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Abstract

The question of whether timing is involved in generating the topographic organization of the
earliest embryonic projection from the retina to the tectum has been examined in Xenopus laevis.

First, the normal schedule of axonal outgrowth from the retina to the tectum was characterized.
Groups of axons originating from either dorsal or ventral extremes of the retina were labeled by in
vitro incubation of sectors (one-quarter to one-third) of eye primordia in [*H]proline and their time
courses of outgrowth were determined using light microscope autoradiography. Comparisons of the
growth of dorsal and ventral nerve fiber populations showed that those from the dorsal retina leave
the eye first, grow along the optic pathway, and reach the tectum roughly 6 hr ahead of those from
the ventral retina. This stereotyped sequence of outgrowth schedules the development of the initial
retinotectal map: first the ventrolateral tectum receives input from the dorsal retina (stage 37/38),
and then the dorsomedial part receives input from ventral retina (stage 40).

Second, to test whether the accurate timing of axon outgrowth and target invasion defines the
spatial ordering of the earliest connections, the normal schedule of retinal fiber outgrowth was
altered by substituting dorsal halves of young stage 21 eye primordia, labeled with [*H]proline, for
those in older stage 27 embryos. These heterochronic transplants resulted in retarded outgrowth
from the dorsal retina such that the original pioneer fibers reached the tectum at least 9 hr later
than normal, arriving after ventral retinal fibers, thereby reversing the normal sequence of tectal
invasion. Despite this, the initial pattern of tectal innervation remained spatially normal. It is
concluded that the retinotectal map is generated not by the temporal sequence of retinal axon

outgrowth but, rather, by selective means of neuronal recognition.

In lower vertebrate embryos, retinal axons grow to the
contralateral tectum of the midbrain where they synapse
in a continuously ordered manner forming a topographic
map of the visual world. One hypothesis about how
ordered patterns of neural connections become assem-
bled during development is that axons are guided to their
synaptic targets by unique and matching cytochemical
labels (Sperry, 1963). In contrast, Horder and Martin
(1978) suggest that the accurate timing and spatial or-
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dering of normal developmental events is sufficient for
accurate map formation. Several factors have been
shown to influence axon outgrowth in vitro, including
mechanical forces (for reviews see Bray, 1982; Letour-
neau, 1982), diffusible agents (Gunderson and Barrett,
1980), and cell surface cues (Bonhoeffer and Huf, 1980,
1982), yet the specific involvement of these factors in
neuronal mapping in vivo is unknown. The intention of
the present study was to examine the influence of a
normal developmental constraint, the temporal schedule
of axon outgrowth and target innervation, on the estab-
lishment of topographic order in the initial retinotectal
projection.

The orderly arrangement of axons within neural path-
ways in many vertebrate and invertebrate species sug-
gests that spatiotemporal factors might be important in
the formation of topographic maps in the central nervous
system. In fish and amphibians the organization of the
optic nerve and tract is retinotopic (Roth, 1974; Scalia
and Fite, 1974; Scholes, 1979; Rusoff and Easter, 1980;
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Easter et al., 1981; Fawcett, 1981; Fujisawa et al., 1981;
but see Scalia and Arango, 1983), and because the retina
grows throughout life by adding new ganglion cells
around the ciliary margin (Hollyfield, 1971; Straznicky
and Gaze, 1971; Johns, 1977), a gradient of cell ages
exists across the retinal radius from the oldest at the
center to the youngest at the periphery. The chronology
of birth dates is reflected in the organization of the
pathway (Dawnay, 1979; Scholes, 1979; Bunt, 1982; Cima
and Grant, 1982; Torrealba et al., 1982). In Xenopus, for
example, the newest fibers travel closest to the pia in the
optic tract (Gaze and Grant, 1978) and along the most
ventral portion of the optic nerve (Cima and Grant,
1982). This orderly recruitment of optic fibers led to the
idea that continuous maps can be formed on a “first
come, first served” basis (Bunt and Horder, 1977; Bunt
et al., 1978). It was suggested that the first axons that
grow out of the eye synapse with the first cells they
encounter in the tectum so that later growing axons are
constrained to occupy the next available sites (Bunt et
al., 1978; Horder and Martin, 1978; Bodick and Levin-
thal, 1980; Rager, 1980; Cima and Grant, 1982). The sole
requirements of this scheme for forming a topographic
map are simply that fibers grow out of the eye and invade
the tectum in a sequence which matches the development
of the map and that they preserve their neighbor rela-
tions as they grow (see Scholes, 1979). Indeed, the finding
that maps tend to be disordered during the initial stages
of optic nerve regeneration (Gaze and Jacobson, 1963;
Gaze and Keating, 1970; Meyer, 1980; Fujisawa et al.,
1982) where, in contrast with normal development, a
large number of cut nerves reinnervate the tectum at
about the same time rather than sequentially, lends
support to this idea.

Timing has been invoked as a plausible mechanism for
the formation of patterned nerve connections in other
systems which display a stereotyped schedule of devel-
opment, such as the invertebrate visual system (Ander-
son, 1978; Macagno, 1978), the dentate gyrus (Gottlieb
and Cowan, 1972), and the neuromuscular system of the
vertebrate limb (Horder, 1978; Jacobson, 1978). Also,
differences in the times of arrival of retinal axons in the
lateral geniculate nucleus of the fetal cat have been
suggested to correlate with the size and lamination pat-
tern of their terminal territories in the adult (Cooper and
Pettigrew, 1979; Shatz, 1983; Walsh et al., 1983).

Experiments designed to perturb the normal sequence
of developmental events and thereby test directly the
involvement of timing support differing conclusions. In
the invertebrate eye, manipulations which altered the
normal time of axon outgrowth with respect to target
tissue maturity, such as rotations and heterochronic
grafts of pieces of embryonic photoreceptor tissue (An-
derson, 1978; Nowell, 1981) and photoreceptor retarda-
tion (Macagno, 1981), show that connections within the
optic lobe are made according to a time-dependent rather
than a chemoaffinity mechanism. By contrast, timing is
clearly not important in establishing the spatially re-
stricted pattern of innervation of the amphibian Mauth-
ner cell, since it forms despite delayed or precocious
innervation (Leber and Model, 1981, 1982). Similarly,
sensory axons from supernumerary cerci in the cricket
make appropriate central connections despite growing in
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several weeks late (Murphey et al., 1983). Whether or-
dering at the dendritic level relates to the problem of
topographic mapping, however, is not clear.

Feldman et al. (1971) have shown that if the whole
retinal input to the tectum in Xenopus is delayed by
unilateral embryonic eye removal and deflection of the
remaining optic nerve several months later, then a nor-
mal retinotectal map becomes established. This study
examined the regenerated projection some months after
its initial establishment, and since regenerated maps are
more disordered initially (Gaze and Keating, 1970;
Meyer, 1980; Fujisawa et al., 1981, 1982) than are devel-
oping ones (Holt, 1983; Holt and Harris, 1983), the issue
of timing in relation to the development of topographic
order, the concern of the present study, was not ad-
dressed. The experiments of Lance-Jones and Landmes-
ser (1980, 1981a, b) on the development of peripheral
nerve connections indicate that a model based solely on
mechanical constraints (Horder, 1978; Jacobson, 1978)
is unlikely to account for the specific pattern of limb
innervation. Nevertheless, a systematic examination of
the temporal order of motoneuron axon outgrowth after
experimentation was not made in these studies, so that
a role for temporal factors could not be completely ex-
cluded. For instance, if the time of axon outgrowth was
an autonomous property of motoneurons, then a model
based on the principle of “first come, first served” (Bunt
et al., 1978) could still have operated to give the normal
patterns of innervation seen after small cord reversals
(see Lance-Jones and Landmesser, 1980).

To test the influence of timing in a definitive way one
needs: (1) a system in which the nerve connections are
formed in a developmental sequence which correlates
with and thus might account for their spatial organiza-
tion, (2) a way of experimentally peturbing the temporal
order of axon outgrowth, and (3) a method of marking
growing nerve fibers so that their time course of out-
growth can be monitored and their places of termination
can be identified. The present study achieves these re-
quirements. The first part demonstrates that axons grow
out of the Xenopus retina and arrive in the tectum in a
defined temporal sequence which matches the topo-
graphic deployment of terminals in the early tectum. The
second part describes heterochronic grafting experiments
which delay the pioneering population of dorsal retinal
fibers. These experiments result in a reversal of the
normal sequence of tectal innervation and show that,
despite this, the spatial ordering of the initial retinotectal
map remains unaltered. Thus, the first retinal axons that
grow into the tectal rudiment must recognize their proper
termination domains by some active means; timing does
not account for the initial order.

