to the surface, and
have complex branching patterns extending over some distance
rostrocaudally (Fig. 12C).

Retinal ganglion cells with 2 axons

An unusual finding was that some of the retinal ganglion cells
send two axons, and occasionally three axons, into the optic
pathway. Most commonly, two axons are seen emerging from
different points on the cell body (Figs. 134, 14). In some cases,
however, a single axon can be seen to bifurcate within the retina

Figure 11. Steps in the early differentiation of retinal ganglion cells. Dashed lines show the outlines of the midbrain and retina (each outline is a
composite of 2—4 transverse sections). LY-filled immunolabeled retinal ganglion cells (solid) were drawn using a 100 x objective and reconstructed
from 2-6 40 um sections. 4, Neuroepithelial cell spans the width of the retina at stage 27. Note the terminal expansions at the inner and outer
limiting membranes. B, Retinal ganglion cell with a recently initiated axon lying on the retinal surface (RS) at stage 28. Note the thickness of this
initiating axon (approx. 4 um) compared with that of longer axons in C-H (1-1.5 um). The perikaryon is elongated and close to the vitreal surface.
The small basal expansion could be a remnant of the cell’s earlier attachment to the ventricular surface during its germinal phase. C, Retinal
ganglion cell with an axon extending directly towards the optic disk; its growth cone is turning into the optic nerve head (ONH) at stage 33/34.
Dendrites have not yet begun to form. D, Retinal ganglion cell with its growth cone in the optic nerve (ON) at stage 29/30. This particular sample
was fixed for 75 min in paraformaldehyde before injection. A process extending from the basal part of the cell (arrowhead) and one extending
dorsally are probably dendrites beginning to form. E, Retinal ganglion cell with its growth cone just entering the ventral diencephalon (brain entry
point, BEP) at stage 33/34. Two dendrites each with terminal varicosities are extending from the cell body: one towards the vitreal surface and
the other towards the ventricular surface. F, Retinal ganglion cell with 2 axons at stage 35/36: one with its growth cone at the chiasm (CH) and
the other on the retinal surface (arrowhead). G, Retinal ganglion cell with 4 dendrites, one of which has 2 branches, and its growth cone in the
mid-optic tract (MT) at stage 33/34. Note that the axon makes 2 90° turns: one at the ONH, another close to the contralateral optic nerve entry
point. H, Retinal ganglion cell with 5 dendrites emerging from a single shaft and its growth cone in the optic tectum (TEC) at stage 35/36. Note
the small side branches emitting from the axon in the tectum/dorsal optic tract and one opposite the contralateral optic nerve entry point. Also
note the abrupt L-bend in the axon at the point of entry into the brain. OS, optic stalk. Scale bar, 100 um.
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Figure 14. Camera lucida drawing of a retinal ganglion cell with 2 axons in the pathway at stage 37/38. Each axon emerges separately from the
cell body and has a characteristic looped trajectory in which it extends initially towards the vitreal surface before turning back on itself to join the
optic nerve head. In the looped part of their trajectory, each axon comes into close contact with the vitreal surface, as do the apical dendrites. This
is not apparent in this compressed representation of a 40 um section, where the dashed line indicating the position of the vitreal surface was drawn
in the focal plane of the dendrites, some 15 um deep to the axons. The 2 axons run close to each other within the optic nerve head in the retina
but travel separately and distant from each other in the optic nerve and pathway. In the optic tract, Ax 1 travels 10-20 um rostral to Ax 2. The
axons cross over in the optic nerve head and again when they enter the ventral diencephalon (asterisks). The 2 growth cones are located in the
mid-to-dorsal optic tract and both possess numerous filopodia. The cell body has begun to elaborate several dendrites tipped with large varicosities,
possibly dendritic growth cones. Scale bar, 50 pm.

