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Trajectories of Regenerating Retinal Axons
in the Goldfish Tectum: I. A Comparison of
Normal and Regenerated Axons at Late Regeneration Stages
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Federal Republic of Germany

ABSTRACT
To visualize and compare the intratectal path of normal and regenerated
retinal axons, HRP was applied to localized sites in the dorsotemporal and
dorsonasal retina in normal goldfish and in goldfish at 3-12 months after
optic nerve section. The anterogradely labeled axons were traced in tectal
whole mounts.
In normal animals the axons were confined to the appropriate ventral
hemitectum. Therein they ran in very orderly routes (Stuermer and Easter:
J. Neurosci. 4:1045-1051, '84) and terminated in regions retinotopic to the
labeled ganglion cells in the retina. The terminal arbors of dorsotemporal
axons resided in the ventrorostral tectum and those of dorsonasal axons in
the ventrocaudal tectum.
In regenerating animals the terminal arbors also resided a t retinotopic
regions, where they sometimes formed two separate clusters. In contrast to
normal axons, the regenerating ones traveled in abnormal routes through
the appropriate and inappropriate hemitectum. From various ectopic positions, they underwent course corrections to redirect their routes toward the
retinotopic target region. In their approach toward their target sites, dorsotemporal and dorsonasal axons behaved differently in that the vast majority
of dorsotemporal axons coursed over the more rostra1 tectum whereas dorsonasal axons progressed into the caudal tectal half.
This differential behavior of regenerating dorsonasal and dorsotemporal
axons was substantiated by a quantitative evaluation of axon numbers and
orientations.
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tectal whole mounts

When the optic nerve is sectioned, the retinal ganglion
cells of amphibians and fish regenerate their axons and
reestablish retinotopic connections within the optic tectum
(Sperry, '44; Attardi and Sperry, '63; Gaze, '70). Various
investigators have used electrophysiological recordings (Jacobson and Gaze, '65; Schmidt et al., '83) or anatomical
tracers such as radioautography (Meyer, '80) or horseradish
peroxidase (HPR) (Meyer et al., '85; Rankin and Cook, '86)
to test the precision of the retinotopic map. These reports
showed that the regenerated retinotopic map was of nearnormal order when sufficient time was allowed for regeneration, indicating that the axon terminals had returned to
their proper sites in the tectum.
One way for regenerating axons to find the appropriate
target is for them to follow their normal routes, as was
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proposed by Attardi and Sperry ('63).This view was widely
held for many years but has had to be modified in the light
of more recent findings showing that regenerating axons
travel by abnormal routes (Horder, '74; Meyer, '80; Fujisawa, '81; Cook, '83; Stuermer and Easter, '84a). For goldfish, Horder ('74) claimed that the proportion of fibers taking abnormal routes was low and that misrouted axons
might degenerate or be withdrawn. However, this was disputed by Udin ('781, who showed the persistence of disorganized pathways in the frog. Two studies in goldfish (Cook,
'83; Stuermer and Easter, '84a) came to a similar conclusion. After small HRP injections were made into the tectum
~
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of regenerates, the retrogradely labeled ganglion cells were
always distributed over most of the retina instead of being
confined to a single tight cluster (Cook, '83; Stuermer and
Easter '84a).
In goldfish the regenerating fibers become reassociated
into fascicles in the upper fiber layer, and this fascicle array
bears some resemblance to that in normal fish (Stuermer
and Easter, '84a; Stuermer, '86). The reappearance of the
fascicle fan was taken as an indication that the regenerating fibers might have restored their normal order as they
traverse through the fiber layer (Cook and Horder, '77).
However, when the order of fibers in these fascicles was
tested, either by applying HRP to individual fascicles or by
tracing HRP-labeled fibers from known regions of retina
through their fascicles, it became evident that the regenerating fibers do not regain an association with their normal
partners (Stuermer and Easter, '84a; Stuermer '86).
How regenerating fibers gain access to their target has
been described for amphibians but not fish. In two studies,
one in Xenopus and the other in the newt, regenerating
fibers were labeled at well-defined sites in the retina and
their paths through the tectum were traced (Fujisawa, '81;
Taylor and Gaze, '85). These studies revealed that regenerating fibers travel through highly abberrant routes, but
still arrive at their proper target sites, where they deploy
their terminal arbors. According to these reports, the degree to which fibers wander through the tectum appears to
be dependent on their origin in the retina. Though not
restrained t o their normal path, temporal and nasal retinal
fibers exhibit a marked difference in the way they grow
through tectum. Temporal fibers often exhibit tortuous
routes and bends in their trajectories, but they appear to be
confined to the rostral half of tectum (Fujisawa, '81). Nasal
fibers generally run in less tortuous routes directly into the
caudal tectum (Fujisawa, '81; Taylor and Gaze, '85).
The ability of regenerating fibers to return to their appropriate regions in the tectum and the difference in the behavior of temporal and nasal axons in their approach to
their destined regions have been taken as support for the
notion that some kind of recognition between the ingrowing
retinal fibers and tectal cells might be involved in the
reformation of the retinotopic projection (Fujisawa et al.,
'82). Whether similar strategies are used by regenerating
axons in fish is not known, since a detailed description of
the path of regenerating axons to their target has not been
available. Such information is necessary in order to understand which mechanisms might be employed in the retinotectal system to guide growing fibers t o their target.
The experiments presented here investigated the path of
regenerating axons in goldfish. To learn how regenerating
retinal fibers of different origins in the retina will navigate
through the tectum, HRP-labeled axons were followed to
their termination region.
The first of the two reports analyzes the path of temporal
and nasal axons after long survival periods at times when
the retinotopic order has been reestablished. The trajectories of these axons will reveal how they gained successful
access to their target. It is also examined whether nasal
and temporal fibers differ in their approach t o their destined target. This first report forms the basis for the second
report, which then analyzes regenerating fibers at early
regeneration stages, when axons are still growing, and it
will provide insights into how axons initially explore the
tectum.
Preliminary results have been published as abstracts
(Stuermer et al., '86a,b).
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Fig. 1. Schernatized tectal whole mount showing t.he position of the six
representative regions, 1-6, a t which labeled retinal axons were counted
and their orientation determined. The regions (1-6) lie on rostrocaudal lines
connecting nucleus rotundus (NR) and the caudal tectal ends. The insert on
the upper left defines the directions in degrees of angle for each region:
rostral (R) 0", caudal (C) B O O , ventral (V)go", dorsal (D) 270".

