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Abstract 

This study tested the capacity of regenerating optic fibers to read tectal markers and thereby 
grow to their appropriate tectal loci when initial position, optic pathway, and interfiber interactions 
are eliminated as useful cues. The stability of these markers with long-term optic denervation of 
the tectum was also examined. In adult goldfish optic fibers innervating lateroposterior optic tectum 
were dissected free of tectum and inserted into the medial anterior region of the opposite “host” 
tectum. Normally, fibers at this position either innervate medial anterior tectum or follow the 
medial division of the optic pathway into medioposterior tectum. Host tectum was denervated of all 
other optic fibers by enucleating its contralateral eye either at the time of the deflection or at 
various times up to 18 months prior to deflection. The regeneration of these deflected fibers into 
host tectum was examined by autoradiography and electrophysiology at 1 to 11 months later. At 
the insertion site deflected fibers split into two groups of roughly equal size. One group directly 
entered the optic layers of medial tectum and grew posterolaterally across the medial half of tectum 
into the lateral half. The second group followed an almost direct path to the lateral tectum, 
sometimes traversing through the deep cell layers of tectum in which optic fibers are not uusually 
found. These fibers subsequently entered the optic layers at the lateral edge of tectum and grew 
posteriorly. This second path was not seen in controls in which optic fibers from medioposterior 
tectum were similarly deflected. Instead growth was almost entirely posteriorly directed. On the 
average by 1.5 months deflected lateroposterior fibers were preferentially distributed in the lateral 
half of the tectum. Densitometric measurements indicated nearly a 4-fold difference in lateropos- 
terior compared with medial posterior labeling. By contrast, controls in which medial posterior 
fibers were deflected had 4 times more grains medially than laterally. There was also a posterior 
over anterior preference, but this was weak. There was no suggestion that long periods of optic 
denervation prior to deflection or long postoperative periods after deflection of lateroposterior fibers 
diminished the lateral over medial preference. These findings support the idea that stable tectal 
markers exist which are differentially read by medial and lateral optic fibers. However, in no case 
was the innervation by deflected fibers as selective as in the normal projection. It is argued that the 
weak selectivity particularly for the anterior-posterior axis is not due to an absence of markers but 
rather to an absence of interfiber interactions and to a tendency of deflected fibers to terminate 
along their growth path. 

For the problem of how nerve fibers form selective 
connections in development, several long-standing issues 
continue to be raised. Three in particular have been the 
focus of a number of seemingly conflicting models. The 
first issue is the extent to which fibers have and use 
intrinsic position-dependent markers to direct their 
growth as in the chemoaffinity hypothesis (Sperry, 1963; 
Hunt and Jacobson, 1974; Meyer and Sperry, 1976; 
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Fraser and Hunt, 1970). The second is whether time and 
positional factors together with mechanical guidance 
structures, i.e., factors extrinsic to retinal and tectal cells, 
are responsible for order (Horder and Martin, 1978; 
Singer et al., 1979; Bunt, 1982). The third is the possible 
contribution of interfiber interactions which might gen- 
erate interfiber ordering independent of tectal markers 
(Gaze and Keating, 1972; Jacobson and Levine, 1975; 
Meyer, 1978a; Cook, 1979; Sharma and Tung, 1979). 
These might act either indirectly such as by competition 
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for synaptic space (Prestige and Willshaw, 1975) or 
directly such as by contact affinities between fibers 
(Meyer and Sperry, 1976; Meyer, 1978a; Fraser and 
Hunt, 1980). Though these questions have been fre- 
quently addressed in research using regenerating retin- 
otectal fibers, agreement on the relative merits of these 
ideas remains elusive. One reason for the uncertainty 
has been the difficulty of absolutely excluding any two 
of the above categories of models in any experiment. 
Thus, many studies lend themselves to several alterna- 
tive interpretations. In the particular case of studies 
aimed at examining the possible role of retinal and tectal 
markers (e.g., chemoaffinity), in general it has not been 
possible entirely to eliminate or accurately assess the 
contribution from time-position-mechanical guidance 
factors and interfiber interactions. Consequently, the 
nature and magnitude of the role of marker-dependent 
growth still needs clarification. For example, in the study 
by Attardi and Sperry (1963), selective reinnervation of 
the tectum was observed following combined nerve crush 
and partial retinal ablations. The original interpretation 
was that fibers exhibit chemoaffinity preferences for 
their appropriate tectal loci. Subsequently, this result 
was interpreted in terms of mechanical order within the 
optic nerve and tract (Horder and Martin, 1978; Bunt, 
1982). Later studies have reported expanded projections 
from partial retinas (Schmidt et al., 1978) or compression 
of an intact retina onto a half-tectum (Gaze and Sharma, 
1979; Meyer, 1977) and have prompted explanations 
invoking interfiber interactions (Gaze and Keating, 1972; 
Prestige and Willshaw, 1975). Other important experi- 
ments indicative of positional labels are those in which 
a piece of tectum is rotated or translocated. The original 
finding was that fibers grow to their orginal tectal loci 
(Sharma and Gaze, 1971; Yoon, 1973). Later a substan- 
tial number of exceptions were found in which fibers 
ignored the origin of the transplant (Jacobson and Lev- 
ine, 1975; Rho and Hunt, 1980). These again have been 
interpreted as interfiber interactions or effects of timing 
and position or mechanical guidance. Other work sugges- 
tive of tectal labels was from pathway analysis following 
simple nerve crush. Many optic fibers were found to 
travel abnormal routes and yet form a retinotopic pro- 
jection (Horder, 1974; Udin, 1978; Meyer, 1980; Fujisawa, 
1981). However, this has been interpreted as interfiber 
interactions with minimum polarity cues given by tectum 
or adjacent structures (Hope et al., 1976). It might also 
be argued that the majority of regenerating fibers arrived 
at their appropriate tectal loci by growing along the 
correct pathway and the remaining fibers which traveled 
anonalous routes simply located their correct retinal 
neighbor by interfiber interactions rather than by read- 
ing tectal labels. The question of stability of these puta- 
tive retinal and tectal markers has also been raised 
(Mayer and Sperry, 1976; Schmidt, 1978). It has been 
claimed that if the tectum is denervated of optic fibers 
for many months, its positional markers disappear; or if 
an expanded projection from a half-retina is allowed to 
exist for many months, the tectal markers change to 
conform to the expanded projection (Schmidt, 1978). It 
is also commonly recognized that degeneration debris is 

a potential complication in most regeneration experi- 
ments, but rarely has it been possible to control for its 
effects. 

The present study is an effort to further clarify the 
role and determine the stability of putative retinal and 
tectal labels in the formation of topography. For the 
present purposes these labels are meant in an operational 
sense, i.e., as position-dependent properties of retina and 
tectum that somehow produce selective growth of optic 
fibers. No assumptions are made as to underlying mech- 
anisms and chemical nature. The experimental question 
asked is where will a selected fraction of optic fibers grow 
if they are directly inserted into an incorrect tectal 
position and pathway when no other optic fibers are 
present in the tectum. In this case initial position and 
pathway cues should work against marker-mediated 
growth. Also there is no opportunity for cuing from fibers 
from other retinal regions; i.e., differential timing or 
interfiber interactions from these other fibers can be 
excluded. Selective interfiber interactions are particu- 
larly important to rule out since selective innervation 
could be interpreted in these terms even if misrouted 
fibers find their appropriate tectal site. As mentioned 
above it is possible that misrouted fibers cue in on the 
homotopic retinal fibers which were not misrouted and 
arrived at their correct tectal site by following nonspe- 
cific pathway cues. If appropriate innervation were to 
form under the proposed conditions, marker-mediated 
growth would be clearly implicated. On the other hand 
inappropriate innervation would suggest that markers 
cannot override all initial errors of position and pathway, 
and their existence or stability might be questioned. 
Since the results, in fact, did point to the existence of 
marker-mediated growth, it was further asked if the 
selective innervation pattern was altered by long post- 
operative survival or by a long period of prior optic 
denervation of tectum. A decrease in selective innerva- 
tion with time would be consistent with the notion that 
tectal labels are labile, i.e., require optic innervation for 
their maintenance. Undiminished selectivity would dem- 
onstrate stability of these labels and their independence 
of optic innervation for maintenance. Varying the period 
of prior denervation would also test for the possible 
contribution of degeneration debris which is known to 
be resorbed with time. 