Materials and Methods

Animals

Eggs were obtained from adult Xenopus laevis stimu-
lated to breed by treatment with human chorionic go-
nadotropin. Fertilized eggs were cleaned and separated
on collection and placed in 10% Holtfretter’s solution.
For the experiments on normal development (series I;
see Fig. 1), embryos were raised at room temperature
(~20°C). For the timing experiments (series II and IIIa,
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Figure 1. Diagram to illustrate the three types of experiments performed on embryonic eyes. Using [*H]proline incubation, in
series I, dorsal (a) and ventral (b) sectors (one fourth to one third) were labeled; in series II, labeled dorsal halves of stage 21
eyes were grafted in place of stage 27 dorsal halves; and in series III, eyes were constructed with stage 21 dorsal halves and
labeled ventral halves at stage 27 (a), and whole eyes were labeled (b). See the text for further details.

see Fig. 1), where dorsal retinal grafts were required to
be developmentally behind the host eyes, donor embryos
were raised at 14°C in a temperature-controlled incuba-
tor to retard their development while sibling host em-
bryos were raised at room temperature.

Method of [*H]proline incubation

The method of labeling growing retinal fibers by in-
cubating presumptive eye tissue in [*H]proline has been
described briefly in a previous report (Holt and Harris,
1983). Operations were performed in 66% Niu Twitty
solution (Rugh, 1962) containing 2 times the normal
concentrations of Ca®* and Mg®* to accelerate healing,
and 0.2% gentamycin. The anesthetic, MS 222 (ethyl m-

aminobenzoate methanesulfonic acid; Aldrich), was
added fresh to the operating solution at a concentration
of 1:10,000. The pH of the operating and incubating
media was optimal around pH 7.6.

Embryos at stages 21/22, 26, and 27 (staging according
to the method of Nieuwkoop and Faber, 1956), before
the onset of retinal ganglion cell axonogenesis, were
positioned on their sides in wax beds in the operating
dish and held in place with a piece of glass across their
flank. Pieces of presumptive eye tissue were dissected
out and transferred with a Spemann pipette to a 100-ul
drop of 66% Niu Twitty solution containing 100 xCi/ml
of [*H]proline (specific activity, 70 Ci/mmol; Amer-
sham). The incubation solution contained 0.2% genta-
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mycin but no MS 222. Sectors of eye rudiments were
incubated for 15 to 20 min and then taken through six
changes of fresh 66% Niu Twitty solution in 0.2-ml-
capacity wells (approximately 5 min total wash). Incu-
bated pieces were grafted back into the eye in their
original positions and in the same orientation and held
in place with a chip of glass until they healed (10 to 20
min). Differential pigmentation of the eye vesicle as well
as the distinctive shape of dissected eye sectors aided in
orienting the transplants correctly.

Approximately 30 min after the operations, embryos
were transferred to 66% Niu Twitty solution in separate
Petri dishes, and 12 to 24 hr later this concentration was
reduced to 10% for subsequent rearing.

Types of transplant

Three classes of experiments were performed. These
are illustrated in Figure 1 and are divided into series I,
II, and III. All operations were done at room temperature
(~20°C), before axonal outgrowth from the retina.

Series I experiments were designed to follow the nor-
mal developmental schedule of nerve fibers growing from
the dorsal and ventral extremes of the retina. At stage
26, pieces of dorsal (series Ia) and ventral (series Ib) eye
tissue comprising one-fourth to one-third of the eye
primordium were labeled by [*H]proline incubation.

Optic axons have first been detected in the eye of
Xenopus at stage 28 (Cima and Grant, 1980); they begin
to arrive in the tectal rudiment at stage 37/38 (see
“Results”). Experimental animals were fixed from the
beginning of axonal outgrowth to early stages of tectal
innervation, stages 29 to 41. A total of 177 animals were
used in series I: 85 dorsals (series Ia) and 92 ventrals
(series Ib).

The timing experiments in series II (n = 88) were done
to delay the differentiation of the dorsal half of the retina.
When the eye primordium first appeared at stage 21/22
(21 to 23 hr postfertilization), dorsal halves were dis-
sected out, labeled by [*H]proline incubation, and trans-
planted to host stage 27 (~32 hr postfertilization) eyes
in place of their normal dorsal halves. Thus, transplanted
dorsal eye tissue was at least 9 hr behind the host. Larvae
were fixed at each developmental stage from stage 32 to
42, and the time course of delayed dorsal fibers was
examined autoradiographically.

The two types of control experiments, illustrated in
Figure 1 (series IIla and IIIb), were as follows. To test
whether stage 21 dorsal half transplants had retarded
the development of the host ventral half in the series II
experiments, young stage 21 dorsal halves were trans-
planted, unlabeled, to stage 27 hosts, and the ventral
halves of these same eyes were labeled by incubation (see
series IIla in Fig. 1). Animals were fixed at each stage
from 35/36 to 41 (n = 31), and the time course of the
ventral fibre outgrowth from these eyes was compared
with that of normal ventral outgrowth in series Ib.

The experiments in series IIIb comprised labeling
whole eye primordia at stage 26 (n = 24) and were done
to control for the possible retardation effects of dissecting
out sectors of eye tissue in series I. Larvae were fixed
from stages 32 to 41, and the time course of outgrowth
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from the whole retina was compared with that from
dorsal and ventral extremes in series 1.

Surgery

Fine tungsten needles, sharpened electrolytically, or
insect pins were used for dissecting eye primordia. In
series I operations, an incision was made across the
horizontal axis of the vesicle, as illustrated in Figure 1,
and continued around either the dorsal or the ventral
margin of the primordium. In the timing experiments in
which stage 21 embryos were used, eves were transected
oblique to the horizontal meridian, as illustrated in Fig-
ure 1. This ensured that the presumptive dorsal retina,
which lies nasodorsally in the early eye bud, was included
in the transplant. Observations of early eye morphoge-
nesis indicate that, as a result of new cells entering the
eye vesicle in its nasoventral portion from the optic stalk,
the early primordium (stages 21 to 24) rotates so that
cells which occupied nasal positions at stage 21 migrate
to take up more dorsal positions by stage 25 (Holt, 1982).
By stage 26, cells in the dorsal vesicle have reached their
definitive locations, although migration continues from
the optic stalk into the ventral eye rudiment until eye
cup formation is complete at stage 32 (Holt, 1980).
Because of this latter migration, care was taken to excise
the entire optic stalk along with presumptive ventral
retina during ventral eye surgery in series Ib, IIla, and
IIIb.

Histology

Animals were fixed by immersion in 2.5% glutaralde-
hyde in 0.1 M phosphate buffer at pH 7.4. After fixation
for 1.5 hr at 4°C, they were dehydrated through a graded
series of alcohols, cleared in cedar wood oil (2 hr), and
embedded in paraffin wax (58°C melting point). Brains
were sectioned at 6 to 8 um, mostly in the transverse
plane. Parasagittal sections were cut for the studies on
the optic tract. Serial sections were mounted on subbed
slides and dewaxed in xylene.

For autoradiography, slides were dipped in 50% Kodak
NTB-2 nuclear emulsion, dried, and stored in the dark
at 4°C. Following exposure times of 10 to 21 days, slides
were developed for 3 min in Kodak D-19 at 20°C, washed
in 1% acetic acid, and fixed in Kodak fixer. After wash-
ing, slides were counterstained with Meyer’s hematoxylin
and eosin and coverslipped with Permount. Autoradi-
ographs were examined under brightfield illumination in
a Zeiss photomicroscope and drawings were made with
the aid of a camera lucida attachment.

Topographic analysis

The tectal rudiment was identified as the area, caudal
to the diencephalon, where the dorsal part of the mid-
brain and its lumen widen slightly and where the neuropil
region expands in width (see, for example, Figs. 12 and
13). Longer survival periods after labeling have shown
this area to differentiate mature tectal morphology (Holt,
1982).