MATERIALS AND METHODS
The optic nerves of goldfish (40-60 mm length) were cut
intraorbitally with iridectomy scissors under MS 222 anesthesia. Fish survived for various periods from 3 months to
1year after optic nerve section to allow for complete regeneration of the retinal axons. Crystals of HRP were applied
intraretinally to a few severed retinal axon bundles (Easter
and Stuermer, '84) close to the optic disc. HRP application
sites were in the dorsotemporal or dorsonasal retina. The
fish were revived, and 2-3 days were allowed for the intraaxonal transport andor diffusion of the HRP. Then with
fish again under anesthesia, the retina was removed from
the operated eye (Stuermer and Easter, '84a), flattened and
fixed for 2 hours in 4% glutaraldehyde in phosphate buffer.
The retina was taken through incubations in Tris buffer,
0.5% cobalt chloride in Tris buffer, and phosphate buffer
and then transferred into the final reagent chromogen odianisidin (10 mg in 20 ml with two drops of 3% hydrogen
peroxide [HZO,] added), for 20 minutes, washed in phosphate buffer, flattened on a subbed slide, dehydrated, and
coverslipped under Permount.
The anesthetized fish were perfused intracardially with
0.75% saline; the tectal lobes (and when possible, the nerves)
were removed and directly transferred into a diaminobenzidine (DAB)solution (10 mg DAB in 10 ml phosphate buffer
with one drop of 30% HzOz added) for 40 minutes, and
subsequently were fixed for 2 hours in 4% glutaraldehyde
in phosphate buffer. Then the tecta were slit from the
caudal pole, placed on subbed slides (dorsal tectal surface
upwards), dehydrated, and coverslipped under Permount.
The HRP-labeled retinal axons and their terminal arbors
were clearly visible under microscopic observation. Since
the blood vessels were also stained, making photographic
documentation difficult, the labeled axons were traced by
means of a drawing tube throughout most of the intratectal
path. For documentation of the fiber distribution, camera
lucida tracings were made from observations with a x 25
oil-immersion lens resulting in drawings of 2 x 2 m. For
more detailed inspections of axons x 63 oil and x 100 oil-
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Fig. 2. Camera lucida tracing of labeled dorsotemporal axons in a tectal
whole mount of a normal fish. Axons are confined to the ventral hemitectum. They run for short distances over fascicles (F)in stratum opticum (SO)
and then over extrafascicular (EF) routes in stratum fibrosum et griseum