The experiment used regenerating optic fibers in ma- 
ture goldfish because this system is amenable to a sur- 
gical technique by which a relatively small number of 
selected optic fibers can be inserted into specific tectal 
regions (Meyer, 1978a; 1979). Specifically, fibers that 
normally innervate posterolateral tectum were deflected 
into the medial anterior edge of the opposite host tectum. 
This insertion site is the maximal distance from the 
appropriate tectal quadrant and is in the far medial 
division of the optic tract which supplies medial rather 
than lateral tectum. The host tectum was denervated of 
other optic fibers by enucleation of its contralateral eye 
to eliminate interactions with fibers from other retinal 
regions. The stability of the putative tectal labels as well 
as the possible effect of degeneration debris was tested 
by varying the period of enucleation prior to deflection 
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and the period after deflection. Autoradiographic and 
electrophysiological methods were used to trace the de- 
flected fibers. 

Materials and Methods 

Animals. Juvenile common goldfish, 5 to 7 cm in body 
length, were maintained in standard aquaria. Illumina- 
tion was of low intensity and diurnal, with 12 hr light, 
and 12 hr dark (Table I). 

Surgery. The surgical methods were similar to those 
described previously (Meyer, 1978a; 1979). Under tri- 
Caine methanesulfonate anesthesia, a large flap was re- 
moved over the tectum. A curved glass pipette serving as 
a combined aspirator and retractor was used to expose 
the lateral half of the tectum. With a fine needle, a long 
strip of the lateral edge of the right tectum was freed 
from surrounding tectum except at its anterior end. This 
strip was essentially the lateral and lateroposterior tectal 
margin plus 300 to 500 pm of adjacent tectum. It included 
those fibers which arrive through the ventrolateral bra- 
chia of the optic tract which supply the lateroposterior 
tectal quadrant. The integrity of the anterior end of the 
optic fibers was preserved in the tectal strip; i.e., their 
connection with left retina was intact. For the controls 
fibers were taken from the medial edge of the tectum as 

in a previous study (Meyer, 1978a). These fibers supply 
medial posterior tectum. In both cases the posterior end 
of the strip was then lifted across the midline and in- 
serted into a 300- to 500~pm incision at the anteromedial 
edge of left tectum. The cranial flap was replaced. The 
right eye was enucleated by cutting away the muscles, 
nerves, and other attachments with iridectomy scissors 
and removing the eye. In some animals only enucleation 
was performed. Fish recovered normal swimming move- 
ments in a few minutes without signs of motor dysfunc- 
tion. 

Autoradiography. The vitreous of the left eye was 
injected with 25 to 50 &i of tritiated proline in 1 ~1 of 
H,O. This was delivered through a 33-gauge needle which 
was inserted into the limbus and advanced until the tip 
was behind the center of the lens. After 12 to 24 hr the 
brain was fixed by immersion in a mixture of formalin, 
acetic acid, and alcohol. Serial paraffin sections, 20 to 30 
km thick, were taken in frontal orientation from the 
chiasm to the posterior end of the tectum. They were 
subsequently exposed to NTB-2 emulsion for 1 week 
using standard procedures (Cowan et al., 1972). A light 
cresyl violet stain followed. 

Electrophysiology. An eye-in-water recording appara- 
tus instead of the usual eye-in-air method was used 

NO. NilTIle 
Type of 
surgery 

Days after Days of 
Deflection Enucleation 
at Time of Prior to 
Labeling Deflection 

1 LB 1 Lateral deflection 24 0 

2 LB 12 Lateral deflection 30 56 

3 LB 13 Lateral deflection 30 56 

4 LB 14 Lateral deflection 30 56 

5 LB 3 Lateral deflection 49 28 

6 LB 17 Lateral deflection 51 56 

7 LB 2 Lateral deflection 77 0 

8 LB 6 Lateral deflection 90 24 

9 LB 7 Lateral deflection 90 24 

10 LB8 Lateral deflection 90 533 

11 LB 4 Lateral deflection 96 0 

12 LB5 Lateral deflection 96 0 

13 LB 10 Lateral deflection 104 533 

14 LB9 Lateral deflection 109 0 

15 LB 11 Lateral deflection 115 533 

16 LB 15 Lateral deflection 167 28 

17 LB 18 Lateral deflection 329 28 

18 LB 19 Lateral deflection 330 28 

19 LB 20 Lateral deflection 

20 MB7 Medial deflection 

21 MB8 Medial deflection 

22 MB Nl Medial deflection 
23 MB N2 Medial deflection 
24 MB 20 Medial deflection 

25 EN1 No deflection 

26 bN2 No deflection 
27 EN3 No deflection 
28 EN4 No deflection 

29 EN5 No deflection 

330 
31 
52 

96 
96 

747 

28 
14 
14 

0 

0 
14 
33 

336 
336 
913 

913 

TABLE I 
Table of animals 

Procedure 

Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 
Autoradiography and 

electrophysiology 
Autoradiography and 

electrophysiology 

Autoradiography and 
electrophysiology 

Autoradiography 
Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
Autoradiography 
Autoradiography 

Autoradiography 
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because it permits mapping the extreme periphery of the 
visual field. Recordings were from units or multiple units 
and were made with platinum-tipped electrodes insulated 
with glass. Fish were immobilized with curare. A detailed 
description has been given previously (Meyer, 1977). 

Photomicroscopy. Each of the photomontages of host 
tectum consisted of four photomicrographs taken as fol- 
lows. The most anterior photomicrograph was of the 
insertion site. The remaining three divided posterior 
tectum into four equal parts as determined by counting 
the number of sections between the first photomicro- 
graph and the most posterior section containing host 
tectum. For the montages all bright-field photomicro- 
graphs were taken on a single roll of film. Dark-field 
photomicrographs were taken on a second roll. Photo- 
graphic printing was controlled for uniformity of mag- 
nification, contrast, and exposure. Variability in the ap- 
pearance of tecta between fish is due to variability in 
cresyl violet staining. 

Microdensitometry. In order to be sensitive to the 
detection of fibers in foreign tectal regions, the exposure 
was such as to give relatively high grain densities in the 
areas of maximal innervation. Consequently, the auto- 
radiograms were unfavorable for grain counting which 
becomes difficult and inaccurate at high densities (Gold- 
stein and Williams, 1971). Instead, gross absorbance 
(-log transmittance) which is linearly related to expo- 
sure over a larger density range (Goldstein and Williams, 
1971) was used. Since exposure time was constant, then 
in practice absorbance was a linear function of amount 
of radioactivity. The system was a standard transmitted 
light microscope having stabilized quartz iodide light 
source, an eyepiece containing a l-mm pinhole in its 
internal image plane, and a photomultiplier tube behind 
this eyepiece. The effective diameter of the measuring 
spot was 55 ym. The reference reading (incident illumi- 
nation) was determined by reading a nonspecifically 
labeled brain region, such as cerebellum, on the same 
section. Regional density variations in the tissue itself 
were effectively eliminated by keeping the stain light and 
inserting a Kodak Wratten No. 47B filter in front of the 
photomultiplier. 

For each reading the measuring spot was centered over 
the main optic layer, the combined stratum opticum (SO) 
and stratum fibrosum et griseum superficiale (SFGS) 
(Vanegas et al., 1974). The 55-pm diameter of the spot 
was approximately the maximal thickness of this layer 
(SO + SFGS) in host tectum. Three such readings from 
immediately contiguous positions in this layer were av- 
eraged to give an integrated absorbance from a region 
which was roughly 55 pm deep and 165 pm wide. Sixteen 
of these 55- x 165-pm “strip measurements” were taken 
in host tectum and two in donor tectum. Four sections 
were selected for measurement. These were 0.12, 0.36, 
0.6, and 0.85 of the total number of tectal sections from 
anterior to posterior, respectively. Thus, they were 
equally spaced along the anteroposterior axis and as a 
whole shifted slightly anteriorly to compensate partly for 
the smaller size of the posterior tectal cross-section. In 
host tectum four strip measurements were taken from 
each of these sections. One was near the medial edge 

(centered approximately 150 pm in from the extreme 
tectal edge), one was near the lateral edge (also centered 
approximately 150 pm in), and two were equally spaced 
from the medial and lateral edges (one-third tectal cir- 
cumference or 700 to 1000 pm in from the medial or 
lateral edge). In effect these measurements approximated 
a nearly equally spaced 4 x 4 matrix of measurements of 
host tectum. In donor tectum one strip measurement 
each was taken of the 0.36 and 0.6 (anteroposterior) 
sections at one-third of the tectal circumference in from 
the medial edges in fish in which lateral fibers were 
deflected and one-third in from the lateral edge in fish 
in which medial fibers were deflected. 