Quantitation of the autoradiographic data for the ex-
tent and topography of tectal label was as follows. The
dorsal junction on the pial surface between the central
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Figure 2. Autoradiographs of partially labeled eyes at stage 40. A, Sagittal section of a series Ia eye showing dense label in the
dorsonasal quadrant of the retina. The position of the ventral choroidal fissure (vf) is indicated. Nasal is to the right, temporal
to the left. B, Transverse section of an eye from series Ib showing label confined to the ventral third of the retina. C, Transverse
section of a ventral control eye from series IIla with a transplanted young dorsal half and a labeled ventral half. D, Transverse
section from a series II eye showing label restricted to the transplanted (delayed) dorsal half of the retina. D, dorsal; v, ventral;
gel, ganglion cell layer; inl, inner nuclear layer; Ir, labeled retina; onl, outer nuclear layer; pe, pigment epithelium; [, lens. Scale

bar = 50 pm.

cell mass and the neuropil region of the tectum was taken
as the origin (see Figs. 12 and 14) and a scale of microm-
eters was drawn along the pial surface. The dorsal and
ventral boundaries of the tectal label were then measured
with respect to the dorsal origin for each sample and the
mean boundary positions were calculated for each class
of experiment. No correction has been made for tissue
shrinkage. This type of quantitation reduced errors of
interpretation introduced by the small size of the tectal
rudiment at the beginning of innervation (100 um dor-

soventrally), the lack of an obvious ventral tectal bound-
ary due to the absence of landmarks (discrete cell layers
do not begin to differentiate until stages 43 to 45), and
variabilities in grain densities, exposure times, and brain
S1Zes.

Results

Eves
About 60% of operated eyes appeared normal, being of
similar size to and morphologically indistinguishable
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from unoperated eyes. The other 40% showed signs of
surgical trauma, such as disjunction between the labeled
and unlabeled parts of the eye. These were mostly de-
tected and discarded when the embryos were screened a
few hours after the operation.

Autoradiographs of eyes from each experimental series
are shown in Figure 2. The boundary between labeled
and unlabeled cells was usually sharp, indicating that
little leakage of [*H]proline had occurred from the incu-
bated tissue. Labeled axons from dorsal ganglion cells
can be seen traversing the optic fiber layer and entering
the optic nerve head (Fig. 44).

In eyes with grafted young dorsal halves, the normal
early dorsal expression of pigmentation was usually re-
tarded. Pigmentation is normally expressed in a graded
fashion from dorsal to ventral choroid during early stage
30s, so that the delay seen in dorsal pigmentation in the
heterochronic eyes indicated the effectiveness of the
heterochronic grafts. There was a tendency for label to
spread more from retinal tissue incubated at early stages
(21/22) than later (26 and 27). Consequently, the non-
incubated (ventral) parts of heterochronic eyes in series
II tended to show slightly more label than did those of
series | and Illa (Fig. 2). However, the density of label
in nonincubated retina was usually much less than in
incubated regions, and in the majority of cases, this did
not interfere with the specific tectal labeling patterns.
Only in about 10% of the cases was the spread heavy
enough to result in diffuse tectal labeling.

The migration of retinal pigment epithelial (PE) cells
from dorsal to more ventral locations in the eye rudi-
ment, previously observed with [*H]thymidine labeling
(Holt, 1980), was particularly striking at stages 30 to 34
in eyes which had received stage 21 dorsal transplants
(series II). This is shown in Figure 3, where labeled PE
cells can be seen 100 um or more away from the labeled
dorsal region of the retina. Presumptive pigment epithe-
lium (PE) lies in the dorsal part of the optic vesicle (in
the proximal wall) and the optic stalk. During differen-
tiation, the PE cells, originally spherical in shape, flatten
to form a monolayer migrating ventrally from their dor-
sal locations. The distance migrated by labeled PE cells
was found to be much smaller (20 um at most) when the
dorsal retinal sectors were labeled at later stages of
development, as in series Ia (stage 26), indicating that
the bulk of the movement of PE cells ventrally takes
place between stages 21 and 26. After stage 35/36, the
PE becomes too heavily pigmented to distinguish labeled
cells.

Labeled PE cells were observed in close association
with the optic nerve head, indicating that nascent axons
probably come into contact with these dorsally derived
PE cells when they first grow out of the eye. Miswiring
defects in mammals are known to correlate with de-
creased retinal pigmentation (LaVail et al., 1978), and
possibly this early association is important for axon
guidance. This association probably would not have
changed in the heterochronic eyes since the host dorsal
halves were substituted at stage 27, after the bulk of
pigment migration had occurred, so that the positional
ancestry of the delayed dorsal axons and that of the host
PE cells they grew out next to was similar.
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Figure 3. Autoradiograph of a stage 32 eye from series II
showing the ventral migration of the pigment epithelium (pe).
The arrow points to labeled pe cells situated ventral to the
dorsal labeled retina (Ir). Retinal layers have not yet differen-
tiated in this newly formed eye cup. The optic nerve head (not
shown, but see Fig. 4) forms in close apposition to pe cells
which have migrated from more dorsal locations. pr, presump-
tive retina. Conventions are as in Figure 2. Scale bar = 50 um.

Pathway ordering

At stage 40, the optic nerve head has approximately
1000 nerve fibers (Wilson, 1971) and is approximately
15 pm in diameter. Retinotopic order could be detected
at this level of the pathway in approximately 60% of the
eyes in series la. The rest were either diffusely labeled
or were uninterpretable due to inappropriate section
plane. Examples of ordered optic nerve heads are shown
in Figure 4, A and B, where, in correspondence with
retinal label, grains are restricted to the dorsal half. The
optic nerve head lies in the ventral part of the early eye
cup (see Fig. 44), and its topography could not be reliably
assessed in ventral labeled eyes (series Ib and IIla)
because of ambiguities introduced by label from abutting
retinal cells,

The presence or absence of visible order in the optic
nerve head seemed to depend on the total amount of
retina labeled. When small pieces of retina (thirds or
less) were labeled, grains were confined to the appropri-
ate dorsal half (Fig. 4B), but after larger retinal sectors
were labeled (halves or more), grains tended to be less
localized. Given the small diameter of the optic nerve
head (15 um), the latter cases could simply reflect the
limits of resolution of the technique rather than a lack
of retinotopicity. Alternatively, this spread might repre-
sent a population of dispersed (non-retinotopic) axons.

In the heterochronic group, only about 15% of the eyes
showed evidence of retinotopic ordering in the optic
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Figure 4. The optic nerve heads of normal and heterochronic eyes at stage 40. A, Transverse section of an eye from series Ia
showing labeled cells in the dorsal retinal third and labeled optic axons in the optic fiber layer (arrow) and in the optic nerve
head (onh); autoradiographic grains are positioned in the dorsal part of the onh in correspondence with the pattern of retinal
label indicating that ganglion cell axons are retinotopically arranged in the onh. B shows a transverse section of the onh belonging
to the eye shown in Figure 2A: the pattern of label parallels that of retinal label. By contrast, label is dispersed throughout the
onh of the heterochronic eye in C and appears to be concentrated more along the ventral border, suggesting that the late
outgrowth of these dorsal fibers induced a reversal in fiber ordering at the onh. The arrow in C indicates labeled axons entering
the onh. ipl, inner plexiform layer. Conventions are as in Figure 2. Scale bars = 50 pm (A ); and 20 ym (B and C).

nerve head; the rest appeared to be disordered with grains
being distributed evenly across the whole cross-section.
Sometimes a reversal of the normal order could be de-
tected (see Fig. 4C) where label was most dense along
the ventral part of the nerve head. This increased dis-
order in the heterochronic group could be due to any of
several factors: (1) a larger amount of presumptive retina
labeled in the first place (half as compared with a third
in series 1; see Fig. 1); (2) an increased spread of label
from the incubated to nonincubated regions of the retina
(see “Eyes”), or (3) disrupted time of arrival of axons at
the nerve head due to delayed outgrowth from dorsal
retina. The data do not permit these possibilities to be
distinguished. However, the reversed patterns (see Fig.
4C) are consistent with the addition of nascent axons to
the ventral part of the optic nerve head (Scholes, 1979;
Bodick and Levinthal, 1980) and thus with alternative
3.