superficiale toward their retinotopic target region (arrows). In this and all
subsequent whole mounts axons in the superficial fascicle layer (SO) and
the deeper synaptic layer (SFGS) are drawn in one plane. R = rostral, C =
caudal, D = dorsal, V = ventral.
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immersion lens were used. In all camera lucida tracings,
the axons coursing at various levels of depth of the tectum
were drawn in one plane.
To assess the distribution of fiber directions over the
tectum quantitatively the following approach was used:
The direction of labeled fibers was determined in six areas
of 180 pm diameter (the visual field provided by the x 63
oil-immersion lens) in three areas in the ventral (1-3) and
the dorsal hemitectum (4-6) (Fig. 1). Sites 1 and 4 were in
the rostral tectum, 2 and 5 at midtectal level, and 3 and 6
in the caudal tectum, as indicated in Figure 1. These areas
lay on a line running rostrocaudally from nucleus rotundus
through the middle of each hemitectum to the caudal tectal
ends. All labeled fibers, visible in these areas under inspection with x 63 oil-immersion lens were drawn, and the
angle they formed with the rostrocaudal axis was determined. A prerequisite for the determination of the direction
of a fiber is to know where a fiber came from and traveled
to. This information was achieved by tracing the fiber's
course through the tectum to its end. In most cases the
direction of each fiber was given by a line connecting the
two points at which the fiber intersected the circular visual
field. In some instances fibers underwent drastic alterations of their course within the area under inspection. Then
only the newly acquired direction was evaluated.
Definitions of the axonal directions in degrees were rostral O", caudal 180",ventral go", and dorsal 270" (Fig. 1).
The fiber directions, expressed in degree of angle at each of
the sites 1-6, were collected from six tecta in each experimental group and pooled. The direction of each fiber within
a 10"range was represented as a line.
For each experimental group, the number of fibers at each
site and the range of the fiber directions reflected, for a
given population, their typical mode of traversing the
tectum .

RESULTS
Punctate application of HRP pellets to radially oriented
axons in the retina near the optic disc retrogradely stained
the severed axons and their parent ganglion cells in a sector
of retina extending from the site of application to retinal
periphery and anterogradely stained the axons in the optic
nerve, tract, and tectum opticum. HRP application sites
were always located at similar sites either in dorsotemporal
or dorsonasal retina. The area covered by labeled ganglion
cells consisted of between 3 and 6% of the retinal surface.
The trajectories of labeled regenerating axons of dorsonasal
or dorsotemporal retinal origin in tectum were traced and
compared to those in normal fish. This study is based on 44
experimental and ten normal tecta.

The routes of labeled dorsotemporal and dorsonasal
axons in the normal fish
The terminal arbors of labeled dorsotemporal and dorsonasal axons were clustered in the synaptic layer stratum
fibrosum et griseum superfkiale (SFGS) at retinotopic sites
in the ventral hemitectum. The zone occupied by terminal
arbors extended from the center of tectum to the rostroperipheral margin (Figs. 2, 3). The path of normal dorsotemporal and dorsonasal axons over tectum was very orderly,
and consistent with those described previously (Stuermer
and Easter, '84b; Easter and Stuermer, '84; Stuermer, '84).
In brief, dorsotemporal and dorsonasal axons pass into the
ventral hemitectum through the ventrolateral branch of
the optic tract (Stuermer and Easter, '84a). Most dorsotem-

poral axons (Fig. 2) travel through the upper fascicle layer
in stratum opticum (SO) for a short distance participating
in fascicles of all ages, and then take extrafascicular routes
through the synaptic layer SFGS to reach their termination
sites in the ventrorostral tectum. The extrafascicular routes
are established when the axonal terminal arbors shift during the ongoing growth of retina and tectum from their
original termination site close to their fascicle of origin to
their retinotopic termination site (Easter and Stuermer,
'84).
Dorsonasal axons (Fig. 3) course through fascicles in the
upper fascicle layer for a considerable proportion of each
fascicle's rostrocaudal extent (Stuermer and Easter, '84b;
Easter and Stuermer, '84) before approaching their retrinotopic termination sites in the ventrocaudal tectum
through extrafascicular routes.