Results 

To check whether enucleation was effective at dener- 
vating tectum on a long-term basis, i.e., whether enucle- 
ation produced ipsilateral growth of optic fibers, one eye 
was removed and no fibers were deflected in five fish. At 
33 (one fish), 336 (two fish), and 913 (two fish) days 
later, the remaining eye was injected with tritiated pro- 
line. No label could be detected in denervated tectum. 

All the remaining fish received both enucleation and 
deflection. The control deflection of medioposterior fi- 
bers (corresponding to inferior nasal retina) into me- 
dioanterior tectum will be briefly described first. A de- 
tailed qualitative account of both autoradiography and 
electrophysiology has been given previously (Meyer, 
1978a). The large majority of deflected fibers grew pos- 
teriorly from the insertion site so that at all postoperative 
times the bulk of the label remained within the medial 
half of tectum. Some label also extended from medial 
tectum into lateral tectum in decremental fashion; i.e., 
within the lateral half it progressively decreased in the 
medial to lateral direction until little or no label was 
detectable at the lateral edge. There was also differential 
labeling along the anteroposterior dimension with heav- 
ier label in the posterior half. However, this difference 
was a modest one so that both anterior and posterior 
halves were well labeled. Lamination was approximately 
normal except near the insertion site (see below descrip- 
tion for lateroposterior fibers). All the major optic layers 
could be identified in those tectal regions with heavy 
labeling. However, the main optic innervation layer, the 
stratum fibrosum et griseum superficiale, was always 
thinner than normal, and grain density was always dis- 
cernibly decreased from normal as judged by comparison 
with label from undeflected fibers in donor tectum. 

Densitometric measurements were made on five of 
these fish. Enucleation was either simultaneous with 
deflection or preceded it by 14 days. The survival time 
after deflection was 31,52,96, or 747 days. The temporal 
parameters are summarized in Table II, which also in- 
cludes the densitometric measurements for each of the 
five fish. The 16 densitometric measurements of host 
tectum are arranged as a 4 x 4 matrix such that the 
relative positions of the measurements are preserved. 
The top row represents the four measurements from the 
most anterior section with left to right corresponding to 
medial to lateral. Each successive row corresponded to 
the next posterior set of measurements with medial again 
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at the left. One can think of this representation of the 
data as a tectal map with anterior at the top and medial 
at the left. It is immediately obvious that in all five fish 
the medial half of the rectum (two left columns) had a 
substantially higher integrated absorbance than did the 
lateral half (two right columns). Since integrated absorb- 
ance is linearly related to exposure and hence to amount 
of label when exposure time is constant and since the 
label was distributed in a slowly varying graded fashion 
across the tectum, then a rough index of the medial- 
lateral difference can be taken as the ratio of the sum of 
medial measurements (two left columns) over the sum 
of the lateral measurements (two right columns) or M/ 
L. The value of M/L ranged from 3.8 to 16 (Table II) 
with the highest value for the fish at 31 days postopera- 
tively. A previous autoradiographic study of regenerating 
optic fibers in this system (Meyer, 1980) points to a 
number of differences between a l-month postoperative 
time and 2 months or more which must be considered. 
At 1 month not all fibers have yet reached their final 
position, but by 2 months most fibers are at or close to 
their final positions. At 1 month axoplasmic transport is 
markedly elevated as is labeling of fibers of passage. 
Label in the innervation layer is fasciculated in its den- 
sity and pattern of distribution. For these reasons it may 
be inappropriate simply to pool the measurements from 
fish at 1 month or less with those from fish at 2 months 

TABLE II 
Densitometry medial deflection 

Density readings are x 1000. 

Host Tectum Ratios 
DOnOr 

Tectum M/L P/A 
Medial” Lateral (Midlateral)” M/L A P/A M H/D 

M/LP P/AL 

Animal 
NallW 

(Postoperative) 

MB 7 (31, 14)* 

MB 8 (52, 14) 

MBN 1 (96, 0) 

MBN 2 (96, 0) 

MB 20 (747,14) 

114 57 7 9 
189 78 3 3 

149 78 4 6 
116 74 15 7 

90 54 10 6 
76 64 3 4 
88 66 6 7 
97 72 12 21 

60 57 12 4 
76 99 32 4 
78 95 41 4 
59 76 44 7 

54 38 9 6 
67 38 6 0 
36 47 10 0 
38 57 25 3 

15 13 0 0 
21 24 4 1 

21 27 16 3 
28 27 22 0 

153 
161 

329 
302 

250 
260 

106 
108 

59 

81 

16 0.98 1.2 

20 0.95 
13 1.5 

8.8 1.2 0.31 
12 1.1 

7 2.0 

4.1 1.2 0.39 
5.6 1.1 
3.2 1.8 

6.4 0.99 0.63 
9.4 0.90 
4.7 1.8 

3.8 1.8 0.40 
15 1.4 

2.5 8.2 

“For the 4 x 4 measurements, the left column is from the medial 
tectum, the right column is lateral, the top row is anterior, and the 
bottom row is posterior. See the text for details. 

*The first number is days after deflection at time of labeling. The 
second number is days of enucleation prior to deflection. 

or more. All the calculated averages reported below, 
therefore, will exclude fish at 1 month or less. The 
average M/L is 5.8 + 2.3 (standard deviation). M/L was 
also separately calculated for the anterior half (M/L-A) 
and posterior half (M/L-P) of the tectum. Without ex- 
ception M/L-A was larger than M/L-P for each fish. The 
average M/L-A was 10.5 f 4.0 compared with an M/L- 
P of 4.4 f 2.0. 

A posterior/anterior ratio (P/A) can be calculated 
similarly to the method for M/L as the sum of the first 
two rows of absorbance readings over the sum of the last 
two rows. P/A ranged from 0.98 to 1.8 with an average 
(excluding the 31-day animal) of 1.3 + 0.35, indicating 
that label was either evenly distributed across the anter- 
oposterior axis or greater in the posterior half. P/A 
calculated for only the medial half (P/A-M) was similar 
with an average of 1.1 + 0.21. By contrast P/A for the 
lateral half (P/A-L) was in all cases higher than P/A and 
P/A-M, ranging from 1.5 to 8.2 with an average of 3.4 f 
3.2. 

Finally, the peak density of label in host tectum rela- 
tive to presumably normal or donor tectal label (H/D) 
was determined by taking the highest single density 
reading in host tectum over the average of the two- 
density readings in donor tectum. With the single excep- 
tion of the 31-day fish where H/D = 1.2, reflecting 
increased transport, H/D was much less than 1, on the 
average of 0.43 f 0.14. 

All the average ratios are summarized in Table IV. 
Table IV also includes the normalized average densitom- 
etry readings for all the above fish except the 31-day 
animal. For this calculation the highest densitometry 
reading in host tectum for each fish was set at 100, and 
the readings at the other tectal positions were normalized 
accordingly. The normalized reading for each tectal po- 
sition from all fish was then averaged to give the 4 x 4 
matrix in Table IV. 

The results from deflection of lateroposterior fibers 
will now be described (Table III). At 24 or 30 days from 
deflection (four fish), label in regenerating deflected fi- 
bers was much heavier than normal and gave the ap- 
pearance of being distributed along the shafts of fibers 
rather than concentrated at the terminal as is typical for 
early stages of regeneration (Grafstein and Murray, 1969; 
Meyer, 1980). In the donor side deflected fibers which 
could be seen as a dense band of grains could be traced 
from the lateral brachia of the optic tract of anterior 
tectum and across the surface of the anterior end of 
tectum. It then spanned the midline and invaded host 
tectum at its anteromedial edge where it was inserted 
(Fig. 1A). At the entry point into host tectum, fibers 
typically intruded as far as the main layers of tectum, 
the stratum griseum centrale et periventriculare (see 
Vanegas et al., 1974), into which optic fibers ordinarily 
do not grow. These cell layers will be referred to as the 
deep cell layers of tectum. This deep label was probably 
surgically produced. The depth to which fibers were 
inserted was not controlled, and this kind of label has 
been seen in previous deflection studies (Meyer, 1978a, 
1979). In two cases a large neuroma-like ball of label 
could be seen within these deep layers. 

In each animal the fibers followed two general paths 
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TABLE III TABLE III-continued 

Densitometry lateral deflection 
Density readings are x 1000. 