Order, when present in the nerve head, could usually
be traced into the proximal optic nerve but could not be
detected distally close to the chiasm. This is consistent
with Fawcett’s (1981) observations in the adult Xenopus
optic nerve where ordering is tight close to the eye but
becomes less so toward the chiasm.

Fibers course dorsocaudally in the optic tract along
the lateral edge of the diencephalon (see Fig. 13), and
the parasagittal sections of the optic tract of series I
brains (Fig. 5) indicate that dorsal retinal fibers tend to

occupy more ventral and caudal positions, whereas ven-
tral fibers run close to the boundary between the dien-
cephalon and the telencephalon in a more dorsal and
rostral position. This agrees with previous observations
made at older ages (Fawcett and Gaze, 1982; Holt, 1982).
Of the four brains cut in this plane from heterochronic
series II, two showed projections traveling in the appro-
priate ventral part of the tract and the other two ap-
peared to be spread throughout the tract. Thus, it is
unclear whether the altered times of outgrowth have
disrupted fiber order in the optic tract.

These results indicate that, during normal develop-
ment, the optic nerve head, the proximal optic nerve,
and the optic tract are topographically ordered ab initio.
The precision of this ordering could not be determined
nor could it be decided whether the heterochronic path-
way is normal or disrupted (for reasons discussed above).
There was some indication, however, that the altered
temporal relations had disrupted, and at the optic nerve
head possibly reversed, the spatial ordering of the path-
way.

Time course of retinal fiber outgrowth

The data obtained from stage 32 to 40 brains from
each series of experiments are plotted in the histograms
shown in Figure 6, and the time courses of retinal fiber
growth along the optic pathway to the tectum are sum-
marized in Table I and Figure 11.
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Figure 5. Order in the optic tract at stage 40 shown in
parasagittal section from series I experiments. The frame drawn
in the brain outline (bottom) indicates the area of optic tract
(ot) shown in the photomicrographs; the retinal origins of the
labeled tract fibers in A and B are indicated (black areas) in
the eyes outlined (bottom). A shows labeled fibers from ventral
retina (series Ib) running dorsorostrally in the optic tract along
the rostral edge of the presumptive diencephalon close to the
border between the diencephalic neuropil and the gray matter
of the telencephalon (tel). B shows labeled fibers from dorsal
retina (series la) located in the ventrocaudal part of the tract.
This tract organization matches the spatial order of initial
tectal innervation. D, dorsal; R, rostral. Conventions are as in
Figure 2. Scale bar = 50 pm.

Sertes I: Dorsal versus ventral outgrowth

Labeled axons of dorsal origin (series Ia) were first
detected in the temporal half of the retinal rudiment at
stage 28, indicating that the first ganglion cells to differ-
entiate axons are those in dorsotemporal retina. Through
stages 28 and 29/30, they grow ventrally in the temporal
part of the retina toward the ventral choroidal fissure.
They leave the eye through the fissure’s apex, forming
the primitive optic nerve head, and grow along the ven-
trotemporal edge of the optic stalk. At stages 30 and 31,
labeled dorsal fibers are evident in the optic stalk. This
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structure joins the eye primordium to the presumptive
diencephalon, providing a direct substrate bridge for the
pioneer fibers to grow on to reach the chiasm. Dorsal
fibers first arrive at the chiasm around stage 32 (Fig.
7A). Grant et al. (1980) have observed a similar time
course of outgrowth from the retina with silver staining.
Around stage 33/34, dorsal retinal fibers reach the ven-
tral diencephalon (Fig. 7B), and from there they grow
dorsocaudally along the rostral and lateral surface of the
presumptive diencephalon and reach the mid-to-dorsal
diencephalon at stage 35/36 (Fig. 84). They approach
the tectal rudiment from a rostral and ventral position
and arrive in its ventral part at stage 37/38 (Fig. 94),
approximately 19 hr after leaving the eye. This initial
population of axons is calculated to grow at a rate of
approximately 40 um/hr. The time of arrival of the first
retinal axons in the tectal rudiment at stage 37/38 is
about 3 hr earlier than previously reported (Gaze et al.,
1974; Grant et al., 1980; Holt and Harris, 1983).

Ventral retinal fibers leave the eye about 6 hr behind
dorsal ones, around stage 33/34 (Fig. 7C), and maintain
a similar time lag throughout their course along the
pathway to the tectum (see Table I). They reach the
ventral diencephalon around stage 35/36 (Fig. 8B), grow
dorsally in the optic tract through stages 37/38 and 39
(see Fig. 9B and 10B), and arrive in the dorsal part of
the tectal rudiment at stage 40 (Fig. 12C) in a position
slightly further caudal to the dorsal retinal terminals.
Thus, ventral fibers begin to innervate the tectum after
fibers from the dorsal retina (stage 37/38 versus stage
40). The 12-hr window between stages 39 and 40 made
it impossible to define exactly when ventral fibers reach
the tectum, but by extrapolating from the data on their
time courses of growth along the pathway (see Table I),
this must be about 6 hr after dorsal fibers.

These data show that the dorsal retinal fibers pioneer
the retinotectal pathway. These fibers are at least 6 hr
ahead of ventral fibers at each stage of development from
leaving the eye cup, growing along the pathway, to in-
nervating the tectum.

The reconstructions presented in Figure 13 depict the
pathway taken by labeled dorsal and ventral fibers from

TABLE 1
Times of arrival in hours postfertilization of retinal axons at different
points along the pathway to the tectum
The times were taken from normal tables of Xenopus development
(Nieuwkoop and Faber, 1956).

i Ventral Mid- Dorsal
Faggf st Chiasm  Dien- Dien- Dien-
cephalon  cephalon  cephalon

Dorsal 40 44 47 50
(Series la)
Ventral 46 50 53 56
(Series Ih)
Delayed Dorsal 50 53 56+ 60+
(Series II)
Ventral (C)® 46 50 53 56
(Series IIla)
Whole (C) 40 44 47 50
(Series IIIb)

*“(C)" indicates control experiments.
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Figure 6. Histograms showing the data obtained from experiments in series I, 1L, and III from stages 32 to 40. The most medial
point reached by fibers growing along the pathway are plotted as well as the areas (dorsal and ventral) of tectal label. Spread
projections are denoted as whole tectal label (T). D, dorsal fibers (series la); V, ventral fibers (series 1Ib); DD, delayed dorsal
fibers (series II); VC, ventral control projections (series Illa); W, whole eye projections (series IIIb). The positions in the pathway
are: E, eye; OS, optic stalk; Ch, chiasm; VD, ventral diencephalon; MD, mid-diencephalon; DD, dorsal diencephalon; and in the
tectum; VT, ventral tectum; DT, dorsal tectum; 7', entire tectum.
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Figure 7. Pioneer dorsal retinal fibers at early stages
in the optic pathway (A and B) and later growing
ventral fibers (C). The frames in the transverse brain
outlines (bottom) demarcate the area included in the
photomicrographs above. The part of the retina la-
beled in each case is indicated in the eye outlines
(black area, bottom). A, Labeled dorsal fibers (arrow)
from series la arriving at the chiasm (ch) at stage 32.
B, By stage 33/34, dorsal fibers have reached the
ventral diencephalon (Vdi; large arrow). The small
arrow indicates a single line of grains, possibly a single
pioneer axon growing ahead of the others. C shows
labeled fibers from ventral retina (series Ib) entering
the optic stalk (os; arrows). A more or less continuous
line of grains distinguishes labeled fibers from sur-
rounding labeled optic stalk and retinal cells. di, di-
encephalon; v, ventricle of the midbrain. Dorsal is up,
ventral is down. Scale bar = 50 ym.
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stage 35/36

Figure 8. Positions of dorsal (A), ventral (B), and delayed dorsal (C) retinal axons in the optic pathway at stage 35/36. A
shows axons from dorsal retina (series Ia) coursing up the diencephalic wall close to the pial surface and reaching its most dorsal
part (arrow; Ddi, dorsal diencephalon). B, Labeled axons from ventral retina (series Ib) in the ventral diecephalon (Vdi; large
arrow). The small arrow indicates a single line of grains in mid-diencephalon (Mdi), possibly a single axon. C, Axons from
delayed retinal ganglion cells (series II) growing into the chiasm (ch). Note the comparatively advanced age of the brain with'
respect to that in Figure 7A when dorsal axons normally reach the chiasm. (i.e., more extensive diencephalic neuropil and larger
optic nerves (on)). Conventions are as in Figure 7. Scale bar = 50 ym.

the chiasm to the tectum. The dense, narrow streak of
label along the diencephalic wall (see Figs. 7 to 10)
indicates that retinal axons cluster together as they grow
to the tectum. Densities of label outside the main optic
tract were not observed, indicating that axons do not
randomly search out their pathway to the tectum. In
contrast, pioneering axons growing to the basal optic
nucleus (BON) were spread widely through the neuropil
of the accessory optic tract (data not shown). This might
reflect differences in the behavior of axons which grow
through a matrix of neuropil to reach their target struc-
ture (BON) as compared with those that grow along the
surface of the presumptive diencephalon close to the pia
to reach the tectum.