The paths of regenerating dorsotemporal axons 3-12
months after optic nerve section
The tectal paths of regenerating dorsotemporal axons differ markedly from those of normal axons (Figs. 2, 4). The
camera lucida drawing in Figure 4 shows the distribution
and routes of labeled regenerating dorsotemporal axons 9
months after optic nerve section. The vast majority of labeled axons ended in terminal arbors which resided, in the
ventrorostral hemitectum, retinotopic with respect to the
position of labeled ganglion cells in retina. Two examples
of these terminal arbors are illustrated in Figure 5 . A few
terminal arbors were found at nonretinotopic sites (Fig. 5).
In this tectum and in about one-third of all tecta examined,
most terminal arbors at retinotopic sites were condensed
into clusters instead of forming a continuous wedge. These
observations confirm similar findings of Meyer et al. ('85)
and Rankin and Cook ('861. Isolated arbors occurred between these clusters. The distribution of labeled axons over
the tectum was graded in density. By far the most labeled
axons were found in the rostral tectal half but comparatively few were found in the caudal tectum. Unlike normal
dorsotemporal axons, the regenerated axons had entered
into and traveled over both the retinotopically appropriate
ventral and the inappropriate dorsal hemitectum. Axons in
the ventral hemitectum either coursed directly caudally
toward their retinotopic target region or they followed the
routes of the previous fascicles and bent peripherocentrally.
Others continued in caudal directions and passed beyond
the retinotopic region and then underwent course corrections. These were achieved either by hairpin loops or gradually in gentle central bends. Some examples of these routes
were depicted from Figure 4a and are illustated in Figure
4b. This figure shows also trajectories of misrouted axons
in the dorsal hemitectum. Several axons in the dorsal hemitectum approached the retinotopic sites by bending either
abruptly or gradually peripherocentrally to course toward
the tectal equator in a layer deep to the fascicles. They
crossed the equator either individually or associated into
small bundles and ran toward their target sites. Other
axons appeared to follow the curved routes of the previous
dorsal fascicles, which normally contain fibers of ventral
retina, to a variable extent. Most remained in fascicle routes
up to the tectal equator before crossing into the ventral
hemitectum.
A few axons had erred into the caudal tectum. It was
impossible to determine if and how these errant axons
would find their way back to the retinotopic region.
Thus, even when misrouted, most regenerating dorsotemporal axons find their way back to the appropriate retino-
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Fig. 3. Camera lucida tracing of labeled dorsonasal axons in a tectal whole mount of a normal fish. The vast
majority of axons course through the ventral hemitectum. They travel over rostral, intermediate, and peripheral
fascicles (F)through SO and proceed in extrafascicular routes (EF)through SFGS toward their retinotopic target
region (arrows). Abbreviations as in Figure 2.
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Fig. 4. Tectal whole mount with regenerated dorsotemporal axons, 9
months after optic nerve section. (b) Typical examples of axonal routes
depicted from a.Axons travel over both the ventral and dorsal hemitectum
through fascicular routes i n SO and through various routes in SFGS toward
their retinotopic target (dashed lines). Misrouted axons cross from the in-

appropriate dorsal back into the ventral hemitectum (large arrowheadsj.
Axons that had passed the retinotopic region correct their course abruptly
or more gradually (arrows) to return to their target. Most terminal arbors
appeared condensed into separate clusters. Arbors at ectopic sites are marked
by small arrowheads. Abbreviations as in Figure 2.

topic region. Axons reach their target either directly, or
when misrouted, by undergoing direct or gradual course
corrections. Most dorsotemporal axons undergo course corrections over the more appropriate rostra1 half tectum. Only
a minor fraction stray through the caudal tectal half.
Similar fiber routes as those described here were found
in five other tecta a t long regeneration periods of 3-12
months after optic nerve cut.

The paths of regenerating dorsonasal axons 3-12
months after optic nerve section
Nearly all regenerating dorsonasal axons ended in terminal arbors clustered at retinotopically appropriate sites
in the ventrocaudal tectum (Fig. 6). This cluster of terminal
arbors differed in some cases from that in the normal in
that it did not extend to the peripheral edge of the tectum.
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Figure 4 continued

"he peripheral positions in tectum are usually inhabited
by young, newly arriving axons from newborn ganglion
cells at the retinal margin (Easter et al., '81; Stuermer and
Easter, '84b). Thus, either no new axons have invaded the
tectum, or they deployed their terminal arbors elsewhere
within the cluster. Alternatively, the young axons might be
insufficiently stained, and inspections of the retina showed
that peripheral ganglion cells were very lightly labeled.
The dorsonasal axons coursed over the ventral and dorsal
hemitectum (Fig. 6). In the ventral hemitectum they either

ran similarly to normal axons, over fascicular and then
extrafascicular routes, or they grew straight through the
synaptic layer to their retinotopic region. Several axons
passed the target sites but then turned rostrally, either
abruptly or gradually, to deploy their terminal arbors in
the retinotopically appropriate region. Some typical examples from the tectum in Figure 6a are depicted in Figure
6b.
In the dorsal hemitectum, most axons traveled over routes
of the previous dorsal fascicles until they reached the tectal
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TABLE 1. Number of Regenerating Dorsotemporal (DT) and Dorsonasal
(DN) Axons: Late-Regeneration Stages'
Ventral hemitectum

DT
DN

Region
Dorsal hemitectum

1

2

3

Xv

4

5

6

CD

XD+V

96
38

26
47

2
13

124
98

52
43

42
37

6
16

100
96

224
194

'Numbers ( N ) of regenerated dorsotemporal (DT) and dorsonasal (DN) axons at
representative regions 1to 6. Data were collected from six tectal whole mounts between
6 and 12 months after optic nerve section for each group. The fourth and the seventh
column give the sum (XI of axons over the ventral and dorsal hemitectum and the last
column includes the total number of axons for each group.