Host Tectum Ratios 

Host Tectum Ratios 
Animal DOnOr 
Name Tectum L/M P/A 

(Postoperative) Medial” Lateral (Midmedial) L/MA P/A M H/D 

L/M P P/A L LL’ML Animal DOllOr 
Name Tectum L/M PIA 

(Postoperative) Medial” Lateral (Midmedial) L/MA P/A M H’D 
L/M P P/A L LL’ML 

LB 1 (24, O)* 

LB 12 (30, 56) 

LB 13 (30, 56) 

LB 14 (30, 56) 

LB 3 (49, 28) 

LB 17 (51, 56) 

LB 2 (77, 0) 

LB 6 (90, 24) 

LB 7 (90, 24) 

LB 8 (90, 533) 

LB 4 (96, 0) 

LB 5 (96, 0) 

LB 10 (104,533) 

LB 9 (109,O) 

LB 11 (115,533) 

350 328 371 545 

134 452 158 151 
157 222 46 68 
129 107 83 3 
94 66 144 162 
94 47 143 256 

46 47 107 206 
61 118 131 125 

284 121 87 246 

81 161 112 198 
51 147 63 83 
34 108 99 69 

260 287 462 504 
71 195 249 257 

56 106 137 218 
19 21 33 30 
35 49 95 129 

24 79 141 137 
46 125 185 190 
33 47 168 133 

57 66 163 183 
19 64 74 86 
15 30 67 67 

13 38 72 71 
69 95 35 29 
76 163 93 35 
47 112 164 54 
12 51 131 38 
13 28 46 62 

6 30 90 82 
8 40 93 75 
3 21 46 32 

15 56 88 69 
10 51 123 106 

9 59 137 128 
6 66 147 133 

10 49 62 66 
16 49 99 115 
16 47 88 135 

7 47 95 86 

21 66 36 18 
22 64 62 13 
27 67 110 18 

3 19 74 21 

21 10 9 15 
15 15 32 16 

6 12 51 24 

3 13 25 7 
4 6 4 4 
0 1 1 9 
0 1 13 19 
0 3 18 18 

21 18 10 6 
30 38 39 16 
21 52 69 32 

7 49 67 35 
13 15 16 30 
19 16 24 24 
10 15 46 47 

10 28 46 56 

401 

409 

192 

180 

187 
194 

325 

384 

185 
192 

178 
166 

340 
341 

191 
189 

302 
316 

252 

239 

210 
185 

322 
290 

179 
217 

119 
104 

104 
101 

0.76 0.33 1.4 
0.97 0.49 

0.33 0.16 

2.2 0.84 1.4 
2.3 0.94 

2.1 0.81 

0.97 0.51 1.5 
0.99 0.52 
0.92 0.49 

1.9 0.27 1.4 
1.8 0.25 

2.1 0.28 

2.7 1.4 1.0 

2.7 1.3 
2.7 1.4 

2.6 0.52 1.1 
2.5 0.47 
2.9 0.55 

0.93 1.0 0.48 
0.48 0.55 0.37 
1.7 2.0 

3.5 0.89 0.49 
3.6 0.94 0.91 
3.4 0.88 

3.4 1.3 0.48 
2.9 1.1 0.88 
3.9 1.4 

3.1 1.1 0.55 
2.8 0.94 1.2 
3.5 1.2 

1.2 1.1 0.56 
0.75 0.67 0.25 
1.9 1.7 

1.4 1.9 0.17 
1.2 0.56 0.53 
3.2 1.5 

5.7 2.5 0.10 
1.6 0.36 1.4 

17 3.8 

1.2 1.9 0.62 
0.66 1.2 0.48 
1.6 2.9 

2.3 1.6 0.55 
1.5 1.0 1.2 
3.1 2.1 

LB 15 (167, 28) 41 67 30 28 
61 78 92 49 

18 72 135 99 
4 66 116 101 

LB 18 (329, 28) 30 28 47 57 

47 54 118 106 
24 56 203 177 

7 26 112 115 

LB 19 (330, 28) 92 119 181 220 
60 127 154 147 
46 107 220 164 
27 69 135 133 

LB 20 (330, 28) 72 76 52 66 
79 110 139 137 

46 95 164 141 
13 96 170 179 

237 

196 

336 
374 

316 
260 

387 
301 

1.6 1.4 0.62 

0.81 0.65 0.74 
2.8 2.3 

3.4 1.5 0.55 

2.1 0.71 0.95 
5.4 1.9 

2.1 0.82 0.76 
1.8 0.63 0.96 
2.6 0.93 

1.8 1.2 0.52 
1.2 0.74 1.0 
2.6 1.7 

“For the 4 x 4 measurements, the left column is from the medial 
tectum, the right column is lateral, the top row is anterior, and the 
bottom row is posterior. See the text for details. 

b The first number is days after deflection at time of labeling. The 
second number is days of enucleation prior to deflection. 

from the insertion site. These two paths were also seen 
in all animals at later postoperative periods and so will 
be described in some detail. Except as noted the descrip- 
tion of the pathway applies to both early and late post- 
operative times. In most fish the number of fibers taking 
each path was roughly equal, though in a few fish one or 
the other was substantially larger. In the first path the 
fibers grew up toward the tectal surface in a dorsal or 
dorsolateral orientation. Within a few hundred microm- 
eters of the insertion site, nearly all of these fibers had 
returned to one of the normal optic layers of tectum. 
Many reached as far superficially as stratum opticum 
(SO), which is 25 to 50 pm below the tectal surface, but 
the large majority entered the main innervation layer of 
the SFGS which is immediately beneath the SO. A 
smaller fraction of label was found in the two minor 
optic layers. One of these is halfway between the SFGS 
and the main deep cell layer, stratum periventriculare, 
and the other is immediately superficial to this same 
layer. Both of these optic layers are normally quite thin 
and lightly labeled. Their pattern of label essentially 
paralleled that of the SFGS and will not be referred to 
separately. Label in the SFGS was not the uniform 
homogeneous kind found in the mature innervation but 
was mainly in the form of dense spots which were a few 
micrometers in diameter. They were scattered through- 
out the SFGS of medial tectum (Fig. 2A). Some of the 
larger spots could be traced through serial sections all of 
which were frontal in orientation. It was evident that 
most of the spots were actually strings having a predom- 
inantly anteroposterior orientation. In short this label 
appeared to be fascicles of optic fibers. Similar antero- 
posterior fascicles were also seen in the SO, the place 
where they are normally found. The overall pattern of 
label of this group of fibers was very similar to that seen 
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Figure 1. A, Frontal autoradiogram through the anterior region of both tecta in animal LB 8, illustrating the deflection surgery. 
Host tectum on the right had been denervated for 533 days prior to deflection followed by autoradiography 90 days later. Large 
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Figure 2. Photomontages of frontal autoradiograms of host tectum of two animals. For each montage the photomicrograph at 
lower left is through the insertion site. The three cutouts of tectum above and to the right were of progressively more posterior 
sections taken so as to divide tectum posterior to the insertion site into four equal parts (see “Materials and Methods”). Upper 
left, medial edge of the tectum; lower right, lateral edge. Bar, 400 pm. A, Fish LB 13 in which enucleation was for 56 days prior 
to deflection and autoradiography was 30 days later. At this early time substantial label is distributed across the entire tectum 
in both medial and lateral halves. Fibers in medial tectum have not yet grown into the lateral half. B, Fish LB 7 in which 
enucleation was at 24 days before deflection and autoradiography was at 90 days after deflection. By this time label was clearly 
concentrated in the lateral half and within the lateral half was heavier posteriorly than anteriorly. 

following deflection of medial fibers (Meyer, 1979), ex- 
cept possibly for an overall lateral shift in the position 
of the label. This path will be referred to as the medial 
route. 

The second path taken by fibers leaving the insertion 
site was a highly unusual one (Fig. lB, C) in that it has 
never been seen when medial fibers were deflected 
(Meyer, 1978a, 1979). Fibers took a fairly direct path, in 
essence a shortcut, to lateral tectum. The overall orien- 
tation of this path was ventral and lateral and will be 

referred to as the ventrolateral route. In its most dra- 
matic form, seen in one fish at this early time and in two 
later fish, fibers grew ventrally from the insertion site, 
i.e., away from the optic layers of tectum and into foreign 
regions. They traversed through the periventricular layer 
of anterior tectum and, in a few cases, through part of 
the underlying tegmentum until reaching the lateral 
tectal margin (see Fig. 1C for an example in a later fish). 
In one animal in this early group (and one fish in the 
later group; see Fig. 1B for an example in a later fish), 

arrowhead at lower left, lateral region of donor tectum posterior to which optic fibers had been dissected free of tectum. As 
indicated by the series of small arrowheads, those fibers were redirected over the lateral and dorsal surface of donor tectum, 
across the midline, and into the medial edge of host tectum indicated by the upper large arrow. A few fibers can be seen entering 
host tectum, but the main entry point was more posterior and is shown in B. Bar, 400 pm. B, Same animal as in A but section is 
of host tectum and is more posterior so as to be through the main entry point of deflected fibers indicated by larger arrow. A 
large diagonal shaft of white grains (dark-field illumination) can be seen running to lower right. The more distal parts of this 
path are indicated by small arrows. It appears that in this fish most deflected fibers had grown directly to middle lateral tectum. 
The semicircular band of grains seen near the tectal surface is the main optic innervation layer. Note that more grains are in 
the lateral regions of this layer. Bar, 400 pm. C, Autoradiogram through the insertion site into host tectum of fish LB 17. 
Denervation was 56 days prior to deflection, and autoradiography followed 51 days later. This illustrates the more typical path 
of deflected fibers, nearly all of which are captured on one section here. Upper large arrow, insertion site. A large downward- 
directed band of deflected fibers has taken a “shortcut” to the far lateral edge of the tectum (arrow at lower right). Again note 
that the grains in the main innervation near the tectal surface are predominantly in the lateral half. Bar, 400 pm. 