Series II: Delayed dorsal fiber outgrowth

Series I experiments showed that dorsal retinal fibers
arrive in the tectum first. A simple way of building the
initial map, then, is for these fibers to connect with the
first piece of tectum they encounter (ventral), causing
later growing fibers to terminate further dorsally, the
first sites being occupied and therefore unavailable. This
simple hypothesis is now tested by delaying the time of
dorsal retinal outgrowth with heterochronically grafted
dorsal retinal halves as illustrated in Figure 1.

The data obtained from these series II experiments,
up to stage 40, are plotted in the histograms shown in
Figure 6, and the positions of the delayed dorsal fibers
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stage 37/38

Figure 9. Positions of dorsal (A), ventral (B), and delayed dorsal (C) retinal axons in the optic tract and tectum at stage 37/
38. A, Dorsal retinal fibers (series Ia) accumulating in the ventral part of the tectal neuropil (¢n). B, Ventral retinal fibers (series
Ib) coursing up the edge of the diencephalon to the mid-diencephalon (Mdi). C, Delayed dorsal fibers (series II) in the ventral
diencephalon (Vdi). Arrows indicate the extreme medial positions of axons in A, B, and C. icm, central cell mass of the tectal
rudiment; on, optic nerve. Conventions are as in Figure 7. Scale bar = 50 pm.

at different stages of development are indicated in the
summary diagram in Figure 11.

The delayed dorsal axons first reach the chiasm around
stage 35/36 (Fig. 8C), 9 hr or more behind normal dorsal
fibers (see Table I and Fig. 6). By this stage, most ventral
fibers have reached the ventral diencephalon (Fig. 8B)
and dorsal fibers from normal eyes are in the dorsal
diencephalon (Fig. 84). By stage 37/38, most of the
delayed axons are in the ventral diencephalon (compare
with the dorsal locations of ventral and dorsal fibers in
Fig. 9), 9 hr behind normal dorsal fibers and at least 3
hr behind ventral fibers (Table I). At stage 39, the
delayed dorsal axons are situated in the ventral-to-mid
diecephalon (Fig. 10C), with a few in the dorsal dience-

phalon. By stage 40, 12 hr after dorsal fibers normally
arrive, labeled axons in just half of the cases have reached
the tectum (see Fig. 6), and these were mostly confined
to the ventral half (see Fig. 12 and 14). The rest (n =
16) arrived some 12 hr later, between stages 40 and 41.

These results demonstrate that when stage 21/22 dor-
sal halves are transplanted to stage 27 hosts, the retinal
fibers enter the pathway and innervate the tectum 9 to
20 hr later than normal. At all stages of development
examined, their growth along the pathway was at least 3
hr behind the ventral fibers (see Table I), indicating that
the latter population arrived in the tectum first and that
the normal dorsal-to-ventral sequence of innervation had
been reversed.
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DELAYED
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stage 39

Figure 10. Positions of dorsal (A), ventral (B), and delayed dorsal (C) retinal axons in the optic tract and tectum at stage 39.
A, Dorsal fibers (series Ia) accumulate in ventral tectal neuropil (¢n). B, Ventral fibers (series Ib) course along the lateral edge
of the diencephalon and reach the dorsal diencephalon (Ddi). C, Delayed dorsal fibers (series II) are in the ventral ( Vdi) to mid-
diencephalon (Mdi). Arrows indicate the extreme medial locations of labeled axons. Conventions are as in Figure 9. Scale bar =
50 pum.

Series III: Control experiments

Two sets of control experiments were run to control
for (1) possible retardation effects due to the excision of
small pieces of tissue from the eye primordium (series
IIIb, whole eye incubation) and (2) retarded outgrowth
from the ventral retina which the young transplanted
dorsal retinal tissue might induce (series IIla, eyes with
young dorsal grafts plus labeled ventral retinas). These
latter series of experiments also served to test whether
the population of ventral “follower” fibers could find
their proper targets in the absence of the pioneering
population of dorsal retinal fibers. The data obtained
from these two sets of controls are shown in the histo-
grams (Fig. 6), and the positions of these whole eye and
ventral control fibers are included in the summary dia-
grams in Figure 11.

The results from the whole eye group show that fibers
from the whole retina follow the same developmental
schedule as dorsal retinal fibers (Table I; cf. W and D in
the histograms in Fig. 6). Labeled fibers from the whole
retina reach the chiasm at stage 32, grow up the dience-
phalic wall from stages 33/34 to 35/36, and arrive in the
ventral tectum at stage 37/38. The entire dorsoventral
extent of the tectal neuropil was labeled at stages 39, 40,
and 41 (Figs. 12E and 13). The label in the dorsal tectum
at stage 39, which was not found with dorsal retinal
projections and occurs before the arrival of ventral fibers,
might reflect the arrival of central retinal fibers since
fibers of central origins were not labeled in the series I
experiments. Because the time courses of outgrowth of
the whole and dorsal retinal projections are the same, it
may be concluded that the schedule of fiber outgrowth
from incubated retinal fragments is not retarded. A fur-
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stage 32 stage 33/34 stage 35/36
40 hours 44 hours 50 hours
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stage 37/38 stage 39 stage 40
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T delayed dorsat

Figure 11. Summary diagram to illustrate the developmental time courses of retinal axon outgrowth from each type of
experimental eye. The number of hours postfertilization (at 20°C, from Nieuwkoop and Faber, 1956) is given under the stage
number. D, dorsal fibers (series Ia); V, ventral fibers (series Ib); T, delayed dorsal fibers (timing experiments, series II); C, ventral
controls (series IIIa); W, whole eyes (series IIIb). ch, chiasm; dd, dorsal diencephalon; dt, dorsal tectum; md, mid-diencephalon;
on, optic nerve; os, optic stalk; vd, ventral diencephalon; vt, ventral tectum.

ther indication that the schedule of outgrowth was nor-
mal from incubated sectors was that both the dorsal and
the whole eye projections showed a time course of early
growth similar to that described by Grant et al. (1980)
from the unoperated early eye rudiment.

The ventral control eyes (series IIIa) showed a time
course of fiber outgrowth similar to that of the ventral
projections in series Ib (see Table I; ¢f. V and VC in Fig.
6). By stage 35/36, the first stage examined in these
experiments, fibers have reached the ventral dience-
phalon (see Fig. 6). Through stages 37/38 and 39, ventral
fibers grow from mid- to dorsal diencephalon and enter
the dorsal tectum by stage 40 (Fig. 12D). Despite arriving
in the tectum before the pioneering fibers from the dorsal
retina, ventral fibers go directly to their appropriate area

of the tectum. These results demonstrate two things: (1)
that delayed dorsal eye grafts do not retard the develop-
ment of the rest of the eye, from which we can conclude
the schedule of ventral retinal differentiation is autono-
mous, and (2) that the ventral fibers, normally the
“followers,” can find their targets in the absence of the
pioneering population of dorsal retinal fibers.