-—

Figure 13. Retinal ganglion cells with 2 axons. 4, Fluorescence micrograph of a retinal ganglion cell in a whole-mount preparation soon after
intracellular LY injection. Two axons (4x I, Ax 2) emerge from 2 different points on the cell body and cross over approximately 10 um from the
cell body. B, Composite photomicrograph of a cell with 2 axons (6 sections, 12 different focal planes of a stage 37/38 embryo). The preparation
was immunolabeled with HRP following LY injection. A single axon bifurcates (large arrowhead) some 20 pm from the cell body. The 2 axons
(4x 1, Ax 2) cross over one another 3 times (asterisks) into the optic nerve (ON) and are of different lengths with one ending in a growth cone (GC
2) soon after entering the ventral diencephalon and the other (GC I) in the contralateral ventral optic tract (V'T). Both growth cones are fairly
complex having several filopodia. Two dendrites (small arrowheads) emerge from the cell body. The pigment on the upper-right surface of the
brain is from melanocytes (M) inadvertently left in place through the dissection. RET, retina; pe, pigment epithelium; CH, chiasm. Scale bars: 4,
20 um; B, 50 um.
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Figure 15. Retinal ganglion cell with 3 axons. This retinal ganglion
cell was situated in the dorsal part of the central retina at stage 35/36.
A single axon emerges ventrally from the cell body and splits in 2 (small
arrowhead) approximately 10 um away. One axon (4x I) exits the retina
and terminates in a complex growth cone in the ventral optic tract. Ax
2 ends in a simple type of growth cone (GC; with no filopodia) some
30 um from the cell body and 10 pm from the vitreal surface. Ax 3
emerges dorsally from the cell body close to the vitreal surface and
extends approximately 45 um dorsally, where it terminates in a small,
round swelling some 10 um basal to the vitread. Scale bar, 10 pm.

some 10 um away from the cell body (Fig. 13B). Bifurcations
of this sort were not seen outside the retina.

The possibility that these double-axon cases resulted from 2
cells whose separate identities were not distinguishable in the
sectioned material was tested in 2 ways: (1) by making intra-
cellular injections of cells with HRP, which is too large a mol-
ecule to pass through gap junctions, and (2) by resectioning 40
wm sections at 5 um in plastic and using a nuclear counterstain
(fuchsin or hematoxylin) to identify the number of nuclei per
HRP- or LY -filled cell. Retinal ganglion cells with 2 axons were
found following HRP injections showing that the LY-filled ret-
inal ganglion cells with more than one axon are probably not
coupling artifacts. However, coupling of 2 cells via a cytoplasmic
bridge could not be completely ruled out. Of 26 cases classified
as having multiple axons, 7 were resectioned at 5 um. Four of
these were seen to possess just 1 nucleus, 2 others could not be
classified (the boundaries of the nuclei were unclear) and one,
a 4-axon case, contained 3 nuclei. The nuclei of HRP- and LY-
filled cells were often less densely labeled than the cytoplasm
and so could be distinguished in the 40 um sectioned material
(see the nucleus in the retinal ganglion cell in Fig. 104, for
example). Seven further cases could be classified in this way as
containing one nucleus while possessing 2 axons. Thus, of 190
cases in which retinal ganglion cells had extended an axon at
least 15 um from their soma, the frequency of occurrence of
retinal ganglion cells with more than one axon was estimated
at approximately 5% (11 definite multiple axon cases out of

190). This figure is probably an underestimate since it does not
include the cases in which it was not possible to see the nucleus
clearly and may be closer to 10%. In most of the double-axon
cases, both axons headed directly to the optic nerve head and
left the eye. In 4 cases, however, one of the axons was seen to
travel dorsalward in the opposite direction from the other one
(see Fig. 15). These axons were short (15-20 um), and their tips
remained close to the vitreal surface and showed typical retina
growth cones.