there was an additional group of fibers that grew from 
the insertion point to about the middle of the lateral half 
of the tectum rather than to the lateral edge. Some of 
these fibers could be traced up through the deep layers 
of tectum, including the periventricular layer, and into 
the optic layers of tectum. These paths through foreign, 
i.e., nonoptic, regions of midbrain were up to 1000 pm or 
more long. In most fish, however, fibers taking the ven- 
trolateral route tended to minimize their path through 
nonoptic territory. In these cases (Figs. 2 to 4), fibers 
grew 100 pm or so anteriorly from the insertion site and 
turned ventrolaterally near the anterior end of tectum 
where the distance to the lateral edge was less. This path 
was closely associated with or within the normal optic 
pathway; however, the direction of growth, dorsal to 
ventrolateral, was highly anomalous. Once at lateral 
tectum the pathway was typical of regenerating fibers. 
Fibers entered the optic layers of lateral tectum and grew 
posteriorly within these layers. Much of this label in 
lateral tectum was also fasciculated in appearance. In 
both the medial and lateral tectum, i.e., for fibers taking 
either path, label stretched in decremental fashion to the 
posterior end of tectum where the amount of labeling 
was noticeably less than in anterior tectum. 

Densitometric data (Table III) were obtained and the 
various ratios calculated as above except that instead of 

a medial/lateral ratio, a lateral/medial ratio (L/M) was 
determined. The lowest L/M was for the 24-day fish at 
0.76. The values for the three 30-day fish were 0.97, 1.9, 
and 2.2. The L/M-P (lateral to medial-posterior) and L/ 
M-A (lateral to medial-anterior) for the 30-day fish were 
both quite close to the overall L/M ratio for each fish. 
For the 24-day fish, however, L/M-P was low (0.37) 
compared with an L/M-A of 0.97, probably reflecting the 
initial arrival of fibers in the medioposterior quadrant 
which is closer to the insertion site than the lateropos- 
terior quadrant. For all four early fish the P/A ratio 
ranged from 0.27 to 0.84. The early predominance of 
anterior over posterior label implies that fibers were still 
in the process of growing into the posterior half. The 
increased axoplasmic transport as indicated by H/D 
ratios of 1.4 to 1.5 as well as any increased labeling of 
fibers of passage at this early time may have also con- 
tributed to the low P/A. 

The two fish at 49 and 51 days might be considered a 
transition group between the early group and those at 77 
days and later. The H/D indices were 1.0 and 1.1, re- 
spectively, values that fell between the earlier and later 
fish. The pattern of tectal labeling of the 51-day fish was 
reminiscent of the 30-day fish. Its P/A was 0.52, com- 
parable to the early group and much lower than that for 
any later fish. The 49-day fish resembled the later group 
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Figure 3. Photomontages as in Figure 2, but in dark field. A, Fish LB 4 in which deflection and enucleation of host eye were 
simultaneous. Autoradiography was 96 days later. Label is predominantly in the lateral half and heavier posteriorly than 
anteriorly. However, note the medial anterior shift in label compared with Figures 2B, 3B, and 4A in which enucleation preceded 
deflection. The lateral edge and posterior end are less densely labeled. B, Fish LB 11 in which 533 days of denervation of host 
tectum preceded deflection. Autoradiography was 115 days after deflection. The distribution of label is clearly preferential, being 
greatest in the lateroposterior quadrant. 
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Figure 4. Fish LB 18 in which enucleation was 28 days prior to deflection and autoradiography was 329 days after deflection. 
A, Photomontage as in Figures 2 and 3. Lateroposterior preferential labeling is apparent even at this long postoperative period. 
B, High magnification of the medial region from section 3 (arrow). Note that label is not distributed throughout the main 
innervation layer but is mostly concentrated into clumps which are presumably fascicles of fibers of passage. Bar, 50 Frn. C, High 
magnification also of section 3 but of lateral region (arrow). Grains fill the innervation layer. Also note the thin band of grains 
above this layer (to the right). This layer was seen in most animals but only in lateral regions of tectum. 

having a P/A of 1.4. In each case the P/A-M and P/A-L 
were comparable to the P/A. For both fish lateral label 
predominated with L/M ratios of 2.6 and 2.7, respec- 
tively. L/M-A and L/M-P were comparable. 

Fish from 77 to 330 days after deflection comprise the 
late group. The grain density in the regenerated fibers as 
compared to the intact ones in donor tectum was no 
longer elevated. The average H/D was 0.5 rt 1.8. Most of 
this variation can be attributable to three exceptional 
individuals. Two fish, LB 5 and LB 10, had H/D ratios 
of 0.17 and 0.10, respectively. These fish were also judged 
anatomically to have had the fewest successfully de- 
flected fibers; i.e., the deflected bundle was the smallest. 
For the third fish, LB 18, the H/D ratio was 0.76. This 
was apparently the largest deflection as judged by the 
size of the actual deflected bun& and the extent of 
damage to donor tectum. This was also indicated by the 
electrophysiology (see below). The remaining 10 fish had 
H/D ratios of 0.48 to 0.62, with an average of 0.54 + 

0.05. In spite of this difference in H/D between these 10 
fish and the 3 above, the overall pattern of label in host 
tectum was similar for all fish. However, LB 10 (H/D = 
0.10) had by far the most selective innervation of any 
fish, raising the possibility that other factors may have 
been operating in this case. To avoid any bias in favor 
of selectivity, this fish was excluded from the averages 
reported below, though in fact the averages were not 
greatly affected by its inclusion. String-like label was 
also further reduced, but it was still possible to see medial 
and ventrolateral routes, both of which persisted in each 
fish. All the ventrolateral paths were directed to the 
lateral edge except in the one fish similar to the one 
described for the early group in which some of the 
ventrolateral fibers grew to a more medial region of 
lateral anterior tectum (Fig. 1C). 

As a group fish which had been enucleatecl for 24 to 
533 days prior to deflection (Figs. 2B, 3B, and 4) appeared 
qualitatively different than those with simultaneous enu- 
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cleation and deflection and will be described first. In all 
of these fish the densest and most normal looking label 
was in the posterolateral quadrant of the tectum. In this 
region grains filled the SFGS in homogeneous fashion as 
is typical of innervation-type labeling. Elsewhere, label 
was generally less dense though often substantial and 
was not as uniformly dispersed within the SFGS. Instead, 
label was often concentrated in the SO, and that which 
was in the SFGS was often in clumps or strings suggest- 
ing fascicles from fibers of passage (compare Fig. 4B and 
Fig. 4C). In some cases (Fig. 3B) these fascicles were 
large. The overall thickness of the label in the SFGS 
outside the lateroposterior quadrant was noticeably di- 
minished compared to that in the lateroposterior quad- 
rant. The amount of this label outside the lateroposterior 
quadrant varied with tectal position. For the medial half 
of the tectum most label was in the general vicinity of 
the insertion site, covering much of the anterior third of 
the tectum. More posteriorly, the amount of label in the 
medial half progressively declined, especially near the 
medial edge, so that in the posterior third label in the 
medial half was typically sparse. In the lateral half la- 
beling of the anterior tectum was variable, ranging from 
obviously lighter than posterior labeling to nearly the 
same. The transition between lateroposterior label and 
label in surrounding tectal regions was a very gradual 
one for the SFGS and for the two minor lamina beneath 
the SFGS. There were no sharp demarcations between 
tectal regions, but rather a gradient-wise change in the 
density and character of label that occurred over several 
hundred micrometers. The exception to this graded tran- 
sition of labeling was the selective appearance of a third 
minor lamina that is immediately superficial to the SO. 
This very thin light layer of grains is normally distributed 
across the entire tectum. Though it was not detectable 
in lightly labeled fish or in fish at the early stages of 
regeneration (24 to 30 days after deflection), it was 
clearly identifiable in nine fish with the heaviest labeling 
of host tectum, presumably those with the largest deflec- 
tion. This optic layer was almost entirely restricted to 
the lateroposterior quadrant. The medial-to-lateral tran- 
sition was virtually all or none. The layer stopped ab- 
ruptly at or before halfway along the mediolateral axis 
of host tectum and could not be detected in the medial 
half. In lateroanterior tectum the layer made a sporadic 
appearance in those fish with the heaviest anterolateral 
labeling. The lateroposterior quadrant was the only re- 
gion where, when it was detectable, the layer always 
occurred. 