Fig. 5. Two terminal arbors of regenerated axons at 9 months after optic
nerve section. They are similar in size and branching pattern to normal
terminal arbors. Calibration bar: 100 pm.

equator (Fig. 6). Depending on whether they had traveled
over more rostral, intermediate, or peripheral fascicles they
crossed the tectal equator at rostral, central, or caudal sites
and then ran either caudally straight toward the retinotopic region (Fig. 6) or approached it from caudal to rostral,
respectively. Some axons in the synaptic layer were seen to
run directly, obliquely across the rostral tectum to their
target (Fig. 6).
Similar routes of long, regenerated dorsonasal axons as
described above were observed in additional five tecta 3-12
months after optic nerve section.
Thus, regenerating dorsonasal axons either take routes
which resemble those of normal axons or, when misrouted,
they establish novel routes which did not exist in the normal animal. Unlike dorsotemporal axons, which are largely
confined to the rostral tectum, dorsonasal axons traverse
the rostral tectum to proceed into the caudal tectal half to
reach their retinotopic target sites.

Quantitative evaluation of the distribution and
orientations of regenerating dorsotemporal and
dorsonasal axons
The two camera lucida tracings in Figure 4 and 6 show
that regenerating temporal fibers are largely confined to
more rostral tectal territories, whereas nasal fibers, which
are destined for termination regions in caudal tectum, are
spread over both the rostral and caudal tectum. To achieve
a quantitative measure of this differential distribution, the
labeled axons were counted at six representative regions in
tectum (Fig. 1). The angle at which the fibers crossed the
region under investigation was also determined (see Materials and Methods). Data were collected from 12 tectal whole
mounts-six with labeled dorsotemporal and six with labeled dorsonasal axons. From the six tecta of each group
the number of axons at each region was pooled. They are
listed in Table 1.The orientation of the axons over the same
region are documented in Figures 7 and 8.
The number of labeled temporal fibers declined drastically from rostral to caudal tectal regions. On the ventral
hemitectum, 43% of all fibers were present in the rostral

region 1,12%in the midtectal region 2, and only 1%in the
caudal region 3. On the dorsal hemitectum, the rostral
region 4 contained 23%of all fibers, the midtectal region 5
contained 19%,and the caudal region 6 only 3%.
The number of dorsonasal fibers did not change markedly
from the two rostral regions 1 and 4, where they consisted
of 20 and 22%, respectively, to the midtectal regions 2 and
5 , with 24 and 19%,respectively. However, the fiber number fell at caudal regions 3 and 6 to 6.7% and 8%,
repectively.
The tracings of regenerating axons in tectum (Figs. 4, 6 )
revealed that most fibers travel to their target through two
lines of growth. They ran over the curved routes of previous
fascicles for a variable extent, and, when not in the fascicles, they ran relatively direct toward their target. Dorsotemporal and dorsonasal axons share common routes within
the fascicles; however, they adopt very different directions
as soon as they direct their course toward their specific
target region.
This preference for certain directions is confirmed by the
quantification of fiber orientation over 12 tecta. As is evident from Figures 7 and 8, the orientations of nasal and
temporal fibers at the six regions which were investigated
are not random. Over rostral and midtectal regions, preferred orientations were clearly either that of the previous
fascicles (indicated by arrows in Figs. 7, 8 ) or directions
related to the target. Only at caudal tectal regions there
was no clear orientation preference.
The differences of behavior between nasal and temporal
axons were also substantiated. Most nasal fibers (Fig. 8) at
rostral and midtectal regions subtended a range of orientations of roughly 90" and were of caudal and peripherocentral orientation. These orientations included both the
directions of fascicles and directions toward the target in
the ventrocaudal hemitectum.
The directions of temporal axons (Fig. 7) ranged more
widely and were mostly composed of fibers in the same
orientations as the fascicles or of orientations directed toward the termination region in rostroventral tectum. The
latter orientations were mostly absent from the plots of
nasal fibers since nasal axons are destined for caudoventral
tectum.
The differences of axonal orientations were most clearly
apparent in regions 2 , 4 , and 5, where dosotemporal axons
undergo course corrections but dorsonasal axons continue
to travel into caudal tectum. This difference was statistically significant (probability of uniformity less than 1%by
Wilcoxon Mann-Whitney test).
Thus, the quantitative evaluation of the distribution and
directions of dorsotemporal and dorsonasal axons confirmed
the impressions gained from the camera lucida tracings.
The distribution and routes of regenerating nasal and tem-
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target region, and nasal, and temporal axons, once off the
tracks of the fascicles, approach their destination rather
directly.