Trajectories of 2 axons from same retinal ganglion cell

Two axons from the same parent cell travel completely inde-
pendently in the pathway. They do not fasciculate with one
another or even follow each other closely in the pathway. Indeed,
in Figure 14, which shows 2 axons emerging from a cell close
to the optic nerve head, the 2 axons are widely separated in the
optic nerve, come together for a short distance at the point of
brain entry, then follow disparate trajectories throughout the
ventral diencephalon and optic tract. Their growth cones are
positioned in the dorsal optic tract. In the optic nerve head,
they do travel close to one another, but this is not always the
case. Two axons are frequently seen to cross over one another,
sometimes 3 or 4 times, particularly in the optic nerve and in
the ventral diencephalon close to the point of optic nerve entry
(Figs. 13, 14). The 2 axons can be of similar length as shown
in Figure 14, or quite different lengths as in Figures 11 F and
13, indicating that the 2 axons are probably initiated at different
times. The growth cones at the tip of axons sharing a common
parent cell have different morphologies, suggesting that growth
cone morphology is not controlled by intrinsic cell-type specific
factors.

None of the double-axon cases observed in this study had
reached the tectum. This probably reflects the fact that fewer
injections were made at the later stages (39-41). It would be
interesting, however, to find out where the 2 axons terminate.
For example, one of the axons might be sent to the thalamus
and the other to the tectum. Also, one would like to know
whether these second axons survive into later stages of devel-
opment.

Dendrite development

Dendrite emergence: appearance and position

Newly initiated dendrites are characteristically tipped with small
rounded knobs or varicosities ranging from 1 to 5 um in di-
ameter (Figs. 16, 17). These knobs might be dendritic growth
cones; however, they lack filopodial or lamellopodial extensions
characteristic of axonal growth cones and of dendritic growth
cones in other systems (Maslim et al., 1986). They are also much
smaller than axonal growth cones (3—-6 um long compared with
12-20 pm). The dendrite shafts are much thinner than a newly
extended axon shaft (compare dendrite shafts in Figure 17C,
approximately 0.2 um across, with the newly initiated axon in
Fig. 11B, approximately 5 um across).

Dendritic knobs first emerge from the basal and sometimes
from the apical regions of the cell body (Figs. 16, 17). Apical
dendrites tended to reach their varicose tips to contact the vitreal
surface. Their occurrence became less common after the axon
had reached the optic tract, and they were not observed in cells
whose axons had invaded the target suggesting that they are a
transient developmental phenomenon. This is consistent with
similar observations made in the young mammalian retina (Ra-
mon y Cajal, 1972; Hinds and Hinds, 1974). Sometimes retinal
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Figure 16. Early dendrite genesis. 4, Photomicrograph of the retinal ganglion cell body shown in Figure 14. Large varicosities, possibly growth
cones, are present at the tips of these nascent dendrites (arrowheads). Some extend towards the inner plexiform layer (IPL; large arrowheads),
whereas others extend vitreally (small arrowhead). Note the small diameter of the dendrite shafts. The axons (this is a 2-axon cell, see Fig. 14) of
this cell terminate in the mid-dorsal optic tract. B, Photomicrograph showing dendrites beginning to branch (large arrowhead indicates branch
point) in the IPL. At this slightly later stage of dendrite development, dendrite shafts are thicker than initially, possess blobs, and varicosities along
their lengths and not specifically at their terminals. This cell lies in the central part of a stage 35/36 retina and its axon had just arrived in the optic

tectum. V'S, vitreal surface. Scale bar, 10 pm.

ganglion cells had a trailing basal process (probably a remnant
ofthe neuroepithelial endfoot), and it appeared as if this process
itself might shorten and mature into a dendrite.