The densitometric measurements and the various ra- 
tios were also averaged for this group, excluding LB 14 
for reasons mentioned above. The average L/M was 2.6 
+ 0.78. With one minor exception (LB 8) L/M in the 
posterior half (L/M-P) for each individual animal was 
higher than L/M for the anterior half (L/M-A). The 
average L/M-P was 3.4 f 0.92 compared to the L/M-A 
of 2.1 f 0.95. The average P/A was 1.2 -I- 0.28, indicating 
that overall there was only slightly greater posterior 
labeling than anterior labeling. However, this did not 
generalize to the medial and lateral halves considered 
separately. With the sole exception of the same animal 
mentioned above (LB 8), P/A for the lateral half was 
higher than the P/A for the medial half. P/A-L was 1.6 

+ 0.53 compared to a P/A-M of 0.84 + 0.18. Thus, in the 
medial half there was more label anteriorly than poste- 
riorly. In the lateral half there was more label posteriorly 
than anteriorly which was actually greater than the 
overall P/A. The above ratios and a set of normalized 
and averaged densitometric measures for this group are 
given in Table IV. 

The late group of four fish in which enucleation was 
done on the same day as deflection (Table III) were 
grossly similar to the above group in which enucleation 
preceded deflection. Both the ventrolateral and medial 
routes could be detected; consequently, there was sub- 
stantial labeling in the lateral half. However, in three 
fish (LB 7, LB 11, and LB 14) there was nearly as much 
medial as lateral label. The average L/M was only 1.3 + 
0.42. Like the preceding group L/M for the posterior half 
was for each animal greater than the L/M for the anterior 
half. The average L/M-P was 2.1 + 0.31. Thus, for the 
anterior half there was, on the average, more medial label 
than lateral label. In contrast the overall posterior over 
anterior labeling was, if anything, more asymmetrical 
than the preceding group, with an average P/A of 1.5 f 
0.49. Again, this preferential increase in posterior label 
held mainly for the lateral half. In fact the lateral-medial 
difference in P/A was greater than in the above group 
with prior enucleation. The average P/A-M was 0.75 f 
0.31 which was less than the above group, and the average 
P/A-L was 2.0 + 0.62 which was greater than the above 
group. Closer examination of the autoradiograms re- 
vealed a qualitative difference between these four fish 
and the preceding eight fish. The area of densest label 
appeared to be shifted anteromedially. Specifically, the 
peripheral rim of the lateroposterior quadrant was con- 
sistently less densely labeled than the more medioanter- 
ior regions of the quadrant. This rim of relatively light 
labeling was several hundred micrometers wide and in- 
cluded both the lateral and posterior edges. In contrast, 
in the fish with prior enucleation the lateroposterior rim 
was among the most heavily labeled areas of tectum. To 
quantitate this difference between the two groups, the 
fourth column of densitometric measurements which 
were taken near the lateral edge were summed and di- 
vided by the sum of the third column (LL/LM). For the 
group of eight fish with prior enucleation, LL/LM ranged 
from 0.74 to 1.2 with an average of 0.98 + 0.16. In other 
words the density of label was about the same near the 
lateral edge as it was more medially within the lateral 
half. For the group with simultaneous enuleation and 
deflection, LL/LM ranged from 0.25 to 0.53 with an 
average of 0.41 + 0.12; i.e., there was on the average 2.4 
times more label in the medial part of the lateral half of 
tectum compared with the lateral edge. All of the above 
computations are given in Table IV along with the nor- 
malized average densitometer reading for the last four 
fish. Also included are the pooled ratios for these last 
four fish and the preceding eight fish. 

Three fish were mapped electrophysiologically (Fig. 5). 
Most of the lateral half of tectum was not accessible to 
superficial probing, and recording from this region 
proved difficult to do. Although tangential penetrations 
through lateral tectum were done, most penetrations 
were made in the medial half at 240-pm intervals. Be- 
cause of this limitation the main goal was to determine 
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TABLE IV 

Densitometry summary 
Group” Host Tectum (CT) DOWX Ratios-Average (a) 

Medial deflection 72’ (18) 54 (6) 9 (6) 5 (4) M/L = 5.8 (2.3) P/A = 1.3 (0.35) 
83 (12) 77 (19) 15 (13) 3 (2) M/LA = 10.5 (4.0) P/AM = 1.1 (0.21) 

75 (15) 83 (16) 30 (24) 5 (5) M/LP = 4.4 (2.0) P/AL = 3.4 (3.2) 
79 (24) 83 (10) 43 (27) 8 (9) 

Lateral deflection, simultaneous enucleation 33 (11) 41(21j 22 (8) 18 (9) L/M = 1.3 (0.42) P/A = 1.5 (0.49) 
35 (12) 61 (29) 58 (3) 22 (8) L/MA = 0.77 (0.31) P/AM = 0.75 (0.31) 
24 (8) 57 (23) 100 (0) 36 (14) L/MP = 2.1 (0.74) P/AL = 2.0 (0.62) 

7 (3) 36 (24) 73 (20) 27 (16) LL/ML = 0.41 (0.12) 

Lateral deflection, prior enucleation 23 (13) 36 (13) 43 (21) 50 (25) L/M = 2.6 (0.78) P/A = 1.2 (0.28) 

25 (16) 42 (15) 71 (16) 65 (19) L/MA = 2.1 (0.95) P/AM = 0.84 (0.18) 
15 (7) 41 (11) 92 (12) 83 (9) L/MP = 3.4 (0.92) P/AL = 1.6 (0.53) 

7 (5) 37 (15) 75 (19) 73 (23) LL/ML = 0.98 (0.16) 

’ Excluding animals at short, postoperative times: MB 7, LB 1, LB 12, LB 13, LB 14, LB 3, LB 17, and also LB 10. See the text. 
* Conventions are the same as for Tables II and III. The normalization procedure is described in the text. 

Superior 

Figure 5. Summary of electrophysiology. Large circle at top, 
180” of visual field with the position of the projected optic disc 
indicated. The area of visual field in which receptive fields were 
located is bounded by a line for each fish. . . . ., LB 18; -, 
LB 15; - - - -, LB 19. Bottom, outlines of corresponding tecta 
as seen in dorsal view. Medial (M) and anterior (A) are indi- 
cated. Each “-” indicates a tectal position from which no unit 
responses were obtained. Each “+” is the site of unit responses. 
The probing interval across the tectum was 500 pm (shown) or 
less (not shown). 

the retinal origin of the deflected fibers, in particular to 
determine whether medial fibers which should be record- 
able in medial tectum were inadvertently deflected. In 
most cases receptive fields were confined to the inferior- 
temporal visual field except for a 10 to 20” intrusion into 

the inferior-nasal field in one animal. No units from the 
superior field were detected. In the medial half of the 
tectum, units were obtained in only about half of the 
penetrations and were mainly at the anterior and lateral 
regions. Near the medial edge and in the posteromedial 
quadrant, few or no units were obtained. In accordance 
with a previous study in which relatively few fibers were 
deflected into a denervated tectum (Meyer, 1978a), retin- 
otopography was of low order. 

Histological examination of donor tectum for the ori- 
gin of deflected fibers corroborated the above electrophy- 
siology (Fig. 6). No damage to the medial brachia of the 
optic tract could be detected. Surgical disruption of the 
lateroposterior part of the optic path through lateral 
tectum was always evident, and a variable degree of 
damage to its more anterior parts was not unusual. On 
the basis of histology, electrophysiology, the anatomy of 
the optic pathway, and the above autoradiography, it is 
likely that deflected fibers included lateroposterior fibers, 
may have included neighboring lateroanterior fibers, but 
never included medial fibers. 