Topography of the projections

The entire extent of the early retinotectal projection
at stages 40 and 41 is shown in Figures 12E and 13. It
measures approxiamtely 100 um dorsoventrally and
about 25 um in depth (pial to the ventricular surface).
The majority of the partially labeled projections (series
I, II, and IIIa) were confined to their appropriate places



Vol. 4, No. 4, Apr. 1984

Holt

1144

‘wr 0g = Ieq 9[eog "saIndy snoiadld Ul Se aIe SUOTIUIAUQY) ‘[esIop (7 ‘[erpaur
‘I " 9838 98 018 5 PUB V 0y 08e)s Je ol ( pue ) ‘g (§1 B PU I[ A[q8], 998) [oqe jo uonnquysip ayy Sunenuenb of urduio jo jurod ayj e UINE}
sem SIY [, 'SPUaYMOLID K Pa)eoIpul ST Iojjew KBl pue 99Iym 3y} UdIM)a( AIepUNO] [BSIOp 8Y ], "UOIIBAISUUI [BJIIIOUIIAL JO JUSIXS AITIUS A Suneoarpur
(QII] SeU@s) uorBQNOUT 943 J[OYM Id)Je pafeqe| uondaford [el0aj0UIIal AITIUL Y SMOYS [ *(BI]] SILISE) BUIJOI JIUOIYD0IANAY E JO J[eY [BlUes 8U3 WOLY
uorjoefod ay3 smoys (7 pue (qI seres) uondsfoad [B1JULA  [EULIOU,, B SMOYS ) 'UIBLIO [BUIAI [BIJUBA JO SIAQY WOI} [IdOINSU [8309) [BIPAWN SIOWL PUE [ESIOP
Y3 Ul [9qe] MOYS (7 PUB ) "(B] S3I8S) Y UI 30Y) U} I9je] 1Y § A[YSn0I Wnjoa) oY) 2JBAISUUT 0] SPBWL 1M (]| SALISS) g Ul SIaqy [ESIOP 3} ‘futduro reunjel
[Bsaop jo siaqy wioly [rdoinau [e3993 3Y3 Jo Jed [BIjUAA BY3} UI [9qE] MOYS g PUE | “[§ pue O Sa3ess 38 [9qe] [8399) JO UOHNGIISIp owydesdodo], ‘I a4ndiq

L #8301y sobeis

TOHINOD VHINIA  1¥SHOQ
TWHLNIA a3Aviaa




The Journal of Neuroscience Timing and Map Formation 1145

VENTRAL DORSAL

Wtectum

DELAYED DORSAL

\

100 pm

Figure 13. Reconstructions of autoradiographs of stage 40 midbrains showing partial and whole labeled retinal projections.
Transverse sections at 6-um intervals are shown. The black dots represent the position of autoradiographic grains. Rostral
sections in each reconstruction show the point of optic nerve entry (on), the chiasm (ch), and the optic tract (ot). More caudal
sections show the tectum, the dorsoventral extent of which is indicated by a bracket on the most caudal one. Dashed lines indicate
the boundary between the white and gray matter (the central gray extends from the ventricle (v) to the dashed line). The dorsal
part of the tectum becomes labeled after ventral and whole eye incubations and remains relatively free of label after dorsal eye
incubations (compare the position of label with the position of the dorsal junction between white and gray matter), even when
dorsal fibers are induced to arrive late. di, diencephalon; D, dorsal; V, ventral; R, rostral; C, caudal.



1146

in either the dorsal or the ventral half of the tectal
neuropil. The mean extents and the distribution of tectal
labeling are presented in Table II and illustrated in
Figure 14. In a minority of cases, label was spread across
the entire dorsoventral extent (see T in Fig. 6).

From a total of 40 cases in which dorsal fibers had
reached the tectum in series Ia experiments (from stages
37/38 to 41), 29 (72.5%) showed label restricted to the

TABLE II
Mean (£SD) distances (micrometers) of the dorsal and ventral
boundaries of the labeled part of the tectum after partial retinal labeling
plus the average tectal coverage

These measurements are from stages 40 and 41 for the dorsal,
ventral, and ventral control projections and from stages 40 to 42 for
the delayed dorsal projections. These data are represented diagram-
matically in Figure 14.

Part of Retina Dorsal Border  Ventral Border Meatr;lT ec-
Labeled of Tectal Label  of Tectal Label C
overage

Dorsal Third 53 £ 12 95 + 19 42
(n=19)
(Series Ia)
Ventral Third 79 52+ 11 45
(n=18)
(Series Ib)
Delayed Dorsal Half 45 £ 13 93 + 17 48
(n=19)
(Series II)
Ventral Half Control 11 £ 10 66 + 17 55
(n=11)
(Series IIla)

A

NORMAL

Holt
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ventral and more lateral part of the tectum (see Figs. 6,
124, and 13). The terminals of fibers from the dorsal
third of the retina extend, on average, across the ventral
half (~50 um) of the tectal neuropil: the mean dorsal
border of the label lies 53 + 12 um from the origin (see
Table II and Fig. 144 ). Eleven of 40 cases showed grains
distributed over the entire dorsoventral extent, although
these usually exhibited a local density in the appropriate
ventral half of the tectum, indicating a degree of specific
innervation. This spread could be ascribed to spread of
label within the retina since the retinas of samples show-
ing such diffuse tectal labeling exhibited more extensive
label than did those showing restricted projections. The
larger amount of label in these retinas was due either to
a larger region of the presumptive retina having under-
gone incubation (in excess of half), or to leakage from
the [®*H]proline-incubated part.

Fibers from ventral retinal thirds in series Ib projected
to the dorsal, more medial part of the tectum (see Figs.
6, 12C, 13, and 14A) and extended further caudally than
did dorsal projections. From a total of 28 cases at stages
40 and 41, 19 (68%) were restricted to the dorsal tectal
half; 8 cases showed diffuse tectal label which, like series
Ia, was usually more dense in the appropriate (dorsal)
half and, again, could be attributed to retinal spread.
The ventral third of the retinal projection was confined,
on average, to the dorsal 50 um of the tectal neuropil
(Table II and Fig. 14A). The labeled dorsal border (53 +
12 um) of the population of fibers from the dorsal third
of the retina coincides with the ventral labeled border
(52 + 11 um) of fibers from ventral retinal thirds showing

HETEROCHRONIC

Figure 14. Diagrammatic representation of the topographic patterns of tectal innervation at stages 40 and 41 (and 42 for
delayed dorsal projections (DD)) using the quantitation presented in Table II. The mean extents of tectal label are shown for
(A) ventral (V, solid circles) and dorsal (D, open circles) labeled thirds of the retina, and (B) ventral control projections (VC,

solid circles) and delayed dorsal projections (DD, open circles).
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that there is little overlap between these two retinal
thirds, as illustrated in Figure 14A4.

Ventral control eyes (series IIla) showed a type of
distribution of tectal label similar to that of the ventral
third eyes (Fig, 12D) except that the mean ventral border
of the label was shifted ventrally by some 10 um (see
Table IT and Fig. 14B). This shift, which resulted in a
greater tectal coverage (Table II), corresponds with the
larger fraction of retina that was labeled (half versus
third) in this control group. From a total of 14 cases, 11
showed restricted label.

The projections from delayed dorsal half retinas in
series II were topographically similar to those of the
dorsal retinal thirds in series Ia (Figs. 12B to 14B). Of
32 tecta in which labeled fibers were present (stages 40
to 42), 21 (65.5%) were restricted to the ventral part.
The dorsal border of label was shifted some 10 um
dorsally in the tectum, making the mean tectal coverage
slightly higher than in the dorsal retinal third group (48
um versus 53 um). This correlated with the different
sized fractions of retina labeled in the two experiments:
a half in series II versus a third in series I (see Fig. 1).
The percentage of diffuse tectal label in series II was
slightly higher than that in series la (34.4% versus
275%), and this also probably reflected the larger
amount of retina incubated originally and/or the higher
incidence of retinal spread seen in this heterochronic
group (see “Eyes”). The mean extents of the delayed
dorsal projections are shown in relation to those of the
ventral control projections in Figure 14B where the same
sized fractions of the retina (half) were labeled in each
experiment. There is an overlap of 15 to 20 um.

Whole eye controls in series [Ila projected to the entire
tectum (Figs. 12E and 13), except at the very beginning
of tectal innervation, stage 37/38, when label was re-
stricted to ventral tectum. This initial restriction pre-
sumably reflected the early and exclusive arrival of the
dorsal population of retinal fibers.