DISCUSSION
Our present investigation provided direct evidence that
guidance along normal pathways is not a prerequisite for
regenerating retinal axons in goldfish to successfully reach
their designated target. The proportion of misrouted axons
is remarkably large, consisting of up to 50% of axons in
quantitative estimates. Even when misrouted the regenerating axons do not travel in random routes through tectum.
Once in the synaptic layer SFGS, they course directly toward their target sites.
One strategy for misrouted axons to meet their target
could have been a random search over the surface of tectum. Although the regenerating fibers course in highly
abnormal routes their path over tectum speaks for their
ability to distinguish between more and less appropriate
tectal territories. The vast majority of dorsotemporal axons
were restricted to the more rostral tectal half, and fewer
coursed through the caudal tectal half. The nasal axons, in
contrast, pass over the rostral tectum in order to innervate
the caudal tectum. These data strongly suggest that temporal axons have a higher affinity for rostral than caudal
tectum. The nasal axons might have a preferential affinity
for caudal tectum, or alternatively move away from rostral
sites which become occupied by temporal axons. However,
in the light of two sets of additional experiments we favor
the first possibility. In very early regeneration stages, when
only a fraction of the axons have arrived in tectum, the
nasal fibers were already seen to have traversed the rostral
tectum and advanced into the caudal tectum whereas temporal axons remained in rostral tectum (Stuermer, '87).
Further, in the absence of temporal axons, which had been
removed by surgical ablations of temporal retina, the nasal
axons ran in similar routes to those described here. The
same was true for temporal axons in the absence of nasal
axons (Humphrey and Stuermer, '86).
Regenerating fibers of dorsal or ventral retinal origin are
also able to discriminate between their more appropriate
ventral and inappropriate dorsal hemitectum, respectively.
This is documented by the fact that the dorsonasal or dosotemporal axons appear to cross deliberately from the inappropriate dorsal into the ventral hemitectum. Crossings of
the tectal equator are extremely rare or absent in normal
tecta. Such course corrections are unnecessary in the normal animal since dorsal ventral axons are already separated in the optic nerve and tract and enter through the
ventrolateral or dorsomedial brachium into their designated hemitectum (Attardi and Sperry, '63; Easter et al.,
'81). In earlier experiments (Stuermer and Easter, '84a) we
tested whether regenerating axons for dorsal and ventral
retina would exhibit a preference for the ventrolateral and
dorsomedial brachium, respectively, before entering into
tectum, and we found that they did. Therefore, in the current experiments, we expected to find a higher number of
fibers in their appropriate ventral hemitectum; however, in
most cases axons entered into both hemitecta in almost
equal numbers. This difference originates, probably, from
different HRP placements in retina. Here, we placed the
HRP close to the optic disc, which labels axons from central
and peripheral retina. In our earlier study, the label sites
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were more peripheral, so that we traced the routes of more
peripheral ganglion cell axons. These observations suggest
that the more peripheral ganglion cell axons might be more
selective for their appropriate brachium than the central
axons (Stuermer, '86).
Before entering into the synaptic layer SFGS numerous
misrouted axons follow the routes of the previous fascicles.
These routes might represent attractive but rather unspecific pathways for regenerating axons. The misrouted axons
in the fascicle layer do not reassociate appropriately with
their normal age-related partners (Stuermer, '86),nor do
they reliably exit from the fascicles in the normal temporonasal order (Stuermer and Easter, '84b; Stuermer, '86).
For instance, a substantial number of dorsotemporal axons
follow the routes of the previous dorsal fascicles (normally
consisting of ventral axons) in rostral and intermediate
position right up to the tectal equator and thus behave as
nasal axons normally do. The fascicle routes may constitute
some kind of performed pathway that constrains the axons
mechanically to these paths. Similar guidance mechanisms
have been reported for the growing motoraxons in the chick
limb (Stirling and Summerbell, '81; Tosney and Landmesser, '84).The regenerating axons may also be attracted by
vestiges of old fibers or by other regenerating fibers within
these routes. Another possibility is that these routes contain some growth-permissivesubstances that allow for rapid
axonal growth, and axons might prefer these substrates
over the intricate neural network of SFGS.
However, while following these routes axons do not appear to be totally unresponsive to more specific guidance
cues. Most temporal axons, for instance, depart from routes
of the peripheral fascicles before being misled into the caudal tectum. Likewise, nasal axons are able to depart from
the fascicles to run obliquely across tectum toward their
targets in the other hemitectum.
Once axons enter into the synaptic layer SFGS their
routes are directed toward their target sites. Therefore it
seems possible that the axons are more susceptible t o positional information in tectum in the deeper layers or positional cues are more strongly expressed in SFGS. The
finding that they are capable of orienting toward their
target from various tectal regions strongly suggests that
guidance cues or markers are present in the tectum.
In uitro experiments in the chick retinotectal system have
provided evidence that such markers might be cell surface
molecules on tectal cells (Bonhoeffer and Huf, '82; KernVeits, '85). According to Gierer ('81) and Bonhoeffer and
Gierer ('84), a few molecules suffice to determine the position of the tectal and retinal cells, when these molecules
are distributed in a graded concentration over the tectum
and retina. This concept implies that the growing axons
will not only recognize their termination site but should be
capable of establishing goal-directedroutes from any given
point of tectum. The mode in which regenerating axons in
the synaptic layer navigate toward target is consistent with
their concept.
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Fig. 6. a: Tectal whole mount with regenerated dorsonasal axons, 12
months after optic nerve section. Labeled axons course over both the dorsal
and ventral hemitectum in fascicular routes in SO and through various
routes i n SFGS toward their retinotopic target (arrows). Misrouted axons