Discussion 

Normally, fibers which innervate posteromedial tec- 
turn approach tectum through the medial brachia of the 
optic tract, enter tectum near its anteromedial edge, and 
course posteriorly into the posteromedial quadrant of 
tectum. When tectum is denervated of all optic fibers 
and then optic fibers which normally innervate postero- 
medial tectum are surgically inserted into tectum near 
its anteromedial edge, these fibers grow posteriorly into 
posteromedial tectum. The lateral half of the tectum is 
left sparsely labeled. In contrast when fibers which nor- 
mally innervate posterolateral tectum are inserted into 
this same anteromedial position in a similarly denervated 
tectum, these fibers preferentially innervate the poster- 
olateral quadrant over the posteromedial quadrant which 
is left with sparse labeling. 

These posterolateral fibers follow two distinguishable 
routes. Some grow posteriorly in a lateral direction to- 
ward the posterolateral tectal quadrant. A comparable 
number of fibers initially grow laterally and sometimes 
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Deflected 

Figure 6. A, Schematic of donor tectum as seen in side view showing the tectal region from which deflected fibers were taken. 
Anterior (A) is to the right and dorsal (D) is at top. The branching structure at the anterior end denotes the brachial division of 
the optic tract. The deflected fibers are derived exclusively from the lateral division. B, C, D, Low-power autoradiograms showing 
both donor (left) and host (right) tecta. B, LB 15; C, LB 18; D, LB 19 (the three fish on which electrophysiological measurements 
were obtained (Fig. 5)). Sections are taken at approximately the anterior third along the anterior-posterior tectal extent. Damage 
to donor tectum indicating the area from which deflected fibers were taken can be estimated from comparison with host tectum. 
Bar, 500 pm. 

anteriorly to the lateroanterior edge of the tectum, and 
subsequently follow a posterior path. The latter path 
mimics the normal path of posterolateral fibers which 
approach tectum through the lateral brachia of the optic 
tract to enter the anterolateral tectum. This differential 
and appropriate growth of identically treated mediopos- 
terior and lateroposterior fibers, in the absence of other 
optic fibers, indicates the existence of markers in optic 
fibers and in tectum that mediate selective growth. Fur- 
thermore, since the innervation pattern by deflected 
lateroposterior fibers is just as selective when host tec- 
turn is denervated of optic fibers for as long as 533 days, 
the tectal properties which mediate selective innervation 
would seem not to require optic innervation for their 
maintenance. On the other hand, the pattern of inappro- 
priate labeling indicated that the initial position and 
growth path exerted a significant influence. In the case 

of medioposterior fibers, substantial labeling occurred in 
the anteromedial tectum into which fibers were inserted 
and through which fibers grew to the posteromedial 
tectum. In the case of lateroposterior fibers, there was 
significant inappropriate label in anteromedial tectum, 
the insertion site, and in anterolateral tectum through 
which many fibers grew. In addition, fibers exhibited 
apparent reduced mediolateral selectivity in a simulta- 
neously denervated tectum as compared to a tectum 
which was denervated by optic fibers for 3 weeks or more. 

Selectivity of fiber growth. There are two technical 
considerations concerning autoradiography that should 
be mentioned. Although labeling preferentially accumu- 
lates at the terminals of fibers, especially at the short 
survival time used here (18 hr), some fraction is distrib- 
uted along the shafts of fibers. It is likely that the latter 
labeling contaminated the densitometric measurements, 
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particularly in anterior tectum where the labeling pattern 
resembled fibers of passage. In the present experiment 
this would lead to an underestimate of selectivity. To be 
safe then, the contribution of fiber of passage will be 
ignored in this part of the discussion. The other related 
consideration is that labeling is no guarantee of synapses. 
From previous work (Cowan et al., 1972) it is likely that 
synapses are formed in regions with termination-type 
labeling, and this is further indicated by the correlation 
between electrophysiological responses with this type of 
label. However, for the present purposes it need only be 
assumed that the amount of labeling is related to the 
number of fibers that have invaded and in some manner 
distributed themselves in a given tectal region. 

The case for mediolateral selectivity is clearer than 
that for selectivity along the anteroposterior axis and 
will be considered first. Two kinds of arguments for label- 
mediated growth can be made. One is that the main 
alternative explanations for directed fiber growth cannot 
explain the preferential distribution of lateroposterior 
fibers in the lateral half of tectum. The initial position 
of deflected fibers should result in preferential medial 
labeling. Also, the optic pathway and guidance structures 
followed by optic fibers should lead to labeling along the 
anteroposterior axis of the medial half of tectum, and in 
the case of long optic denervation prior to deflection the 
glial channels in the SO, which are the main candidate 
guidance structures mediating anteroposterior growth, 
would have degenerated (Murray, 1976; Murray and Ed- 
wards, 1982). Interfiber interactions with optic fibers 
from other retinal quadrants are simply not possible, nor 
is it reasonable to entertain selective interactions with 
degeneration debris in the fish in which there was a long 
period of optic denervation before deflection (Murray, 
1976; Murray and Edwards, 1982). The second kind of 
argument is that medioposterior fibers and lateroposter- 
ior fibers exhibited very different growth patterns even 
though they were introduced into the same tectal posi- 
tion, and the direction of this differential growth corre- 
lated with the normal innervation pattern of the de- 
flected fibers. This implicates the existence of an intrin- 
sic difference, i.e., differential marker, in medioposterior 
and lateroposterior fibers as well as a related tectal 
marker which together mediated mediolateral preferen- 
tial growth. 

Preferential anteroposterior growth is less clear. Pos- 
terior labeling was, on the average, only slightly greater 
than anterior label. However, this does not mean that an 
anterior over posterior preference was largely lacking in 
these fibers. One must explain why large numbers of 
fibers invaded the posterior half of tectum after being 
inserted into the anterior half instead of simply staying 
in anterior tectum. One might argue that the anteropos- 
terior guidance structures promoted posteriorly directed 
growth. This could explain the results of medioposterior 
deflection but is more difficult to reconcile with results 
from lateroposterior deflection. In the latter case label 
remaining in the medial half of the tectum where fibers 
had ready access to these guidance structures was heavier 
anteriorly than posteriorly. In the lateral half where 
access to these structures would seem less straightfor- 
ward, posterior label was greater than anterior label and 

this difference was greater than for the tectum as a whole. 
Mechanical guidance cannot explain the anteroposterior 
labeling pattern in any simple way. An alternative expla- 
nation might be that fibers simply have a tendency to 
expand into available tectal space as a result, for exam- 
ple, of repulsive interactions between fibers (Udin, 1978; 
Fraser and Hunt, 1980). However, results from eye lesion 
studies indicate that the magnitude of such expansion 
would be insufficient to account for the present findings. 
When a surgically formed temoral half-retina reinner- 
vates an intact tectum (Meyer, 1975; Schmidt et al., 
1978; Strumer, 1981), the bulk of labeling is confined to 
the appropriate anterior half of tectum. Label declines 
across the posterior half after leaving the posterior 
quarter with little or no label. Since the number of fibers 
in the present deflection study was lower than in the eye 
lesion studies, expansion from a general fiber-fiber re- 
pulsion would be unlikely. 

A more straightforward explanation is that deflected 
posterior fibers grew into posterior tectum because mark- 
ers directed this posterior growth. This explanation 
would also fit with the tectal graft experiments in which 
fibers frequently (but not always) made the correct an- 
teroposterior choice onto rotated or translocated tectal 
fragments (Sharma and Gaze, 1971; Yoon, 1973; Jacob- 
son and Levine, 1975; Rho and Hunt, 1980). The pres- 
ence of some deflected fibers in the anterior half of 
tectum here cannot be taken as evidence against anter- 
oposterior markers. It may mean only that these markers 
are insufficient to entirely overcome the initial bias im- 
posed by the insertion of fibers into anterior tectum. 
Posterior fibers may have limited capacity to bypass 
denervated anterior tectal regions when there is no com- 
petition from anterior fibers. This plasticity along the 
anteroposterior axis may be essential to accommodate 
anteroposterior shift in the projection that is thought to 
occur normally in juvenile and adult goldfish as a con- 
sequence of continued retinal (Johns and Easter, 1978; 
Meyer, 1978b) and tectal (Meyer, 1978b) growth. 