Discussion

To summarize briefly, the experiments demonstrated
that: (1) there is a dorsal-to-ventral gradient in the early
differentiation of the Xenopus eye rudiment with dorsal
retinal ganglion cells being the first to send out axons.
(2) Dorsal retinal fibers lead the ventral ones in their
growth along the optic pathway at all stages of develop-
ment and thus pioneer the route to the tectum. (3) The
initial set of retinal axons arrives in the tectum in a
defined sequence which matches the spatial pattern of
the early map and, thus, could generate the early topo-
graphic order. (4) However, these temporal gradients of
axonogenesis and target invasion are not critical for
establishing topographic order since their disruption re-
sults in normal initial maps. Several issues arise from
these results and are discussed below.

Pattern of fiber outgrowth

The results from the series I experiments showed that
axons grow out of the newly differentiated eye cup in a
stereotyped spatiotemporal sequence. The very first gan-
glion cell axons were seen to originate from the temporal

Timing and Map Formation
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part of the dorsal retina and grew along the optic pathway
to the contralateral tectal rudiment roughly 6 hr ahead
of fibers from the ventral part of the retina. The real
pattern of initial axonal outgrowth is probably graded
from dorsal to ventral retina but appears discontinuous
here, simply because outgrowth from the retinal extreme
thirds, and not from central retina, was examined. In-
deed, this was supported by the observation that, when
central as well as dorsal and ventral retinal ganglion cells
were labeled, as in the whole eye projections in series
I1Ib, the tectum became labeled in its dorsal part a stage
earlier than when ventral projections alone were labeled
(stage 39 versus stage 40).

The pattern of retinal axonogenesis correlates with
that of several other processes of eye maturation in
Xenopus which occur along the same dorsoventral gra-
dient: (1) the migration of cells into the optic vesicle
from the optic stalk—presumptive dorsal retinal cells
arrive first, ventral ones last (Holt, 1980); (2) the ventral
migration of retinal pigment epithelial cells (see “Re-
sults;” Holt, 1980); (3) the expression of pigmentation
which occurs first in dorsal and then in ventral retina;
(4) the pattern of acetylcholinesterase staining in the
developing retina (A. Hall, personal communication);
and (5) the sequence of optic vesicle invagination to form
the optic cup which begins dorsally and proceeds ven-
trally (Grant et al., 1980; Holt, 1982). Thus, the morpho-
logical characteristics of eye maturation seem to parallel
the sequence of retinal ganglion cell axonogenesis.

The pattern of early axon outgrowth observed here
appears to differ from the previously reported pattern of
embryonic ganglion cell proliferation, which proceeds
concentrically from central to peripheral retina in Xen-
opus (Jacobson, 1967). However, in Jacobson’s (1967)
study, the first ganglion cells analyzed came out of the
cell cycle at stage 29, at least 1 hr after the differentiation
of the first retinal axons at stage 28 (Cima and Grant,
1980). Therefore, the concentric pattern of retinal growth
(Jacobson, 1967) seems to develop after an initial phase
when dorsal retinal differentiation precedes that seen
ventrally.

Similarly, the pattern of initial axon outgrowth differs
from that of the mature retina where new axons are
extended from annuli of ganglion cells added around the
ciliary margin in fish and amphibians (Hollyfield, 1971;
Straznicky and Gaze, 1971; Johns, 1977; also see Scholes,
1979; Bodick and Levinthal, 1980), although growth
asymmetries do occur in the Xenopus retina (Beach and
Jacobson, 1979).

The pathway taken by the initial population of axons
across the midline, up the wall of the contralateral dien-
cephalon, and to the opposite tectum was found to be
highly stereotyped, and labeled fibers were not observed
outside these normal trajectories as occurs after optic
nerve regeneration in adult frog (Bohn and Stelzner,
1981), in fish (Springer, 1981), and in mammalian devel-
opment (Bunt and Lund, 1979; Land and Lund, 1979).
This rules out the possibility that the first axons grow
randomly, finding their targets by a process of trial and
error. Thus, initial retinal axon outgrowth appears to be
directed and, in this respect, resembles that of early
motoneuron outgrowth from the chick spinal cord
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(Lance-Jones and Landmesser, 1981a) and of retinogen-
iculate fiber outgrowth in the cat (Shatz and Kliot, 1983).

Sequence of tectal innervation

Because of the temporal pattern of early eye develop-
ment, the first population of optic axons grow into the
tectum in a sequence which reflects their places of origin
in the retina, and this, in fact, matches the development
of the early map. The rostral tectum is innervated first
in its ventrolateral part by fibers of dorsal and temporal
retinal origin, and the dorsomedial, more caudal part
begins to be innervated roughly 6 hr later by ventral
retinal fibers. A similar sequence of tectal innervation
has recently been described in chick embryos (McLoon,
1982), and it is interesting that this early innervation
pattern roughly matches the subsequent caudomedial
pattern of tectal maturation and growth (Straznicky and
Gaze, 1972; Currie and Cowan, 1974; Jacobson, 1977).

Simultaneous with the arrival of axons at the tectum
at stage 37/38, phototransduction begins in the Xenopus
retina (Witkovsky et al., 1976) and, as recent behavioral
results show, visually mediated startle responses begin
(G. Recanzone, personal communication). Visual re-
sponses, recorded extracellularly from retinal terminals
in the tectum, have first been detected 3 hr later than
this at stage 39 (Holt and Harris, 1983). Thus, it appears
that receptor maturation, target innervation, and prob-
ably synaptogenesis are highly synchronized so that vis-
ual connections can be functional as soon as fibers arrive.

The tectum continues to accrue new optic nerve fiber
inputs in a sequential manner throughout life (Straz-
nicky and Gaze, 1972; Jacobson, 1977). However, the
pattern of tectal cell addition does not match the topo-
graphic origins of arriving retinal axons (Gaze et al.,
1979b), and to compensate for this, retinal terminals
continuously change their positions throughout growth
(Gaze et al., 1979b; Easter and Stuermer, 1982; Cook et
al., 1983; Fraser, 1983). Therefore, the positions occupied
by the initial population of retinal terminals seen here
in the young tectal rudiment are not fixed but must
follow the caudomedial growth of the tectum.

Disrupted timing and topography

The sequential nature of development of the retinotec-
tal projection prompted the question of whether this in
itself could generate topographic order in the tectum. It
could be envisaged that the pioneering population of
dorsal fibers take up ventral sites in the tectum simply
because they arrive there first and that the later growing
ventral fibers, constrained by the existing dorsal popu-
lation, take up more dorsal positions in the optic tract
and are delivered thus to the appropriate dorsal part of
the tectum. This possibility was eliminated, however, by
the heterochronic grafting experiments in series II. These
showed that, when outgrowth from the dorsal retina was
delayed so that dorsal axons arrived in the tectum 9 to
20 hr later than normal, after ventral retinal fibers, the
spatial pattern of target innervation was normal. The
possibility that the young dorsal transplants had re-
tarded the differentiation of the host ventral retina, such
that the temporal relations within the retina had re-
mained undisturbed, was ruled out by showing that the
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time course of ventral fiber outgrowth from the hetero-
chronic eyes was normal. In addition, these control ex-
periments (series I1la) showed that, despite the absence
of the pioneer population of dorsal retinal fibers, ventral
“follower” fibers still grew to their appropriate target
sites from the outset. These results, then, support the
conclusion that the temporal order in which ganglion cell
axons grow out from the retina and invade the tectum is
not critical for appropriate target selection.

This is consistent with the finding that normal maps
are formed in Xenopus after tectal innervation has been
substantially delayed (Feldman et al., 1971). Similarly,
the pattern of Mauthner cell innervation develops nor-
mally despite either precocious or retarded synaptoge-
nesis (Leber and Model, 1981, 1982). By contrast, how-
ever, abnormal connections in terms of original place
specificities are formed in the locust optic lobe when the
normal sequence of innervation is disrupted by grafting
pieces of presumptive photoreceptor tissue to temporally
discrepant positions (Anderson, 1978; Nowell, 1981) and,
in Daphnia, delayed photoreceptor differentiation affects
the order of target cell recruitment (Macagno, 1981) and
the choice of bundle that growing axons join (Flaster et
al., 1982). These latter results, then, suggest that spati-
otemporal factors are more important for establishing
patterned nerve connections in the visual system of
invertebrates than that of vertebrates.