Time of dendrite emergence with respect to axon position

Dendrites began to develop before the cell’s axon had reached
the tectum, although the number of dendrites and their com-
plexity was often variable. Usually, the axon emerged from the
cell body well before dendrites appeared, but this was not always
the case. Sometimes 1 or 2 dendritic knobs could be seen ex-
tending from the cell body when the axon tip had only extended
about 10 um. The majority of cells whose axons had reached
the tectum possessed an extensive dendritic arbor. An analysis
of dendrite formation was performed on 188 retinal ganglion
cells. The axons of each of these cells could be traced into the
pathway so that the pattern of dendrite elaboration could be
related to the position of the growth cone and thus to axon
length. The percentage of retinal ganglion cells that possessed
dendrites and the mean number of dendrites per cell were found
to increase progressively with increasing axon length (Fig. 18),
so that the closer the growth cone was to the tectum the more
likely the cell soma was to possess dendrites. For example, only
20% of retinal ganglion cells have dendrites when their growth
cones are within the retina. This figure rises to 90 and 100%
when the growth cone reaches the mid-to-dorsal optic tract and
the optic tectum, respectively. There is considerable variability
as can be seen in Figure 11 in the stage of dendrite development
and the position of the axon tip in the pathway. For example,
the cell in Figure 11E whose axon tip has not extended as far
as the cell in Figure 11F has elaborated more dendrites. The
retinal ganglion cells examined in the present study were among

the earliest population of cells to send optic fibers into the tract;
therefore, axon distance along the pathway correlates with the
age of the animal. To determine whether dendrite emergence is
related more to individual retinal ganglion cell maturity or to
the age of the embryo, and thus the surrounding microenviron-
ment of the retinal ganglion cell, several statistical analyses were
run. The number of dendrites per cell correlated both with age
and axon length, however, the correlations with axon length
were clearly higher (see Table 2). To separate the effects of age
versus axon length, a multiple-regression analysis was run. It
showed that axon length but not stage was a significant indicator
of dendrite number (see Table 2). Therefore, retinal ganglion
cells with longer axons tend to have more dendrites.

Dendrite branching

Dendrite branching (see Fig. 17) begins after 3 or more primary
dendrites have been extended and after the retinal ganglion cell
axon has entered the pathway. The possibility that target contact
1s necessary for Initiating branching was investigated by ex-
amining the temporal relationship of branching and target ar-
rival (Fig. 18). It was found that branching begins in ~40% of
the cases with dendrites before the axon tip reaches the target.
The incidence of branching in cells with short axons was low
(1 out of 12 cases with growth cones in the retina) and rose
progressively as the axon extended further along the pathway
(4 out of 9 cases in the mid-to-dorsal optic tract).

In summary, at early stages of axon extension when the growth
cone is located in the ipsilateral stretch of the pathway, dendrites
are short, few in number (1-3), tend to end in knobs, and are
unbranched (Fig. 18). As development proceeds and the axon
reaches the contralateral stretch of the pathway, dendrites be-
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Figure 17. Progressive dendrite formation. Camera lucida drawings of the cell bodies of retinal ganglion cells all of which have axons (asterisks)
that leave the retina and enter the optic pathway. The growth cones are located at the brain entry point (B), the ventral optic tract (4, C, D), the
mid-optic tract (E), and the optic tectum (F). 4, A retinal ganglion cell body with an axon and possibly the remnant of its basal endfoot; dendrites
have not begun to form. B, Two dendrites have formed (arrowheads) each with large terminal varicosities; one is closely apposed to the vitreal
surface. C, Five separate dendrites project from the cell body. Each is tipped with a characteristic round swelling. D, Five main dendrite shafts
have formed; 2 of these have begun to branch (see dorsal and vitreal extending dendrites). Three dendrites project from the initial axon segment.
E, Three primary dendrites with several branch points (see arrowhead, for example) extend from this stage 35/36 retinal ganglion cell. Two dendrites
run parallel to the VS in the inner plexiform layer and have a beaded appearance. The axon and the most ventral of the primary dendrites run
together out of the cell body approximately 15 um before they separate. F, Four primary dendrites extend from this stage 40 retinal ganglion cell;
3 of these are extensively branched; the fourth is small and unbranched. The majority of dendrites ramify in the vitread portion of the IPL. Scale
bar, 15 um.