Simply testing for the existence of retinal and tectal 
labels was not the only purpose of this study because 
there was already considerable evidence for markers from 
previous regeneration and developmental studies (see 
Attardi and Sperry, 1963; Fraser and Hunt, 1980; Con- 
way et al., 1980; Meyer, 1982a). However, in these pre- 
vious studies other factors such as interfiber interactions 
and pathway guidance were in operation which could be 
expected to enhance or alter the selectivity of innerva- 
tion. Consequently, it is difficult to estimate the magni- 
tude of the contribution from marker-mediated growth. 
Such an estimate is possible from the present study 
because the other major factors thought to promote 
selectivity were either eliminated (interfiber interactions 
with other retinal quadrants) or would be expected to 
work against selectivity (initial position and pathway 
guidance). Under these conditions preferential growth 
was expressed, but the resulting selectivity was relatively 
low. In the best group (fish with denervation prior to 
deflection), lateral labeling was only 2.6 greater than 
medial. The anterior-posterior difference was lower with 
P/A of 1.5 in the best group (fish with simultaneous 
enucleation). This selectivity is much lower than that 
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seen in the normal innervation where errant innervation 
is almost entirely absent. This low selectivity does not 
necessarily mean that the markers themselves are of low 
specificity; i.e., it does not mean that the number of 
discrete readable addresses in retina and tectum are few. 
Since we can only infer markers from the behavior of 
fibers, it remains possible that the specificity of markers 
(number of discrete addresses) is quite high, but the 
ability of fibers to translate these addresses into selective 
growth is impeded by other factors such as incorrect 
starting position or by the absence of other factors like 
interfiber interactions. However, one can say that, under 
the experimental conditions here which minimized the 
useful contribution of these other factors, the translation 
of these markers into an innervation (distribution) pat- 
tern is low in resolution. 

The last point concerning selectivity regards its long- 
term stability. The projection was not detectably changed 
for 11 months and, in fish in which host tectum was 
denervated of optic fibers for 18 months prior to deflec- 
tion, preferential innervation was observed. The findings 
counterindicate fiber remnants or degeneration debris as 
the basis of selectivity. Electron microscope observations 
(Murray, 1976; Murray and Edwards, 1982) on the tec- 
turn of goldfish have shown that nearly all severed optic 
fibers and associated debris are eliminiated within the 
first few weeks. If remnants or debris mediated selectiv- 
ity, one would expect no selectivity after a long period of 
optic denervation and the best selectivity when deflection 
and denervation were simultaneous. Instead, selectivity 
was better when denervation preceded deflection. 

These results also run counter to the notion that tectal 
markers require optic fibers for their maintenance. The 
evidence thought to indicate marker lability came from 
a series of electropysiological studies on surgically formed 
half-retinas in goldfish (Schmidt et al., 1978; Schmidt, 
1978). Initially, a nasal half-retina was found to project 
only to its appropriate anterior half-tectum, but by 6 
months responses could be obtained across the entire 
tectum. Alternatively, when tectum was denervated of 
all optic fibers for 6 months and then innervated by the 
ipsilateral nasal half-retina, responses were recorded 
across all of tectum. It was suggested that tectal markers 
were lost in about 6 months (Schmidt, 1978). However, 
the interpretation of these interesting electrophysiologi- 
cal observations is complicated by a lack of correspond- 
ence with anatomical studies. Three autoradiographic 
studies on nasal half-retinas (Meyer, 1975; Schmidt et 
al., 1978; Strumer, 1981) indicated that the large majority 
of optic fibers remained in the anterior half of the tectum 
indefinitely. At any rate, in view of the present findings, 
these nasal half-retina studies seem better interpreted in 
the context of tectal markers which to a considerable 
extent are stable and independent of optic innervation. 
Other processes could produce the time-dependent phys- 
iological changes seen in these previous studies. Some 
possibilities are discussed elsewhere (Meyer, 1982a). 

Position biasing. The distribution of label suggests that 
deflected fibers favored terminations at or near their 
entry point and along their growth paths. In the case of 
medioposterior fibers, there was substantial label in an- 
teromedial tectum where fibers were inserted and sub- 

stantial label stretching posteriorly into the mediopos- 
terior quadrant along the route to this quadrant. In the 
case of lateroposterior fibers, there was again substantial 
anteromedial label. The remaining label can be consid- 
ered to lie along a broad diagonal path stretching between 
the entry point and the lateroposterior tectum including 
some lesser lateroanterior labeling. This again correlates 
with the entry point and with the subsequent growth 
path as far as can be determined with autoradiography. 
This labeling pattern suggests that position and pathway 
influence but do not wholly determine the pattern of 
innervation. This has been referred to elsewhere as po- 
sition biasing (Meyer, 1982a) and has been discussed in 
detail. Although this would seem best to account for the 
data, alternative explanations might be entertained and 
will need to be tested. However, position biasing may not 
be applicable to lamination in this system. Even though 
many fibers were inserted into nonoptic layers of tectum 
and some grew for up to 1000 pm through these layers, 
fibers showed a marked preference for the optic layers 
giving no indication of being able to form synapses in 
the nonoptic layers. 

Suggestion for an integrated approach. There are two 
intellectual undercurrents that, in the author’s opinion, 
have contributed to a certain lack of consensus in this 
field. One is the notion that each of the general hy- 
potheses explaining the formation of orderly connection, 
in particular marker-mediated growth and positional fac- 
tors, are alternative explanations, only one of which is 
correct. The other is that markers should be thought of 
only as determining highly specific sites of innervation 
and are incompatible with plasticity or mismatching 
between fibers and target. The present finding again 
calls into question other notions and suggests that mark- 
ers are responsible for preferential growth as was origi- 
nally proposed (Sperry, 1951) rather than rigidly deter- 
mining the innervation pattern. 

While markers predispose fibers toward particular 
growth paths and innervation sites, the particular 
expression of these growth preferences depends on other 
factors such as the initial starting position and the pres- 
ence or absence of other fibers. If this view is correct, it 
becomes important to clearly define the role of prefer- 
ential growth and to clarify what other factors may 
contribute to the pattern of innervation. By way of 
illustrating such an integrative approach, a working hy- 
pothesis called vector affinity is presented briefly. It is 
meant to explain only gross topography and not refined 
topography and ocular dominance columns (Constan- 
tine-Paton and Law, 1978; Meyer, 1979) which are prob- 
ably mediated through an activity-dependent sorting of 
synapses (Meyer, 1982a, b, 1983). 

The following is assumed: (1) Any given optic fiber is 
intrinsically capable of terminating at any tectal location 
within the optic layers. There is no recognition for or 
special compatibility with the correct tectal region. (2) 
The probability of a fiber terminating at any given tectal 
locus is proportional to the time its synaptogenic region, 
presumably its growth cone, is in contact with a given 
tectal neuron. (3) There exist distributed retinal and 
tectal markers possibly as a gradient as originally pro- 
posed (Sperry, 1963). These markers produce net direc- 



The Journal of Neuroscience Target Selection by Misdirected Optic Fibers 249 

tional growth, a growth vector. (Net directional growth 
is meant to include the possibility of trial and error 
branching with selective resorption of errant branches.) 
The directionality of this growth is highest in foreign 
tectal regions and reduced or absent in the appropriate 
region. In other words growth directionality is progres- 
sively lost as a fiber enters its correct tectal region. (How 
localized the “correct” tectal region is remains to be 
clarified since in goldfish there is a progressive posterior 
shift in the projection as a consequence of asymmetrical 
retinal and tectal growth (Johns and Easter, 1978; Meyer, 
197813.) (4) The rate of growth (rate of increase in axo- 
plasm and membrane) is a scalar (directionless) quantity 
and is independent of tectal locus. Scalar growth contin- 
ues after fibers enter their correct tectal region to produce 
a local arborization, since each branch is equally correct 
in its direction of growth. Arborization increases contact 
time between individual fibers and tectal cells and pro- 
motes synapse formation as per assumption 2. (5) Rate 
of growth (scalar growth) of any given fiber is inversely 
proportional to the number of synapses made by that 
fiber. Growth largely stops when a characteristic number 
of synapses is formed. (6) If the density of fibers is 
sufficiently high, competition for limited postsynaptic 
sites will take place. Fibers with the highest scalar growth 
in a specific tectal region, i.e., fibers with lowest vectoral 
growth in the region, will be most competitive as per 
assumptions 2 and 4. 

This hypothesis would have predicted the two main 
findings of the study: (1) it predicts that fibers which are 
introduced into the wrong part of tectum will grow to- 
ward their normal area of innervation; (2) it predicts 
that fibers will distribute themselves along their growth 
path when there is no competition from other retinal 
fibers. If the full complement of optic fibers were present 
and if fibers were allowed free choice of pathway such as 
following simple nerve crush, then a more orderly pro- 
jection would be expected. The model serves to illustate 
that a number of processes often viewed as alternative 
explanations can just as easily be conceived to operate 
in a highly interdependent fashion. In fact some of the 
traditional distinctions become blurred. If as suggested 
markers determine pathway and pathway in turn deter- 
mines the innervation pattern, then the distinction be- 
tween marker-mediated growth (chemoaffinity) and 
pathway guidance is arbitrary and of questionable value. 
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