Although the present results show that fiber terminal
ordering remains the same in the tectum regardless of
the time of ingrowth, they cannot descriminate whether
growing axons select their appropriate positions in the
tectum itself or at some point along the pathway before
entering the tectum. Fiber ordering at the head of the
optic nerve was mostly diffuse in the heterochronic
group, and in a few cases inverted patterns were seen,
suggesting the involvement of timing of axon outgrowth
in shaping pathway order at least at this most distal
level. However, the results obtained at the level of the
optic tract were ambiguous (two showed order and two
did not), so that it was not possible to determine whether
fibers had positioned themselves correctly by this stage
in the pathway. Previous studies have shown that devel-
oping (Straznicky et al., 1979) and regenerating (Attardi
and Sperry, 1963) optic fibers do, indeed, select the
appropriate brachium in which to enter the tectum.
Thus, in the present study it is possible that the delayed
population of growing dorsal retinal fibers was wrongly
placed in the early part of the pathway (i.e., located
ventrally in the optic nerve head instead of dorsally) and
maneuvered into their correct positions later in the path-
way. This would support the idea that, by dictating the
spatial order in which fibers are delivered to the tectum,
optic tract ordering is important in the gross ordering of
the topographic map (Straznicky et al., 1981; Fawcett
and Willshaw, 1982). However, a finer analysis of path-
way ordering than the present method allowed is needed
to resolve this question.

It may be concluded, then, that the temporal mechan-
ics of normal development are not required for building
the initial map. This is not to say that the timing of
normal developmental events is unimportant; it may, in
fact, be sufficient, but more likely it plays a permissive
rather than a directive role in fiber ordering.
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Other factors and mapping

The present results are informative not only about the
role of temporal factors but also about the influence of
several other classes of factors in the early development
of nerve connections.

Pioneers

Single pioneer axons have been observed to grow out
in advance of the rest of the axons from afferent popu-
lations of neurons in arthropods (Lo Presti et al., 1973;
Bate, 1976; Edwards, 1977). Their growth cones probe
the environment, becoming dye-coupled to particular
“guidepost” cells en route (Bentley and Caudy, 1983;
Goodman et al., 1983), and it has been suggested that
pioneer neurons lay down a path for later growing axons
to follow (Bate, 1976). Indeed, selective killing of pioneer
neurons (Edwards et al., 1981; but see also Keshishian
and Bentley, 1983) or of the “guidepost” cells that they
contact (Bentley and Caudy, 1983) results in a loss of
normal pathways. Evidence for the existence of such
pathfinding neurons in the developing vertebrate nerv-
ous system is absent. Nevertheless, the results presented
here agree with those of Keshishian and Bentley (1983)
in the grasshopper and show that normal nerve connec-
tions are formed after retarding the pioneer population
of neurons, thus making it unlikely that the very first
axons to pioneer the optic pathway play any special role
in retinotectal development. A role for “guidepost” cells
along the optic pathway remains a possibility in verte-
brates.

Fiber-fiber interactions

Competition between fiber terminals appears to play
a role in the fine ordering of visual connections (Hubel
and Wiesel, 1965; Prestige and Willshaw, 1975; Meyer,
1983; Schmidt and Edwards, 1983). One possibility is
that developing axons interact in a competitive way as
they are growing to and first invading the tectum and
that such interactions help give rise to initial fiber to-
pography. On this basis, one would predict that the dorsal
retinal fibers compete with the ventral retinal fibers for
terminal space in the tectum from the outset of tectal
innervation and, as a consequence, if either population
were made to innervate the tectum in the absence of the
other, each half projection would immediately spread to
fill the entire tectum. However, the present results show
that this does not happen either (a¢) when the ventral set
of fibers is induced to arrive in the tectum ahead of the
dorsal half of the projection, or (b) during normal devel-
opment when dorsal retinal fibers arrive at the tectum
first. This agrees with the recent results of Ferguson
(1983a) showing that, after partial eye ablations, the
projections of retinal fragments are restricted during
initial innervation to their correct part of the tectum, as
are those from compound double-ventral eyes examined
at slightly later stages of development (Straznicky et al.,
1981), and argues against the idea that competition be-
tween growing axons is involved in initial ordering. Since
fiber competition seems to be mediated by neural activity
(for review, see Harris, 1981), this conclusion supports
the finding that retinal axons find the tectum and form
at least grossly ordered maps in the absence of Na*-
mediated activity (Harris, 1980a).
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Active recognition

Several recent studies on the retinotectal system dem-
onstrate that active recognition, by optic afferents of
their target areas in the tectum, is involved in the for-
mation of the tectal map. Retinal fibers find their appro-
priate targets in the tectum when, for example, they grow
from aberrant positions in the retina (Conway et al.,
1980; Willshaw et al., 1983), after pieces of tectum have
been rotated or translocated (Yoon, 1975, 1980) and after
taking completely aberrant pathways (Hibbard, 1959;
Harris, 1980b, 1982). Furthermore, they select their cor-
rect tectal brachium in a manner that cannot be unac-
counted for by mechanical means (Straznicky et al., 1979,
1981; Fawcett and Gaze, 1982) and make complex neigh-
bor exchanges as they approach the tectum (Scholes,
1979), indicating that simple fiber-following mechanisms
are not sufficient for appropriate target selection. In
agreement with these previous findings, the present re-
sults show that the topographic organization of the early
projection is not generated by the accurately timed pat-
terns of retinal fiber outgrowth and tectal innervation
that occur early in development and, thus, support the
idea that ingrowing retinal fibers actively recognize their
appropriate positions either in the tectum or in the
pathway or both. The selective nature of initial tectal
innervation demonstrated here resembles that of initial
motor innervation of the chick limb bud (Lance-Jones
and Landmesser, 1980, 1981a, b; Ferguson, 1983b).

Although the results here do not demonstrate a cell-
to-cell level of recognition of the sort proposed by Sperry
(1963), a rough idea of the precision of the initial map,
at least along the dorsoventral axis, is given by the
finding that fibers from a third of the retina are confined
within the 50-um area of the correct tectal half. On a
cell-to-cell scheme, one-third of the retinal projection
should cover one-third (33 um) of the tectum. The degree
of accuracy of initial fiber ordering, then, is within 20%
of the total tectal extent, which is about 20 um. In view
of the comparatively gross sampling methods used here
(one-third of the projection is estimated to contain
around 330 fibers at stage 40; Wilson, 1971), this level of
precision is surprisingly fine. In adult goldfish the pre-
cision of terminal ordering seen with autoradiography is
less than this, around 50 um (Meyer, 1980). This proba-
bly reflects the larger size of mature terminal arbors
which can be as large as the entire stage 40 tectal
rudiment in the adult frog (100 to 200 um X 30 to 50 um;
Potter, 1972).

In conclusion, axons from dorsal and ventral parts of
the retina display differential behavior as demonstrated
by their characteristic time courses of outgrowth, trajec-
tories, and initial places of termination which must re-
flect intrinsic differences between them. These differ-
ences must arise very early in development since they
are expressed by retinal tissue transplanted from the
earliest eye bud stages (see series II experiments; Gaze
et al., 1979b; Sharma and Hollyfield, 1980) and possibly
reflect the different embryonic origins of dorsal and
ventral retina (Jacobson and Hirose, 1978).

Thus, it can be envisaged that the topography of the
map is “seeded” early in development by selective axonal
growth so that populations of nascent axons, behaving
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according to their places of retinal origin, choose their
appropriate domains either immediately on entering the
tectum or earlier in the optic pathway. A finer degree of
terminal ordering can then be achieved later in devel-
opment, perhaps after the terminal arbors have reached
a critical size, through activity-mediated interactions
between fiber terminals (Meyer, 1983; Schmidt and Ed-
wards, 1983). This two-step view of how topographic
maps form during development corresponds with pre-
vious proposals (Law and Constantine-Paton, 1980; Faw-
cett and Willshaw, 1982).
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