Several significant new findings have emerged. (1) Dye coupling
does not appear to occur between growth cones and the cells

come more numerous and longer and begin to branch. By the
time axons have reached the tectum, the majority of retinal

ganglion cells have complex dendritic arbors that are multiply
branched.

Discussion

This is the first study to examine the morphogenesis of retinal
ganglion cells in the vertebrate CNS from soma to axon tip.

they pass in the pathway. (2) Growth cones change their size
and shape in a position-dependent way: Their increased com-
plexity and size at the optic nerve head identifies this as a spe-
cialized region of the pathway. (3) Retinal ganglion cells some-
times send out more than one axon into the pathway. (4) Initial
dendrite development does not depend on the axon contacting



the target and correlates better with individual retinal ganglion
cell age rather than with the age of the embryo. These results
are discussed separately below.

Growth cones and gap junctional communication

Growth cones of retinal ganglion cells probably do not make
dye-coupling junctions with cell bodies that they pass in the
pathway from the retina to the tectum. This contrasts with
findings in other systems where this question has been inves-
tigated, notably the grasshopper CNS (Taghert et al., 1982) and
PNS (Bentley and Keshishian, 1982) and the zebrafish moto-
neurons (Eisen et al., 1989), where growth cones are commonly
seen to pass LY dye to particular cells in their immediate vi-
cinity. Dye transfer between coupled epithelial cells in the retina
and in the skin was fairly rapid (within 2 min), was easily de-
tectable, and was reproducible under the different experimental
conditions used (e.g., with or without anesthetic), indicating that
gap junctional communication, at least in these cells, was func-
tional and robust. The level of LY staining in individual growth
cones was usually intense; in fact, the growth cone was often
more densely labeled than the cell body, which argues against
the possibility that the levels of dye were too dilute in the growth
cone to detect its transfer to neighboring cells. Short postinjec-
tion survival times (2-5 min) were the norm throughout the
study; however, several longer postinjection survival times (up
to 90 min) indicated that the absence of coupling was probably
not due to there being insufficient time for the dye to transfer
from the tip. Moreover, the dye filled the axon tip even when
it had reached the tectum (a distance of ~800 um) after short
(2 min) postinjection survival times.

Direct communication between the interiors of adjacent cells
mediated via gap junctions is widespread in the early embryonic
development of many multicellular organisms (Furshpan and
Potter, 1968; Blackshaw and Warner, 1976; Goodman and
Spitzer, 1979; Guthrie, 1984). Their abundance at times when
determinative events are occurring in embryogenesis has led to
the suggestion that gap junctions may play a major role in the
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Figure 18. Dendrite development (number and branching) plotted
against the position of the retinal ganglion cell’s growth cone in the
pathway.

transmission of as yet unidentified regulatory signals important
for growth control, pattern formation, and differentiation
(Furshpan and Potter, 1968; Lo, 1980; Caveney, 1985). Indeed,
blockage of gap junctions by injection of anti-gap junction an-
tibodies into CNS-fated blastomeres of early Xenopus embryos

Table 2. Number of dendrites versus stage and position of growth cone in the pathway

I. Multiple-regression analysis

Residual Significance
Parameter F value mean square  level
Dendrites correlated with position and stage (») 22.7 308.3 0.001
Dendrites correlated with position only (n) 41.1 314.5 0.001
II. Correlation coefficients

r 14
Dendrites correlated with position (n) 0.425 0.419
Dendrites correlated with stage (n) 0.334 0.390
Position correlated with stage 0.531 0.507

Part I shows some results from a multiple-regression analysis on 188 retinal ganglion cells, where the number of dendrites
was regressed against stage of the animal containing the analyzed ganglion cell and the distance along the pathway
(position) of its growth cone. When both variables were used, the F value was lower than when, in a stepwise regression,
only position was used. Adding stage as a variable resulted in only a very small decrease of the residual mean squared.
Furthermore, the significance value of adding the stage variable to the model based on position only was >0.05. All
these findings indicate that the position of the growth cone is a better indicator of the number of dendrites, than is the

stage of the animal.