1mm
cross from the dorsal into the ventral hemitectum (arrowheads) and return
from the far caudal tectal end to course toward their target. b: Typical
examples of axonal path depicted from Figure 5a. The retinotopic target
region is marked by strippled lines. Abbreviations as in Figure 2.
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Fig. 7. Regenerated dorsotemporal axons. The number of axons declines
from rostral over midtectal to caudal regions (compare Table 1). Most axons
in rostral and midtectal regions had either orientations of the fascicles
(arrows) or achieved orientations related to the direction of the target.

individual axon is represented as a black line. The reintotopic target region
is indicated as a sector with diagonal lines. Abbreviations as in Figure 2.
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Fig. 8. Regenerated dorsonasal axons. Axons were similar in orientation
and number over rostral and midtectal regions (compare Table 1). Axon
number declined in caudal regions. At rostral and midtectal regions most
axons were of caudal orientation and in orientations of the fascicles (arrows). Axons occurred in various orientations in caudal regions.

'

-

C

C.A.O. STUERMER

68

LITERAUTRE CITED
Attardi, D,G., and R,W, Sperry (1963) Preferential selection of central pathways by regenerating optic fibers. Exp. Neurol. 7t46-64.
Bonhoeffer, F,, and J. Huf(1g80)Recognition of cell types of axonal growth
cones in uitro. nature 288:162-164.
Bonhoeffer, F., and J. Huf 11982) In uitro experiments on axon guidance
demonstrating an anterior-posterior gradient on the tectum. EMBO J.
1:427-431.
Bonhoeffer, F., and A. Gierer (1984) How do retinal axons find their targets
on tectum? TINS:378-381.
Cook, J.E. (1982) Errant optic axons in the normal goldfish retina reach
retinotopic tectal sites. Brain Res. 250:154-158.
Cook, J.E. (1983) Tectal paths of regenerating optic axons in the goldfish
Evidence from retrograde labelling with horseradish peroxidase. Exp.
Brain Res. 51:433-442.
Cook, J.E., and T.J. Horder (1977) The multiple factors determining retinotopic order in the growth of optic fihres into the optic tectum. Philos.
Trans. R. SOC.
Lond. [Biol] 278261-276.
Cook, J.E., and E.C.C. Rankin (1986) Impaired refinement of the regenerated retinotectal projection of the goldfish in stroboscopic light: A quantitative study. Exp. Brain Res. 6.3:421-430.
Easter, S.S., A.C. Rusoff, and P.E. Kish (1981) The growth and organization
of the optic nerve and tract in juvenile and adult goldfish. J. Neurosci.
1:793-811.
Easter, S.S., and C.A.O. Stuermer (1984) An evaluation of the hypothesis of
shifting terminals in goldfish optic tectum. J. Neurosci. 4:1052-1063.
Fawcett, J.W., and R.M. Gaze (1981) The organization of regenerating axons
in the Xenopus optic nerve. Brain Res. 229487-490.
Fujisawa, H. (1981) Persistence of disorganized pathways and tortuous trajectories of the regenerating retinal fibers in the adult newt, Cynops
pyrrhogaster. Dev. Growth Differ. 23215-219.
Fujisawa, H., N. Tani, K. Watanabe, and Y. Ibata (1982) Branching of
regenerating retinal axons and preferential selection of appropriate
branches for specific neuronal connection in the newt. Dev. Biol. 90:4357.
Gaze, R.M. (1970) The Formation of Nerve Connections. London: Academic
Press.
Gierer, A. (1981)Development of projections between areas of the nervous
system. Biol. Cyhern. 4269-78.
Horder, T.J. (1974) Changes of fibre pathways in the goldfish optic tract
following regeneration. Brain Res. 7241-52.
Humphrey, M., and C.A.O. Stuermer (1986) Pathways of regenerating goldfish retinotectal axons following half-retinal ablation. The Making of
the Nervous System. Kent, Ahstr., p. 39.
Jacobson, M., and R.M. Gaze (1965) Selection of appropriate terminations
by regenerating optic fibres in the adult goldfish. Exp. Neurol. 13:418430.
Kern-Veits, B. (1985) Untersuchungen zur Spezifischen Erkennung von
Oberflachenkomponenten in Zellmembranen durch Retinale Axone in
vitro. Doct. Diss. Tuehingen.
Meyer, R.L. (1980) Mapping the normal and regenerating retinotectal projection of goldfish with autoradiographic methods. J. Comp. Neurol.