Part II shows correlation coefficients () and Spearman’s rank correlation coefficients (o) for number of dendrites,
distance of growth cone along the pathway (position), and stage of the animal, based on 188 retinal ganglion cells. As
can be seen from both these measures, number of dendrites correlates better with position than with stage. The correlation
between number of dendrites and stage may simply be the result of the high correlation between position and stage.

This is in accord with the multiple-regression data, above.
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results in severe neural deficits strongly implicating the involve-
ment of gap junctions in early determinative events of the CNS
(Warner et al., 1984). Widespread coupling has been described
between the neuroepithelial cells of the retina before axonogen-
esis begins in the Xenopus eye primordium (Dixon and Cronly-
Dillon, 1972; Fujisawa et al., 1976, Hayes, 1976; Sakaguchi et
al., 1984), and, as the present study reveals, may even occur
sometimes while axons are being extended. Thus, intercellular
communication may be important in determining cell fate in
the retina; however, it appears not to play a major role in axonal
navigation.

Growth cone morphology and the optic pathway

The growth cones of retinal ganglion cells change their size,
profiles, and degree of complexity in a characteristic way as they
extend along the pathway. The most striking change is seen when
growth cones leave the retinal surface to enter the optic nerve
head where they become elongated, often 2-3 times the length
of those on the retinal surface, and possess numerous filopodia.
What regulates these changes in growth cone morphology? One
possibility is changes in the local environment. Indeed, at the
optic nerve head growth cones encounter a new microterrain:
At this point, they leave the retinal surface where they have
been growing along the endfeet of neuroepithelial cells and dive
deep into the retina along the shafts of neuroepithelial cells. The
change in morphology and size in this region may simply reflect
the growth cone’s response to an abrupt physical change in the
microenvironment. Alternatively, or perhaps additionally, spe-
cific guidance cues may be located on the surfaces of cells in
this region and the growth cone’s change in behavior may signify
an active sampling of the substrate through its increased area
and filopodial contacts. It has been observed in other systems
that pioneer growth cones change their form becoming more
complex at decision points in the pathway (Raper et al., 1983;
Tosney and Landmesser, 1985; Caudy and Bentley, 1986a, b;
Bovolenta and Mason, 1987). For instance, motoneuron growth
cones in the chick are larger and have more lamellopodia in the
plexus region where fiber pathways diverge (Tosney and Land-
messer, 1985) and similarly in the grasshopper nervous system,
large and highly complex growth cone profiles occur at divergent
junctions (Raper et al., 1983; Caudy and Bentley, 1986a), sug-
gesting that molecular information available at these sites can
be read and subsequently transduced into directional growth
changes. The entrance to the optic nerve head does not represent
a true choice point in the sense that axons do not take divergent
routes at this juncture; however, axons do substantially change
their course here making 45° turns. The present results are con-
sistent with the idea that this change in direction is a selective
process in which growth cones actively choose to leave the ret-
inal surface and enter the optic nerve head. Growth rate also
can affect growth cone morphology (Argiro et al., 1984) and may
be an additional influencing factor in growth cone changes along
the pathway. In the optic tract, growth cones advance at a fairly
constant rate (~ 50 um/hr; Harris et al., 1987) and show similar
morphologies from ventral to dorsal optic tract. When they
reach the tectum they slow down and lose their characteristic
growth cone morphology. Growth rates outside the optic tract
have not been monitored, so it is not known whether growth
cones slow down, for example, at the optic nerve head.

Other special regions in the primordial visual pathway might
be the brain entry point, where for the first time in their journey
visual fibers encounter fibers of nonretinal origin traveling in

different directions to themselves, and the chiasm, where axons
meet fibers coming from the other eye. In each of these regions
the growth cones were found to be complex, having 3 or more
filopodia and were intermediate in length. Although they did
exhibit significantly more filopodia than those in the adjacent
region of the optic nerve, their size and complexity was not
markedly different from those in the adjacent ventral optic tract.
Thus, growth cones within the ventral diencephalon (from the
brain entry point to ventral optic tract) display similar mor-
phological characteristics. In the chiasm of mouse embryos,
growth cones have been found to exhibit more complex profiles
than elsewhere in the tract (Bovolenta and Mason, 1987). This
finding contrasts with the present results and may reflect the
fact that in the mouse a partial decussation occurs at the chiasm
so that a significant fraction of early axons grow ipsilaterally to
innervate the lateral geniculate nucleus. In Xenopus, an ipsilat-
eral projection to the thalamus does not develop until late in
larval life (Hoskins and Grobstein, 1983), although even at early
stages a few fibers can often be seen to travel ipsilaterally (Saka-
guchi and Murphey, 1985). Thus, the increased complexity in
growth cone morphology seems to reflect that the chiasm of the
mouse is a place where divergent pathway choices must be made.
It should be noted, however, that the level of complexity of
growth cones at the chiasm of the 2 species is very similar. The
difference arises from the fact that the regions flanking the chiasm
contain simpler profiles in the mouse but complex ones in Xen-
opus.

The time of outgrowth into the pathway did not seem to affect
growth cone shape since the tips of pioneer and follower fibers
were seen to display similar morphologies and levels of com-
plexity. This agrees with similar observations of early and late
classes of motoneuron (Tosney and Landmesser, 1985), retinal
ganglion cell (Bovolenta and Mason, 1987), and callosal (Kalil,
1988) growth cones but differs from the findings that (1) the
earliest growth cones in the fetal optic nerve have simpler pro-
files than later ones (Williams et al., 1986) and, conversely, (2)
in Daphnia, the first retinula growth cones are more complex
than later ones (Lo Presti et al., 1973). The growth cones in the
present study were sampled over a narrow time window (12-
18 hr) and subdivided into pioneers and followers. This pop-
ulation of fibers as a whole, has been shown to exhibit different
growth properties in vitro than later developing or regenerating
fibers (Grant and Tseng, 1986a, b). The possibility remains that
the growth cones of these early axons are different from later-
growing axons.

Retinal ganglion cells with 2 axons

A surprising finding was that at least 5% of the retinal ganglion
cells possessed more than one axon. In some cases, each axon
was of a similar length and both extended into the optic tract.
One might expect that axons originating from the exact same
point in the retina would fasciculate or at least follow each other
closely in the pathway (Scholes, 1979). This was not the case,
however, since sister axons were seen to follow separate routes
in the pathway, indicating that the mechanism of pathfinding
occurs independently in each axon and is not under strict nuclear
control. This is consistent with the finding that axonal path-
finding continues to take place in the absence of the cell soma
(Harris et al., 1987) and suggests that local interactions between
the growth cone and the environment direct its course. In other
instances, one of the axons was short, often still within the retina,
while the other axon was long, extending far into the optic tract.



Retinal ganglion cells in the embryonic mammalian retina have
been observed to occasionally extend a second axon in the op-
posite direction from the optic nerve head (Ramén y Cajal,
1972; Hinds and Hinds, 1974; Dann et al., 1987; Ramoa et al.,
1987, 1988) but, until the present study, have not been seen to
send a second axon out of the eye into the optic nerve. It will
be interesting to determine whether these double axons persist
in the mature larva and, if so, where they project. One axon
might terminate in the thalamic nucleus, for instance, while the
other projects to the tectum.