189273-289.
Meyer, R.L. (1983) Tetrodotoxin inhibits the formation of refined retinotopography in goldfish. Dev. Brain Res. 6293-298.
M e w , R.L., K. Sakurai, and E. Schanwecker (lgB5)
Topography Of regenerating optic fibers traced with local wheat germ injections into retina:
Evidence for discontinuous microtopography in the retinotectal projection. J, camp, ~
~239,.27-43,
~
~
~
l
,
Northmore, D.P.M., and T. Masino (1984) Recovery of vision in fish after
optic nerve crush: A behavioral and electrophysiological study. Exp.
~
~84;109-125,
~
~
~
l
,
Rankin, E.C.C., and J.E. Cook (1986) Topographic refinement of the regenerating retinotectal projection of the goldfish in standard laboratory
conditions. A auantitative WGA-HRP studv.
” Exu.
* Brain Res. 63:409420.
Schmidt, J.T., and D.L. Edwards (1983) Activity sharpens the map during
the regeneration of the retinotectal projection in goldfish. Brain Res.
26929-39.
Schmidt, J.T., D.L. Edwards, and C.A.O. Stuermer (1983) The reestahlishment of synaptic transmission by regenerating optic axons in goldfish:
Time course and effects of blocking activity by intraocular injection of
tetrodotoxin. Brain Res. 269:15-27.
Sperry, R.W. (1944) Optic nerve regeneration with return of vision in anurans. J. Neurophysiol. 7:57-69.
Stuermer, C.A.O. (1984) Rules for retinotectal terminal arhorizations in the
goldfish optic tectum. A wholemount study. J. Comp. Neurol. 229214232.
Stuermer, C.A.O. (1986) Pathways of regenerated retiontectal axons in
goldfish. I. Optic nerve, tract and tectal fascicle layer. J. Emhryol. Exp.
Morphol. 93, 1-28.
Stuermer, C.A.O., and S.S. Easter (1984a) A comparison of the normal and
regenerated retinotectal pathways of goldfish. J. Comp. Neurol. 223:5776.
Stuermer, C.A.O., and S.S. Easter (1984h) Rules of order in the retinotectal
fascicles of goldfish. J. Neurosci. 4:1045-1051.
Stuermer, C.A.O., M. Beckmann, and A. Habring (1986a) Morphology of
regenerating retinal axons and growth cones in the goldfish tectum.
The Making of the Nervous System Kent, Ahstr. p. 30.
Stuermer, C.A.O., A. Wizenmann, and A. Kelber (198613) Navigation of
regenerating retinotectal axons in goldfish. SOC.
Neurosci. Abstr. 12:389.
Stuermer, C.A.O. (1987) The trajectories of regenerating retinal axons in
the goldfish tectum: 11. Exploratory branches and growth cones on axons
a t early regeneration stages. J.Comp. Neurol. 267:69-91.
Summerbell, D., and R.V. Stirling (1981) The innervation of dorsoventrally
reversed chick wings: Evidence that motor axons do not actively seek
out their appropriate targets. J. Emhryol. Exp. Morphol. 61233-247.
Taylor, J.S.H., and R.M. Gaze (1985)The effects of the fibre environment on
the paths taken by regenerating optic nerve fibers in Xenopus. J. Emhryol. Exp. Morphol. 8 9 3 8 3 4 0 1 .
Tosney, K.W., and L.T. Landmesser (1984) Pattern and specificity of axonal
outgrowth following varying degrees of chick limb bud ablation. J.
Neurosci. 4:2518-2527.
Udin, S. (1978) Permanent disorganization of the regenerating optic tract
in the frog. Exp. Neurol. 58:455-470.