A longstanding, as yet unresolved, issue in the developing
visual system has been the observation made in several species
that the number of optic axons in the nerve is significantly higher
than the number of retinal ganglion cells (Lam et al., 1982; Perry
etal., 1983; Provis et al., 1985; Braekevett et al., 1986). Several
explanations have arisen to account for this discrepancy. It has
been suggested that individual axons may branch in the devel-
oping optic nerve, although there is little evidence for this.
Another possibility is that an efferent population of fibers cours-
ing through the optic nerve to the retina may be responsible for
the numerical mismatch. Efferent fibers have indeed been de-
scribed (Uchiyama et al., 1988); however, their numbers are too
few (30-40 in Rana catesbiana, for example) to explain the
discrepancy. A further possibility in the light of the present
results is that some retinal ganglion cells send out more than
one axon early in development. Later on, these extra axons may
be eliminated. Indeed, counts of the total numbers of ganglion
cells and optic nerve fibers at different stages in Xenopus de-
velopment are consistent with this possibility (Wilson, 1971)
and show that retinal ganglion cell numbers are 20-30% less
than optic fiber counts throughout larval development (stages
46-52). During and after metamorphosis, however, the numbers
become more or less equal, with the total number of retinal
ganglion cells sometimes exceeding the number of optic fibers.
Intracellular studies of older larval Xeropus did not reveal cells
with more than one axon (Sakaguchi et al., 1984); however,
these studies also did not detect 2 axons from single retinal
ganglion cells at earlier stages. The reason for this could well be
that a smaller sample size at the early stages was used.

Intrinsic factors involved in dendrite genesis

In most cases, the axons of retinal ganglion cells were seen to
emerge before the dendrites began to form. This is consistent
with findings in other systems (Morest, 1969; Maslim et al.,
1986). It is possible that the cell body initiates dendrite for-
mation in response to a retrograde signal being transmitted from
the axon tip after it reaches a particular position in the pathway
or after it invades the target. By tracing single axons into the
pathway and correlating the position of the tips with the state
of dendrite differentiation at the cell body, the present study has
shown that dendrites begin to develop before the axon reaches
the target. This supports the finding of Sakaguchi et al. (1984)
that dendrites first begin to appear between stages 31-35/36.
Indeed, dendrites often begin to emerge long before the axon
invades the target when it is in the ventral diencephalon and
sometimes even before the axon leaves the eve.

Dendrites begin as thin unbranched processes and are often
tipped with knoblike varicosities. These structures bear some
resemblance in their size and shape to dendritic growth cones
described in the mammatlian CNS (Morest, 1969; Maslim et al.,
1986), but they lack filopodia. Thus, it is not clear whether they
are dendritic growth cones. Around the beginning of target in-
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nervation, dendrites begin to branch and eventually form mul-
tiple branched arbors. The results here show that branching
often begins before axons reach the tectum, although the ma-
Jjority of dendritic branches of the final arbor do form after tectal
innervation. These results show that the initiation of dendrite
formation and of branching does not depend on the axon reach-
ing the target or a particular place in the pathway. The fact that
this is not the case supports the recent finding that the dendritic
arbors of retinal ganglion cells of eyes transplanted to the belly
so that they do not innervate the CNS at all still form normally
(Sakaguchi, 1989). A good correlation was found between the
number of dendrites per ganglion cell and the position of the
axon tip in the pathway. With increasing advancement along
the pathway, the number of retinal ganglion cells possessing a
dendrite increased as did the total number of dendrites per cell.
Dendrite formation and branching correlate better with axon
length than the age of the embryo. Thus, dendrite emergence
and elaboration seems mostly to be an autonomous feature of
individual cell maturity rather than a product of the local en-
vironment which is stage dependent.

The present results suggest the following general conclusions:
(1) Optic axons navigate without passing or receiving intercel-
lular signals via gap junctions; (2) Early growth cones advance
independently in the pathway, each one being capable of re-
sponding individually to cues in the local environment; and (3)
Intrinsic factors probably play a critical role in the decision to
initiate dendrites and branching.
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